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Stroke is a leading cause of mortality and disability worldwide, with low and middle-income countries bearing the greatest burden. This article focuses on stroke prevention and awareness in the Philippines, a country grappling with high stroke incidence and limited healthcare resources. The two-pronged approach presented by the authors aims to address the challenges of stroke care by combining community-based prevention and targeted public awareness campaigns. The community-based stroke prevention component involves personalized risk factor assessments and tailored interventions conducted at local health centers. By identifying modifiable risk factors such as hypertension, diabetes, smoking, and elevated cholesterol levels, healthcare professionals can provide targeted education and interventions to individuals at risk. Additionally, the decentralized targeted stroke awareness campaigns emphasize public education through culturally adapted materials, engagement with local stakeholders, and media campaigns. These initiatives seek to increase awareness of stroke symptoms and prompt presentation in medical facilities. By implementing this comprehensive approach, we aim to mitigate the burden of stroke in the Philippines, improve stroke outcomes, and raise public awareness about stroke recognition and prevention.
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1. Introduction

Stroke has always been part of the leading causes of mortality and disability worldwide, with low and middle-income countries suffering the burden the most (1). Globally, there were 13.7 million new strokes in 2016, with approximately 87% being ischemic strokes and an estimated 10–20% of these attributed to large vessel occlusion (LVO), yet less than 5% of acute ischemic stroke patients received intravenous thrombolysis (IVT) within the appropriate time frame, and fewer than 100,000 mechanical thrombectomies (MTs) were performed worldwide that year (1). Hence, addressing gaps in stroke care becomes a priority by bridging what is known and what is done (2). As one of the countries in the Southeast Asian region belonging to the lower-middle-income countries, the Philippines is no exception. In 2021 and 2022, stroke or cerebrovascular disease was the second leading cause of death in the country (3), with many Filipinos, particularly those in lower income brackets suffering from residual disabilities. From January to May 2022 alone, there was a recorded 21,602 deaths due to stroke (10.4% of total deaths), slowly trailing behind COVID-19 and cardiovascular-related deaths (3). Unfortunately, a significant proportion of stroke patients in the Philippines arrive in the hospital emergency room late, often missing the crucial golden period for optimal treatment due to caretakers not recognizing unique presentations of stroke symptoms. Emphasizing the importance of public awareness campaigns in stroke recognition and management, city health offices should be reminded that early detection and treatment are essential in improving stroke outcomes. In the same way, early tackling of modifiable risk factors constitutes stroke prevention. In this article, we aim to call for action on two fronts outlined in the conceptual framework in Figure 1 to instigate a nationwide community-based stroke prevention program and to highlight the importance of decentralized public stroke awareness campaigns in local health communities, particularly in the context of the “new normal” brought about by the COVID-19 pandemic. The community-based stroke prevention program aims to identify and modify stroke risk factors within local communities, while the targeted stroke awareness campaigns focus on educating the public, more importantly the high-risk individuals along with their caretakers, about the manifestations and recognition of stroke. By addressing both aspects, we can tackle the multifaceted challenge of stroke prevention and management more effectively. We present a comprehensive approach that combines community-based stroke prevention with targeted stroke awareness campaigns, highlighting their complementary nature and the need for a multifaceted strategy to address the burden of stroke in the Philippines.

[image: Flowchart illustrating a comprehensive stroke prevention and awareness strategy. On the left, community-based stroke prevention involves personalized risk assessments and education tailored to individual risk profiles. On the right, decentralized targeted stroke awareness includes public awareness campaigns and local stakeholder engagement. Both approaches converge into a synergistic approach leading to the comprehensive strategy.]

FIGURE 1
 The figure shows the two-pronged complementary approach for stroke awareness and prevention. The community-based stroke prevention focuses on personalized risk factor assessments and tailored patient education and interventions. The decentralized targeted stroke awareness tackles public awareness campaigns, culturally adapted educational materials, and engagement with local stakeholders.




2. COVID-19, stroke, and the Philippine health system

Since 2020, the COVID-19 pandemic has greatly affected healthcare systems and people’s movement around the world. Lockdowns were imposed and public spending was diverted to support health infrastructures. Even though the World Health Organization (WHO) has recently already declared that the virus is no longer a public health emergency, (4) ironically, the Philippines hit a surge of cases in the same week as new variants arose. Back in 2020 and 2021, as ill patients overwhelmed the hospitals, many people were hesitant to seek health services for their medical concerns, especially those suffering from chronic lifestyle diseases to avoid being infected by the virus and thus, were lost to follow-up with their physicians. Furthermore, despite noted challenges in stroke care referral systems in the country and lack of delineation between primary care and specialist in low-resource settings (5), the pandemic has caused disruptions in healthcare access and utilization, particularly among lower-income individuals who may face financial barriers to seeking medical care. Since then, tertiary healthcare facilities have also tried to adapt to the challenges imposed by the pandemic. Acute stroke care algorithms were devised to be used in similar resource-constrained settings, providing valuable guidance for stroke management (6).

In a study in a Philippine tertiary hospital, during the pandemic, there was a notable decrease in stroke admissions, accompanied by delayed hospital consultation and a higher proportion of moderate to severe strokes (7). The discharge outcomes also indicated increased dependency and almost doubling of mortality rates (from 7 to 13%) among stroke patients compared to the pre-pandemic period (7). In addition, monitoring the performance of the health sector faced significant challenges due to the fragmented nature of health financing, the devolved structure of service delivery, and the presence of a mixed public-private health system. However, while this decentralized nature poses a challenge in implementing public health programs, we aim to use this as an opportunity regarding stroke awareness and prevention (8).



3. Community-based stroke prevention

While community health center stroke symptom awareness is an integral part of the proposed program, we acknowledge that attendance to this alone may not be sufficient to make an overall substantial impact on stroke prevention. A recent systematic review revealed that hypertension is still the frequently cited risk factor for stroke, along with diabetes, smoking, and elevated levels of cholesterol (9). Furthermore, in a large prospective cohort study of 155,722 individuals, approximately 70% of cardiovascular disease (defined as myocardial infarction, stroke and heart failure) cases, were found to be associated with modifiable risk factors (10). The authors recommend that health policies are made to target these identified risk factors to reduce mortality rates globally, considering different regions and populations (10). With these in mind, personalized risk factor assessments are recommended to be done at the local health centers to identify modifiable risk factors. This involves community health officers (physicians) with the help of local health workers screening in adults for elevated blood pressure, high cholesterol levels, uncontrolled diabetes, heavy smokers, and previous medical history of stroke so that patient education and interventions can be tailored depending on the individual’s risk profile. Therefore, our approach extends beyond symptom awareness to encompass the identification and modification of stroke risk factors through successful public health campaigns.

By integrating stroke risk factor identification, such as hypertension, diabetes, smoking, and elevated cholesterol levels, within community health centers, we can tailor patient education and interventions based on individual risk profiles. Additionally, this may also aid in the initial data collection if regional databases across the country are to be put up in the future. There is no national or regional database system in place hence, there is an existing difficulty in identifying high-risk individuals on a large scale. We recognize the importance of understanding the structure of health delivery in the Philippines to ensure the effective implementation of community-based stroke prevention strategies within local communities, considering the resources and healthcare access available to them.



4. Decentralized targeted stroke awareness

We also highlight the need for targeted awareness campaigns on stroke recognition to improve outcomes. Despite not having a unified national registry for stroke cases, the national stroke incidence rate ranged from 3.95 to 5.61%. [9] Under the framework of the building blocks of the health system by the WHO, an extensive review article by Collantes et al. highlighted the several gaps in stroke care in the Philippines (11). Among these is targeted improving patient awareness of stroke symptoms along with prompt emergency medical services (EMS) dispatch. Although efforts have been made to promote stroke awareness, it is evident that a significant lack of knowledge about stroke persists in different parts of the country (11). Mass media campaigns targeting the public for stroke awareness may have limited impact on behavior, highlighting the importance of well-designed and rigorously evaluated campaigns (12). Nonetheless, promoting awareness has become a key objective in several Asian countries since distinctive features found in Asian populations contribute to increased rates of stroke compared to Western populations (13).

Building on the risk factor assessment done as part of the two-pronged approach of the program, identified individuals, their family members, and caretakers will be prioritized for stroke education. In collaboration with local government leaders and healthcare practitioners, we recommend specifically targeting community education at the level of the local health center with a heavy emphasis on educating high-risk patients using different health promotion strategies for stroke recognition and prevention (14).

Engaging patients at risk in the Philippines can be facilitated through community health centers and barangay (local government unit) health workers. These health workers are already embedded in the communities and have direct access to the local population. Regular health check appointments can be scheduled in local health centers so that high risk individuals are followed up. One way to ensure retention is to use culturally adapted educational materials. Since the Philippine regions have varying cultures, dialects, and customs, strategies for dissemination and knowledge retention can be improved by making them more personalized. Educational materials are made to be culturally adapted and linguistically appropriate for different regions in the Philippines. This can include gender-specific materials, translating educational materials into local dialects, incorporating local customs and practices, and using culturally relevant examples to improve understanding and engagement. Patients and caretakers should also be able to show understanding of what was taught, and this must be ensured by the health professional educating.

As the country transitions into the new normal where long COVID-19 can potentially predispose entire populations to stroke, (15) information dissemination about preventive measures targeted toward the patient’s specific modifiable risk factors has increasingly become more important. Educating people about the signs, symptoms, and appropriate responses to a stroke patient can play a life-saving role. While further research is still needed in this area of stroke education, health promoters must be able to particularly adopt flexibility and this method has been seen to be partially effective (16). One example of a study done showed that gender-specific educational programs have a positive impact on stroke knowledge, particularly among women, indicating the need for targeted and tailored campaigns utilizing different media and educational messages for each gender (17).

Recent studies also suggest that COVID-19’s most common neurological manifestations in the Philippines are vascular disorders such as stroke, emphasizing the importance of raising stroke awareness in the context of the new normal (18–20). While there is no causality shown yet and variations in stroke presentations associated with COVID-19 have been observed across different regions and populations worldwide, it is crucial to understand the specific risks and thrombotic profiles relevant to the Philippines. By incorporating this understanding into our stroke awareness campaigns, we can deliver targeted messages to the public, empowering them with knowledge about stroke recognition, timely response, and the potential connection with COVID-19.

Despite advocating for a decentralized approach, a central directive at the level of the health department is also essential for the stroke awareness campaign. However, it needs to be personalized and very specific when it trickles down to the communities to be effective. Given the decentralized nature of the Philippine healthcare system, collaboration among national and local government units, health advocacy organizations, and health institutions is important. Establishing a stroke awareness coalition at both national and local levels can facilitate coordination and resource-sharing, optimizing the impact of the campaign.

Several outlets can be tapped to reach a wider network for the awareness campaign. Involving non-profit and non-government organizations such as the Stroke Society of the Philippines is a practical approach in the Philippines, where community-based organizations play a crucial role in healthcare initiatives. Partnering with them can help expand screening activities, especially in underserved areas. These organizations often have well-established networks already as well. Another one is providing talks in high schools and universities. Given the Philippines has a strong family-centric nature in communities, this may also help in disseminating knowledge about stroke risk factors. Educational institutions such as local public schools can serve as partners along with the health centers in the awareness campaign, with students becoming ambassadors of stroke prevention in their families and communities. To overcome concerns about attendance, our proposed strategy includes engaging the community through various channels, such as targeted media campaigns, and collaboration with local stakeholders, thereby increasing the reach and impact of the stroke awareness campaigns. Overall, this targeted approach aims to decrease the time gap before acting and ensure timely presentation to healthcare facilities for timely assessment and management, especially since there are only around 49 stroke-ready hospitals in the country (5).



5. Conclusion

Stroke remains a significant cause of mortality and disability in the Philippines, particularly among lower-income individuals who often experience delayed presentation and suboptimal treatment. The COVID-19 pandemic has further exacerbated the challenges in stroke diagnosis and management, necessitating a two-pronged approach involving community-based prevention and targeted public awareness campaigns. By integrating stroke risk factor assessment and modification within community health centers and at the same time, raising public awareness about stroke manifestations, we aim to reduce stroke incidence and improve outcomes of stroke patients. While there is a need for further groundwork research on the structure of Philippine health delivery system, particularly in the post-pandemic period to be able to implement these, our proposed strategies present an opportunity to make a significant impact on stroke awareness and prevention. With these, we aim to mitigate the burden of stroke and improve the overall health outcomes of Filipino stroke patients.
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Background: High blood pressure (BP) is the primary risk factor for recurrent strokes. Despite established clinical guidelines, some stroke survivors exhibit uncontrolled BP over the first 12 months post-stroke. Furthermore, research on BP trajectories in stroke survivors admitted to inpatient rehabilitation hospitals is limited. Exercise is recommended to reduce BP after stroke. However, the effect of high repetition gait training at aerobic intensities (>40% heart rate reserve; HRR) during inpatient rehabilitation on BP is unclear. We aimed to determine the effect of an aerobic gait training intervention on BP trajectory over the first 12 months post-stroke.
Methods: This is a secondary analysis of the Determining Optimal Post-Stroke Exercise (DOSE) trial. Participants with stroke admitted to inpatient rehabilitation hospitals were recruited and randomized to usual care (n = 24), DOSE1 (n = 25; >2,000 steps, 40–60% HRR for >30 min/session, 20 sessions over 4 weeks), or DOSE2 (n = 25; additional DOSE1 session/day) groups. Resting BP [systolic (SBP) and diastolic (DBP)] was measured at baseline (inpatient rehabilitation admission), post-intervention (near inpatient discharge), 6- and 12-month post-stroke. Linear mixed-effects models were used to examine the effects of group and time (weeks post-stroke) on SBP, DBP and hypertension (≥140/90 mmHg; ≥130/80 mmHg, if diabetic), controlling for age, stroke type, and baseline history of hypertension.
Results: No effect of intervention group on SBP, DBP, or hypertension was observed. BP increased from baseline to 12-month post-stroke for SBP (from [mean ± standard deviation] 121.8 ± 15.0 to 131.8 ± 17.8 mmHg) and for DBP (74.4 ± 9.8 to 78.5 ± 10.1 mmHg). The proportion of hypertensive participants increased from 20.8% (n = 15/72) to 32.8% (n = 19/58). These increases in BP were statistically significant: an effect [estimation (95%CI), value of p] of time was observed on SBP [0.19 (0.12–0.26) mmHg/week, p < 0.001], DBP [0.09 (0.05–0.14) mmHg/week, p < 0.001], and hypertension [OR (95%CI): 1.03 (1.01–1.05), p = 0.010]. A baseline history of hypertension was associated with higher SBP by 13.45 (8.73–18.17) mmHg, higher DBP by 5.57 (2.02–9.12) mmHg, and 42.22 (6.60–270.08) times the odds of being hypertensive at each timepoint, compared to those without.
Conclusion: Blood pressure increased after inpatient rehabilitation over the first 12 months post-stroke, especially among those with a history of hypertension. The 4-week aerobic gait training intervention did not influence this trajectory.

KEYWORDS
 stroke, rehabilitation, blood pressure, hypertension, exercise, recovery


1. Introduction

Recurrent strokes account for 25–30% of all strokes and represent unsuccessful secondary prevention (1). Stroke survivors are at high risk for subsequent adverse cardiovascular events, including stroke, myocardial infarction, and vascular death, with the largest risk occurring within the first 12 months post-stroke (up to 11.1%) (2, 3). Preventing these subsequent adverse cardiovascular events is a key priority in post-stroke care (4). High blood pressure (BP) is the single most important modifiable risk factor for primary and secondary stroke prevention (4). Accordingly, there is strong evidence from meta-analyses of randomized controlled trials that lowering BP in stroke survivors reduces the risk of recurrent stroke (5–7). Clinical guidelines have been developed to help manage and control BP after stroke (4, 8). In general, healthcare teams are recommended to frequently review (e.g., monthly) BP early after stroke until targets and optimal therapies are achieved (4). Furthermore, quantitative modeling suggests that effective, early secondary prevention strategies, including adherence to three types of medications (aspirin, a statin, and an antihypertensive medication), exercise and dietary changes, could prevent 80% of recurrent cardiovascular events after stroke (9). Despite these established recommendations and guidelines, controlling BP after stroke remains challenging with studies reporting that many stroke survivors continue to have elevated and uncontrolled BP over the first 12 months post-stroke (10–15). Furthermore, these studies primarily recruited people from the acute hospitalization setting. Therefore, there is limited research describing BP trajectories in an inpatient stroke rehabilitation population over the first 12 months post-stroke. Patients who receive inpatient stroke rehabilitation services represent patients with moderate to severe impairments in physical and/or cognitive function and may be at higher risk of facing challenges with managing secondary prevention (e.g., participating in physical activity or managing medications). Understanding the BP trajectory of stroke survivors from an inpatient rehabilitation setting may help inform BP management strategies specifically for stroke survivors requiring rehabilitation.

Exercise is a recommended strategy to reduce BP after stroke for secondary prevention (16). Wang and colleagues conducted a meta-analysis (20 randomized controlled trials, n = 1,031) and reported that aerobic exercise interventions can reduce BP in transient ischaemic attack (TIA) and stroke survivors (17). In particular, interventions that begin within 6 months after stroke or TIA produced the greatest reductions in BP (17). Furthermore, aerobic exercise at an intensity >40% heart rate reserve (HRR) is recommended to reduce BP, and evidence suggests that higher intensity exercise (e.g., >60% HRR) may provide greater reductions in BP (18). Therefore, inpatient stroke rehabilitation may be an opportune setting to provide aerobic exercise interventions to reduce BP after stroke. There is growing evidence that stroke rehabilitation interventions that involve high repetition gait training at aerobic intensities (e.g., >40% HRR) are superior to conventional forms of therapy in improving walking speed, walking endurance, balance, and quality of life after stroke (19–22). However, the effect of these high repetition gait training interventions at aerobic intensities on BP remain unclear. The Determining Optimal Post-Stroke Exercise (DOSE) randomized controlled trial showed evidence of greater improvements in walking recovery among those receiving high repetition gait training at aerobic intensities (i.e., progression to at least 2,000 steps and at least 30 min of 40–60% HRR per session) during inpatient rehabilitation, compared with usual care (20, 23). In this secondary analysis, we aimed to determine the effect of high repetition gait training at aerobic intensities on the BP trajectory over the first 12 months post-stroke in participants from the DOSE trial.



2. Methods

The protocol, procedures, and main results of the DOSE trial have been previously described (20, 24). In brief, the DOSE trial was a multi-site, phase II, assessor-blinded, randomized controlled trial recruiting participants between 2014 and 2018 from six inpatient rehabilitation hospitals across Canada. Ethical approvals were obtained from the university and hospital institutional review boards of each respective study site. Participants were required to provide written informed consent.


2.1. Patient population

Between March 2014 and July 2018, 2,387 patients were admitted to the participating study sites with stroke. Of which, 2,141 were consecutively screened and assessed for study eligibility. Inclusion criteria were: adults who were within 10 weeks post-stroke with lower extremity hemiparesis (<4/5 manual muscle grade in at least one of the major lower extremity muscles using the Medical Research Council scale), pre-stroke disability <2 on the Modified Rankin Scale, ability to ambulate ≥5 meters with up to one person maximum assist and assistive/orthotic device as required, over-ground walking speed of <1.0 m/s, able to follow directions, and successful completion of a graded exercise stress test using criteria set out by the American College of Sports Medicine (25). Excluded participants had a pre-stroke health condition including a serious medical or painful condition (e.g., active cancer), another neurological condition, a gait disorder, or had enrolled in a drug or another exercise rehabilitation program.



2.2. Usual care and intervention groups

Participants were randomized to one of three groups (Usual Care, DOSE1, or DOSE2) on a 1:1:1 ratio, stratified by age (<60 or ≥ 60), using a fully concealed internet-based dynamic allocation randomization that was generated in real-time. The Usual Care group received standard inpatient physical therapy which progressed upper and lower limb functional exercises as tolerated and typically provided over 5, 1-h sessions per week, until the participant was discharged (normally after 4–6 weeks of inpatient rehabilitation). The DOSE1 group received an intervention that replaced standard inpatient physical therapy session for a total of 20 sessions (1 h/day, 5 days/week, for 4 weeks). The therapist progressed the participants to complete a minimum of 30 min at an intensity ≥40% HRR, gradually progressing to >60% HRR, and achieve >2000 walking steps per session by the end of the 4-week intervention. The DOSE2 group received an intervention that consisted of DOSE1 activities (typically in the morning) and received a similar second session later in the day (typically from 4 to 5 pm daily).

Detailed description of the intervention fidelity has been previously reported (20). In brief, over the 4-week intervention period, attendance to the planned therapy sessions were 226/240 (94%) sessions for the Usual Care group, 494/500 (99%) sessions for the DOSE1 group, and 904/960 (94%) sessions for the DOSE2 group. On average (mean ± SD), the total minutes spent in aerobic intensities (≥40% HRR) for each therapy session were 11 ± 9 min in the Usual Care group, 27 ± 11 min in the DOSE1 group, and 52 ± 24 min in the DOSE2 group.



2.3. Outcomes

Study outcomes were assessed at four timepoints: baseline at rehabilitation admission (2–10 weeks post-stroke), post-intervention (after the 4-week intervention), and 6- and 12-month post-stroke. Participant characteristics were collected at the baseline evaluation, including age, sex, date and type of stroke, and self-reported history of hypertension or diabetes (i.e., medical diagnosis or use of relevant medication any time prior to study enrolment). Stroke severity [National Institutes of Health Stroke Scale (26); NIH Stroke Scale] was assessed by a blinded-assessor at the baseline evaluation.

Blood pressure was assessed and recorded as a screening tool for the primary outcome measure of the 6 min walk test (6MWT) at each timepoint. Systolic BP (SBP) and diastolic BP (DBP) were assessed in concordance with the body positions recommended by the Hypertension Canada Guidelines (27). Participants were first seated at rest in a chair for 5–10 min prior to the evaluation commencing. The Montreal Cognitive Assessment was then evaluated, which took approximately 10 min. BP was then taken by a trained, blinded assessor using an electronic (oscillometer) upper arm device standard to the inpatient rehabilitation unit or outpatient clinic in which the evaluation took place. BP was measured with the participant in a sitting position with their arm supported at the level of the heart. Only one BP measurement was taken. The presence of hypertension at each timepoint was defined as SBP ≥140 mmHg or DBP ≥90 mmHg, except for patients with a history of diabetes, where the presence of hypertension was defined as SBP [image: Please upload the image you would like me to generate alt text for.]130 mmHg or DBP [image: Please upload the image you would like the alternate text for, and I will help you generate it.]80 mmHg (27).



2.4. Data analysis

Statistical analyses were conducted using the R computing environment (version 4.2.2., R Core Team, 2022), with an alpha of 0.05. Three linear mixed-effects models were undertaken to first determine whether there was an effect of group (Control, DOSE1, and DOSE2) and the four timepoints on (1) SBP and (2) DBP and on (3) presence of hypertension. Subsequently, longitudinal modeling was undertaken for SBP using linear mixed-effects modeling, with a random effect for each participant. The null hypothesis tested that the SBP remained the same over time. Time was included as a continuous variable to allow for a non-linear slope of recovery. Time since stroke (weeks), age (centered to the mean; years), stroke type (ischemic or hemorrhagic), and baseline history of hypertension (yes/no) were included in all models. A separate linear mixed-effects model was undertaken to estimate potential interaction effects between time since stroke and history of hypertension on SBP, including age (years) and stroke type (ischemic or hemorrhagic). These longitudinal models were repeated with DBP and the presence/absence of hypertension. The package lme4: Linear Mixed-Effects Models used “Eigen” and S4 (R software), which utilizes all available data and has been demonstrated to be valid in the presence of data missing at random (28).

A sensitivity analysis to investigate the impact of influential observations was conducted. All observations with a Cook’s D value equal to or greater than four times the mean were excluded, and the models were rerun. To explore potential mechanisms of missing data at 6- and 12-month post-stroke, bivariable logistic regression was used to examine the associations between demographic (age, sex) and baseline SBP to those who completed and did not complete follow-up assessment at 6- and 12-month post-stroke (yes/no).




3. Results

Figure 1 illustrates the recruitment and availability of BP data at each time point. The most common reason for study exclusion was a lack of lower extremity hemiparesis from over one-quarter screened. Among all participants and timepoints, in addition to missing BP data from study withdrawal (n = 9), study drop-out for medical reasons (n = 3), and loss to follow-up (n = 6), BP measurements were missed at the attended study visits on four occasions. Seventy-four participants were included in the current study, and their characteristics are summarized in Table 1. The overall sample had moderate-to-severe physical deficits at baseline with a mean 6MWT distance of 132.0 m (i.e., average 0.36 m/s gait speed). Of note, a median NIH Stroke Scale of 4.0 typically represents a mild stroke when assessed immediately after an acute stroke, but this assessment was done, on average, 4 weeks post-stroke in individuals requiring rehabilitation. Among all participants, from baseline to 12-month post-stroke, the mean ± SD of SBP increased from 121.8 ± 15.0 to 131.8 ± 17.8 mmHg and the DBP from 74.4 ± 9.8 to 78.5 ± 10.1 mmHg. The proportion of hypertensive participants increased from 20.8% (n = 15/72) to 32.8% (n = 19/58).

[image: Flowchart depicting a stroke study's participant allocation and follow-up. From 2,387 stroke admissions, 2,141 were assessed for eligibility. After exclusions, 75 participants were randomized into three groups: Usual Care, Dose1, and Dose2, each with 25 participants. The flowchart shows participant attrition at baseline, post-evaluation, 6-month, and 12-month post-stroke, noting withdrawals and medical reasons.]

FIGURE 1
 Participant recruitment and blood pressure data availability flow diagram. *After study completion, one Usual Care participant was found to not have a primary stroke diagnosis and did not meet the inclusion criteria. Therefore, this participant’s data was not included in the demographic or statistical analyses.




TABLE 1 Participant characteristics and blood pressure data.
[image: A detailed table compares stroke-related characteristics and outcomes across four groups: All groups (n=74), Usual Care (n=24), DOSE1 (n=25), and DOSE2 (n=25). It includes parameters like age, gender, history of hypertension and diabetes, type and location of stroke, NIH stroke scale, 6-minute walk test (6MWT) distance, and blood pressure measurements at various stages. Each group is distinguished by unique data points, showcasing differences in treatment outcomes. The table also provides statistical summaries, like mean, standard deviation, and medians with interquartile ranges.]

Table 2 describes the effect of intervention group on BP over the first 12 months post-stroke. No effect of intervention group on SBP, DBP, or presence of hypertension was observed. There was, however, an effect [estimated effect (95% CI)] of time on SBP, DBP, and presence of hypertension. Compared to baseline, the post-intervention SBP increased by 4.56 (0.83–8.28) mmHg, the 6-month post-stroke SBP by 7.09 (3.30–10.88) mmHg, and the 12-month post-stroke by 10.86 (6.92–14.81) mmHg. By 12 months post-stroke, there was almost a 4-fold increase in risk of developing hypertension compared to baseline (odds ratio: 3.86, 95% CI: 1.28–11.66).



TABLE 2 Effect of intervention group on blood pressure over the first 12 months post-stroke.
[image: Table displaying statistical analysis results of systolic and diastolic blood pressure, and hypertension across different predictors. Includes estimates, confidence intervals, and p-values, with significant values highlighted in bold. Random effects and observations data are provided, with specific reference notes on group and timepoint.]

Given that no effect of intervention group on BP was observed, all participants were pooled in the longitudinal analysis. Table 3 summarizes the results from the longitudinal analysis of BP changes using linear mixed-effects models over the first 12 months post-stroke. Of note, there was an increase in SBP of 0.19 (0.12–0.26) mmHg per week post-stroke and an increase in DBP of 0.09 (0.05–0.14) mmHg per week post-stroke. There was an estimated increase in the odds of hypertension by 3% for each week post-stroke. Being older at baseline had a significant effect on DBP only, where there was a 0.21 (0.06–0.36) mmHg decrease in DBP for each 1-year of older age. Participants with a baseline history of hypertension (n = 49, 66.2%) were associated with higher SBP by 13.45 (8.73–18.17) mmHg, higher DBP by 5.57 (2.02–9.12) mmHg, and 42.22 (6.60–270.08) times the odds of being hypertensive at each timepoint, compared to those without. An interaction effect was observed between time after stroke and history of hypertension on DBP, where participants with history of hypertension were associated with an increase in 0.10 (0.00–0.19) mmHg per week post-stroke, and not for those without a history of hypertension (Table 4). However, no significant interaction effects were observed between time after stroke and history of hypertension for SBP and presence of hypertension. Table 5 describes the BP trajectory of participants with and without a baseline history of hypertension. Of note, participants with a history of hypertension at baseline increased their SBP from 126.4 ± 14.2 to 138.0 ± 18.5 mmHg from baseline to 12-month post-stroke, and DBP from 75.0 ± 10.4 to 81.7 ± 10.2 mmHg. Participants without a history of hypertension increased their SBP from 113.2 ± 12.6 to 120.8 ± 9.2 mmHg, while their DBP remained stable from 73.1 ± 8.5 to 72.7 ± 7.0 mmHg. Finally, the proportion of participants with a history of hypertension who were measured with the presence of hypertension increased from 13/47 (27.6%) to 19/37 (51.4%), while the proportion of those without a history of hypertension were low and remained stable.



TABLE 3 Longitudinal analyses of blood pressure from the linear mixed effects model over the first 12 months post-stroke.
[image: A table presents statistical analysis results on blood pressure and hypertension predictors. It includes estimates, confidence intervals, and p-values for systolic and diastolic pressure, and hypertension odds ratios. Significant results are bold. Random effects include variance components and intraclass correlation. Observations total 266, with R-squared values listed. References note hypertension and stroke types.]



TABLE 4 Longitudinal analyses of blood pressure from the linear mixed effects model, including time by history of hypertension interaction, over the first 12 months post-stroke.
[image: Table displaying estimated effects of various predictors on systolic and diastolic blood pressure, and hypertension. Significant predictors include history of hypertension affecting systolic pressure, and age influencing diastolic pressure. The table includes estimates, confidence intervals, and p-values. Random effects parameters and sample size are also noted. Bold values indicate statistical significance at p less than 0.05.]



TABLE 5 Blood pressure of participants with and without a baseline history of hypertension.
[image: Table comparing hypertension percentages, systolic and diastolic blood pressure at different study timepoints for participants with and without a history of hypertension. Participants with hypertension show increased prevalence from baseline to twelve months post-stroke. Systolic and diastolic pressures also rise over time in both groups, with higher initial readings in those with hypertension history.]

A sensitivity analysis was undertaken to investigate the impact of influential observations, where 13, 11, and 3 observations with a Cooks D value equal to or greater than four times the mean were excluded for SBP, DBP, and presence of hypertension, respectively. In the re-analyses, no clinically meaningful differences in magnitudes of coefficients in the models with and without influential observations were observed (Supplementary Tables 1, 2). For missing data, 16 participants did not complete 6- and 12-month follow-up assessments. Participant age, sex, and baseline SBP were not associated with loss to follow-up (Supplementary Table 3).



4. Discussion

Among patients undergoing inpatient stroke rehabilitation, we did not observe an effect of the aerobic gait training interventions on BP. This is contrary to meta-analyses demonstrating an effect of exercise interventions (primarily cycling and treadmill exercise interventions) on reducing SBP (29), with potentially greater effect from interventions commencing within 6 months post-stroke (17). However, these were not conducted during inpatient rehabilitation. Providing the intervention within an inpatient rehabilitation setting may explain why no effect of the aerobic interventions was observed. Clinicians in the inpatient unit typically monitor BP daily, adjust BP medications accordingly if the BP is persistently out of range, and ensure excellent adherence to medications for these patients. The effect of this closely monitored and controlled BP may have masked the effect of the DOSE interventions, and potentially explain why we did not observe significant between-group differences in BP. Another reason may be that the exercise prescription of the DOSE intervention was not adequate to reduce SBP. The intensity (≥40% HRR), session length (60-min sessions with at least 30 min in aerobic intensities), and frequency (DOSE1: five sessions per week; DOSE2: 10 sessions per week) of the DOSE interventions were similar to the prescriptions of aerobic exercise interventions in previous randomized controlled trials that resulted in SBP reductions after stroke or TIA (17, 29). However, all interventions that started within 6 months post-stroke all reported exercise intensities ≥50% HRR and up to 85% HRR (17). Therefore, the intensity of the DOSE interventions may not have been adequate to reduce BP. Furthermore, the 4-week duration of the DOSE intervention was substantially shorter than previous randomized controlled trials (8–24 weeks), but these trials were not conducted in inpatient settings (17, 29). The prescription of the DOSE intervention was designed to improve walking recovery after stroke with a strong consideration to feasibly implement within usual care inpatient rehabilitation settings and timeframes (30). According to the Canadian Institutes for Health Information, between 2021 and 2022, the length of stay for inpatient stroke rehabilitation patients was 4 weeks (median 28.0 days), and has been gradually decreasing since 2015 (median 30.0 days) (31). Therefore, an intervention duration of at least 8 weeks within only an inpatient rehabilitation setting may not be possible. Given this, continuing exercise [e.g., community-based Fitness and Mobility Exercise (FAME) (32) or Together in Movement and Exercise (TIME™) (33) programs] or physical activity [e.g., self-managed telehealth Stroke Coach programs (34)] interventions after discharge may be the most feasible scenario to fulfill the desired intervention durations beyond the inpatient rehabilitation phase. Previous trials that also included a health education component demonstrated greater reductions in BP (17). Although patients receive incidental health education as part of usual care during inpatient rehabilitation, formal health education was not a part of the DOSE intervention (24). Further investigation would be needed to explore the role of these combined hospital and community interventions, including inpatient rehabilitation and high repetition gait training at aerobic intensities, on BP after stroke.

The current study presents a unique dataset that describes BP trajectories in a clinically distinct group of stroke survivors discharged from acute hospitalization with moderate-to-severe physical deficits requiring rehabilitation (~20% of stroke survivors admitted for acute hospitalization) (35). All studies to-date describing BP trajectories over the 12 months after stroke recruited individuals from acute hospitalization for stroke (10–14), where the majority of people are discharged to home or long term care facilities (~77%) (35). In the current study, the average BP and proportion of participants with hypertension were the lowest while participants were still living in the inpatient rehabilitation unit (i.e., at baseline and post-intervention timepoints). This is likely due to the frequent BP monitoring and high adherence to BP medications during inpatient rehabilitation. After the participants were discharged home, the proportion of participants with hypertension increased from 21% at baseline to over 30% at the 6- and 12-month post-stroke timepoints. This overall increase in hypertensive participants was associated to those with a history of hypertension at baseline. Specifically, over the first 12 months post-stroke, the proportion of participants whose BP readings were hypertensive doubled (27–51%) in those with a history of hypertension at baseline. In contrast, the proportion of participants whose BP readings were hypertensive remained low (0–8%) at follow-ups in those without a baseline history of hypertension. These observations were consistent with previous cohort studies reporting that stroke survivors with an pre-morbid diagnosis of hypertension had a higher risk of having uncontrolled BP over the first 12 months post-stroke (10, 12, 15). This increase in BP after discharge from inpatient rehabilitation may be due to several factors. Stroke survivors who are discharged home from inpatient rehabilitation often have some residual physical deficits and disabilities. Stroke survivors with residual deficits and disabilities are less likely to be physically active and more likely to be sedentary after stroke (36, 37). This overall reduction in physical activity levels and increased sedentary time may have contributed to increased BP after discharge from inpatient rehabilitation (38). Existing or newly diagnosed concurrent diseases, such as kidney failure, may also increase BP after stroke (39). Another potential factor is poor adherence to antihypertensive medication after discharge from inpatient rehabilitation, where BP monitoring and adherence to medications become primarily self-managed. Poor adherence to antihypertensive medications is common after stroke, with 45% of patients considered to be non-adherent within the first 6-month post-stroke (40). Acceptable adherence to antihypertensive medications is associated with increased likelihood of achieving BP targets (<140/90 mmHg) (41, 42), and associated with a 32% risk reduction of a post-stroke adverse cardiovascular event (i.e., recurrent stroke, myocardial infarction, unstable angina, and all-cause mortality) (40). Future studies should examine the potential effects of exercise, physical activity, and adherence to antihypertensive medications on BP after discharge from inpatient stroke rehabilitation settings.

One third of all DOSE participants, and half of those with a baseline history of hypertension, at 12-month post-stroke had BP readings that were considered hypertensive according to the 2020 Canadian Stroke Best Practice Recommendations (>140/90 mmHg, and > 130/80 mmHg if diabetic) (4). However, optimal BP targets for treatment remain unclear. Stroke survivors may benefit from further risk reduction of recurrent stroke with lower BP targets, such as <120 or < 130 mmHg SBP compared with <140 mmHg SBP (6, 7). The observed increase in mean SBP of 10 mmHg and DBP of 5 mmHg over the first 12 months after stroke is clinically relevant. Data from large prospective cohorts (n = 1,383,399) of non-stroke populations suggests that a 10 mmHg reduction in SBP or 5 mmHg reduction in DBP were associated with a 30–40% risk reduction of stroke (43). Given that BP of all DOSE participants continued to increase after stroke, further investigation on optimal BP targets after inpatient rehabilitation is needed (4, 9, 44).

A key strength to the current study is that we included stroke survivors from six distinct rehabilitation hospitals and three provinces across Canada, with varying practices in rehabilitation and BP control by rehabilitation or community physicians in each setting. This improves the generalizability of our study findings. However, this study has some limitations. BP was only measured once as part of the safety screening for assessments at each timepoint. Multiple measures (at least 2) are recommended by most national hypertension guidelines for clinical research and diagnosis of hypertension (45, 46). Furthermore, ambulatory, 24-h monitoring of BP may be more accurate in determining changes in BP compared with the automated devices used in the DOSE trial (11, 47). BP was measured after completing the MoCA, which may have influenced stress levels and subsequent BP readings. The current study was a secondary analysis from the DOSE trial and was not powered to examine changes in BP with a relatively small sample size. This precluded further analyses and descriptions of different BP trajectories based on known factors, such as age groups (48), and observing any potential interaction effects between time and history of hypertension for SBP and presence of hypertension. While we included stroke type into the analyses, the small sample size may have also precluded observing any potential differences in BP trajectory between ischemic and hemorrhagic strokes due to difference in BP treatment guidelines (27). The exploratory nature of the current analysis and our small sample size may have also increased possibility for type-1 errors. Due to the eligibility criteria necessary for the DOSE study, the study sample may not be representative of the overall stroke rehabilitation population and limit generalizability of the results. While data on the types of medications was collected at baseline, we did not collect data on follow-up (i.e., 6- and 12-month post-stroke) antihypertensive medications and the adherence to antihypertensive medications. Therefore, the associated impact of antihypertensive medication adherence on BP changes could not be included in the current analysis.



5. Conclusion

For DOSE participants, BP increased over the first 12 months post-stroke. This trajectory was not influenced by whether or not participants received the 4-week DOSE interventions. Participants with a baseline history of hypertension were more likely to have increased BP and be hypertensive over the first 12 months post-stroke. Further investigation on optimal BP control strategies for stroke survivors discharged from inpatient rehabilitation is needed, including the role of high repetition gait training at aerobic intensities.
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Background: White matter hyperintensity (WMH) is often described in acute lacunar stroke (ALS) patients. However, the specific relationship between regional WMH volume and persistent cognitive impairment remains unclear.
Methods: We enrolled patients with ALS who were hospitalized at the First Affiliated Hospital of Soochow University between January 2020 and November 2022. All patients were assessed for global cognitive function using the Montreal Cognitive Assessment (MoCA) scale at 14 ± 2 days and 6 months after the onset of ALS. Manifestations of chronic cerebral small vessel disease (CSVD) were assessed via MRI scan. The distributions of regional WMH were segmented, and their relationship with cognitive impairment was evaluated.
Results: A total of 129 patients were enrolled. Baseline frontal WMH volume (OR = 1.18, P = 0.04) was an independent risk factor for long-term cognitive impairment after ALS. Furthermore, the presence of WMH at the genu of the corpus callosum (GCC) at baseline (OR = 3.1, P = 0.033) was strongly associated with persistent cognitive decline. Multivariable logistic regression analysis showed that depression (OR = 6.252, P = 0.029), NIHSS score (OR = 1.24, P = 0.011), and albumin at admission (OR = 0.841, P = 0.032) were also important determinants of long-term cognitive impairment after ALS.
Conclusions: Our study found that WMH, especially frontal WMH volume and the presence of WMH at the GCC at baseline, independently contributed to long-term cognitive decline in ALS patients. This study provides new evidence of the clinical relationship between regional WMH volume and cognitive impairment in ALS patients.
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Introduction

Acute lacunar stroke (ALS) accounts for nearly 25% of all ischemic strokes (1). Cognitive impairment is common after stroke. The volume and location of the lesions, related vascular risk factors, and probable underlying mechanisms all vary among the different stroke subtypes, which may influence the occurrence and severity of post-stroke cognitive impairment (PSCI). Stroke attributed to large-vessel atherosclerosis is generally considered to carry a higher risk of cognitive impairment. However, lacunar stroke with small-artery occlusion may pose a higher risk of PSCI than expected, with affected patients having an 11%−23% risk of developing dementia (2, 3), which is close to the risk level in other stroke subtypes (4). Additionally, cognitive impairments in lacunar stroke patients affect global cognition rather than specific domains (5). Lacunar stroke patients with cognitive impairment are also at a higher risk of unfavorable prognosis, recurrent stroke, and death (6).

Lacunar stroke is one of the subtypes of cerebral small vessel disease (CSVD), which is a systemic pathology of the whole brain (7). Manifestations of CSVD, such as lacunar stroke and white matter hyperintensity (WMH), have been recognized as leading risk factors for cognitive impairment (8, 9) and dementia (10, 11) in older people. Furthermore, CSVD is also an important risk factor for early recurrence of stroke after a TIA or stroke (12). Patients with ALS usually have a relatively high CSVD burden (13) compared to other elderly populations. The presence of cognitive impairment in lacunar stroke patients probably indicates advanced microangiopathy, which might be worsened by preexisting forms of CSVD, such as WMH, enlarged perivascular space (EPVS), cerebral microbleed (CMB), or brain atrophy (14).

In previous studies, many researchers have investigated the effects of total WMH burden or total WMH volume on cognition (15–18). Recently, the effect of WMH on cognitive function has been hypothesized to differ according to the regional distribution of WMH. Biesbroek et al. (19) have also suggested that the location of WMH is a determinant of the nature of cognitive impairment. The regional specificity of WMH has rarely been investigated. S. Kim et al. (20) found that periventricular WMH adjacent to the lateral ventricles might play a larger role in all-cause dementia (ACD) than deep WMH. Regarding brain lobes, one study has reported that WMH in the frontal, occipital, and temporal regions is associated with cognitive dysfunction in patients suffering from Alzheimer's disease (21). Rizvi et al. (22) also found that higher WMH volumes in the frontal, parietal, and occipital lobes were associated with poorer memory performance in a sample of healthy older adults. However, few studies have focused on the relationship between the regional lobar distribution of WMH and cognitive impairment in ALS patients. In this study, we aimed to assess the influence of the volume distribution of WMH on long-term cognition following ALS.



Materials and methods


Study design and participants

This prospective study was conducted at the Department of Neurology at the First Affiliated Hospital of Soochow University. We consecutively recruited patients who were admitted to our department between January 2020 and November 2022 with an imaging-proven lacunar infarction. Acute lacunar stroke was defined as an acute ischemic lesion with a diameter of ≤ 20mm on diffusion-weighted imaging (DWI) sequence in the perforator artery supply area, with its TOAST classification considered to be small artery occlusion, which has also reported in previous articles (23, 24). We excluded patients to whom any of the following criteria applied: (1) a cortical and/or cortico-subcortical non-lacunar infarct (an axial diameter of > 20 mm on diffusion-weighted MRI sequences); (2) macroangiopathy or cardioembolism; (3) preexisting disability [modified Rankin Scale score (mRS) >1]; (4) a history of severe depression (17-item Hamilton Depression Rating Scale score≥24) or other mental illness; (5) cognitive disorder attributed to severe systemic or other diseases; (6) WMH due to other specific causes; (7) conditions causing inability to cooperate with the clinical assessment, such as disturbance of consciousness, severe language disorders, or blindness; or (8) inability to undergo complete MRI scanning. The study was approved by the ethics committee of the First Affiliated Hospital of Soochow University (approval number 222315), and all participants gave written informed consent.



Data acquisition

Demographic and clinical baseline data were collected within 48 h of admission; these included age, gender, education level, previous medical history [stroke, hypertension, diabetes mellitus, dyslipidemia, and coronary heart disease (CHD)], baseline National Institutes of Health Stroke Scale (NIHSS) score, baseline mRS score, baseline blood glucose and lipid levels, homocysteinemia, albumin, fibrinogen, and other relevant blood indexes.



Neuropsychological assessment and follow-up visit

Neuropsychological tests were conducted by two experienced investigators (SSD and YZ) certified to administer neuropsychological assessments at 14 ± 2 days after stroke onset. The Montreal Cognitive Assessment (MoCA) has high sensitivity and specificity for mild cognitive impairment. According to the guidelines from the Vascular Impairment of Cognition Classification Consensus Study (VICCCS) of the Chinese Revision Plan, cognitive impairment is defined as follows: for individuals with no education, a MoCA score of ≤13 is indicative; for those with 1–6 years of education, a MoCA score of ≤19 is indicative; and for those with 7 or more years of education, a score of ≤24 is indicative (25). Additionally, the 17-item Hamilton Depression Scale (HAMD-17) was used to assess depression severity. A score of < 7 indicates a normal condition (26). A follow-up visit, including neuropsychological evaluations, mRS score assessment, and medication status, was conducted at 6 months (day 182 ± 7) after stroke onset in the form of an outpatient visit or by video. None of the physicians knew the baseline information about the patients.



Brain MRI

All patients underwent a brain MRI scan (Achieva, PHILIPS Medical Systems). We acquired WMH volume using axial 2D T2-fluid-attenuated inversion recovery (T2-FLAIR) images (8000/120 ms for TR/TE; FOV: 220 × 175 × 119 mm; section thickness: 5 mm). Other sequences employed in the study included DWI, 3d-TOF-MRA, T2-weighted, T1-weighted, and susceptibility-weighted imaging (SWI). A total CSVD burden score was calculated according to previously published methods; this consisted of four imaging markers, namely, silent lacuna, WMH, EPVS, and CMB (27). Briefly, WMHs were rated in the FLAIR sequence according to the Fazekas scale. One point was added to the total burden score for either severe periventricular WMH (Fazekas score 3, irregular extension into the deep white matter) or moderate-to-severe deep WMH (Fazekas score 2 or 3, early confluence or confluence). EPVS in the basal ganglia was rated on a semiquantitative scale (grade 0, no EPVS; grade 1, <10 EPVSs; grade 2, 11–20 EPVSs; grade 3, 21–40 EPVSs; grade 4, more than 40 EPVS), and one point was added for EPVS at level 2–4. We used the SWI sequence to evaluate the presence of deep CMBs in the basal ganglia, thalamus, brain stem, and cerebellum. One point was added for the presence of any lacuna or CMB. Total CSVD burden was graded into three levels of severity: mild (0 or 1 point), moderate (2 points), or severe (3 or 4 points) (28, 29).



WMH segment

The regions assessed for WMHs included periventricular white matter hyperintensity (PWMH) and deep white matter hyperintensity (DWMH). If the largest diameter of the WMH was adjacent to the ventricle, we defined it as PWMH; otherwise, it was considered to be DWMH (30). DWMH included WMH in the frontal, parietal, occipital, and temporal regions, as well as infratentorial regions (the brainstem and cerebellum). The segmentation of WMH volumes is shown in Figure 1. An existing lobar atlas was used to obtain regional WMH volumes for the above anatomic sites. The use of this atlas has been described previously (31, 32). PWMH included WMH in three regions, including frontal and occipital caps and bands (33).


[image: MRI scan of a brain segmented into different colored regions, each representing distinct anatomical areas. Labels A, P, R, and L indicate the orientation: anterior, posterior, right, and left. A scale bar shows 10 centimeters.]
FIGURE 1
 The segmentation of WMH volumes. The red region corresponds to the frontal lobe, the yellow region corresponds to the parietal lobe, the purple region corresponds to the temporal lobe, the green region corresponds to the occipital lobe, the pink region corresponds to the genu of the corpus callosum, and the blue region corresponds to the splenium of the corpus callosum.


The distribution of WMH volume was segmented using MATLAB R2022A (MathWorks, Natick, MA) via the lesion prediction algorithm (LPA; Schmidt, Chapter 6.1), an instrument implemented in the Lesion Segmentation Toolbox version 3.0.0 (www.statistical-modeling.de/lst.html) for SPM12. Large-scale regression models were used to calculate the lesion probability score for each voxel (34).



Statistical analysis

Continuous variables are presented in the form of means ± standard deviation (SD) and were compared using the Student's t-test in the case of normally distributed variables. For non-normally distributed variables, regional WMH volumes are reported in the form of the median (maximum to minimum), other variables are reported in the form of the median (interquartile range), and one-way ANOVA was used for comparisons. Categorical data were examined using the chi-squared test or Fisher's exact test when appropriate and are reported in the form of the constituent ratio. To identify independent predictors of persistent cognitive impairment following lacunar stroke and build a prediction scale, a multivariate logistic regression model was constructed; variables with a p < 0.05 in the univariate analysis were included. SPSS 26.0 was used for statistical analysis.




Results


Baseline characteristics of patients

The study included a total of 129 ALS patients after evaluation (Figure 2), with 24.8% of patients experiencing cognitive impairment during the 6-month follow-up visit. Cognitive trajectories in terms of impairment (cognitive impairment) and preservation from baseline to 6-month follow-up are shown in Figure 3. The participants' characteristics and the differences between the groups with and without cognitive impairment are summarized in Table 1. Compared with the non-cognitive impairment group, the patients in the cognitive impairment group were older (69 ± 10.62 vs. 65 ± 9.33, P = 0.069) and had a higher incidence of depression (21.9% vs. 3.1%, P = 0.002). Patients with higher NIHSS scores (3 vs. 1, P = 0.004) and lower levels of albumin (37.31 ± 3.83 vs. 39.23 ± 3.33, P = 0.012) were more likely to experience cognitive impairment.


[image: Flowchart illustrating patient recruitment for a study. Starting with 260 patients, exclusions occur due to large artery atherosclerosis (90), atrial fibrillation (12), lack of data (10), inability to cooperate (5), anxiety or depression history (4), and loss to follow-up (10), resulting in 129 final recruited patients.]
FIGURE 2
 Patient selection.



[image: Flowchart showing cognitive impairment and preservation over six months. Baseline cognitive impairment: 45 participants, with 24 remaining impaired and 21 becoming preserved. Baseline cognitive preservation: 84 participants, with 76 remaining preserved and 8 becoming impaired over six months.]
FIGURE 3
 Cognitive trajectories regarding impairment (cognitive impairment and preservation from baseline to 6-month follow-up).



TABLE 1 Baseline characteristics of acute lacunar stroke patients with and without cognitive impairment.

[image: Table comparing characteristics of patients with and without cognitive impairment. It presents data on age, gender, medical history (cerebral infarction, hypertension, diabetes), and laboratory exams, including white blood cells, hemoglobin, cholesterol, glucose, and homocysteine levels. Test statistics and P values indicate significant differences in NIHSS score, depression, albumin, and uric acid levels.]

In a qualitative analysis of CSVD imaging features among the two groups, EPVS (N>10) was found in 21 patients (65.6%) in the cognitive impairment group and 51 patients (52.6%) in the non-cognitive impairment group. Patients with higher total CSVD burden scores suffered cognitive impairment more often at the 6-month follow-up visit. Fazekas scores for periventricular WMH and deep WMH were 3 (2–3) and 2 (1–2) in the cognitive impairment group, respectively. In comparison, these scores were 1 (1–2) and 1 (0-1) in the non-cognitive impairment group. Patients with WMH in the genu of the corpus callosum (GCC) had a higher chance of exhibiting cognitive impairment (53.1% vs. 20.6%, P < 0.001) (Table 2).


TABLE 2 Qualitative analysis of imaging features in acute lacunar stroke patients with and without cognitive impairment.

[image: A table comparing infarction lesions and CSVD subtypes among total patients, those with cognitive impairment, and those without. It includes lesion locations like the thalamus and basal ganglia, and subtypes like lacuna and microbleeds. It presents percentages, test statistics, and p-values for significance, indicating differences between groups. Significant values are marked, such as the EPVS and WMH scores.]



Comparison of regional WMH volumes between the cognitive impairment and non-cognitive impairment groups

Total and regional WMH volumes were quantified for each group (Table 3). The acute lacunar infarction patients with cognitive impairment showed higher total WMH volume relative to the non-cognitive impairment group (median volume of WMH in the cognitive impairment group = 14.45 mm3; median volume of WMH in the non-cognitive impairment group = 5.52 mm3; P = 0.001). Statistically significant differences were also observed in the case of frontal (median volume was 2.96 mm3 in the cognitive impairment group vs. 0.52 mm3 in the non-impairment group; P = 0.006), parietal (median volume was 0.41 mm3 in the cognitive impairment group vs. 0.00 mm3 in the non-cognitive impairment group; P = 0.005), and periventricular WMH volume (median volume was 10.56 mm3 in the cognitive impairment group vs. 3.74 mm3 in the non-cognitive impairment group; P = 0.001). No differences were observed in the case of temporal, occipital, or subtentorial WMH volume (P > 0.05).


TABLE 3 Regional WMH volume in acute lacunar stroke patients with and without cognitive impairment.

[image: Table showing regional white matter hyperintensity volumes in cubic centimeters for 129 patients, categorized by cognitive impairment status. Categories include total, frontal, parietal, temporal, occipital, periventricular, and subtentorial regions. The table lists median values with ranges, test statistics, and P-values. Significant differences, marked with an asterisk, occur in several areas, such as total, frontal, parietal, and periventricular regions, with P-values indicating statistical significance below 0.05.]



Independent risk factors for cognitive impairment and the prediction scale

Multivariable logistic regression analysis showed that WMH at the GCC, depression, NIHSS score, and albumin at admission were important determinants of long-term cognitive impairment after ALS (Table 4). Regarding regional WMH volume, only frontal WMH volume was a significant predictor of cognitive impairment, even though both parietal and periventricular WMH volume were also entered into the regression model. Thus, depression (OR = 6.252, P = 0.029), NIHSS score (OR = 1.24, P = 0.011), albumin level (OR = 0.841, P = 0.032), WMH at the GCC (OR = 3.1, P = 0.033), and frontal WMH volume (OR = 1.18, P = 0.04) were used to construct a cognitive prediction scale.


TABLE 4 Multivariable logistic regression for cognitive impairment in lacunar stroke patients.

[image: Table displaying regression analysis results, including variables like age, depression, NIHSS score, EPVS, albumin, WMH volumes, with coefficients (B), odds ratios (OR) with confidence intervals, and P values. Significant P values (p < 0.05) are marked with an asterisk. Key findings involve depression, NIHSS score, albumin, frontal WMH volume, and WMH at genu of corpus callosum.]




Discussion

This was a prospective study on PSCI, with a 6-month follow-up period, in acute lacunar stroke patients. In this study, we identified depression, plasma albumin, and NIHSS score at admission as independent risk factors for the occurrence of persistent PSCI in the 6-month time course. We further found a significant positive correlation between baseline frontal WMH volume and long-term cognitive impairment, whereas periventricular WMH volume did not correlate with cognition, although this volume was higher among the cognitive impairment group than the non-cognitive impairment group. The study also demonstrated that the occurrence rate of GCC WMH at baseline was statistically significantly different between the cognitive impairment and non-cognitive impairment groups.

Small vessel-related ischemic stroke, or acute lacunar stroke, is one of the common stroke subtypes (35, 36). Although these patients have a small infarct, they usually carry a higher risk of cognitive impairment than would be expected (36). Another recent review summarized domain-specific cognitive impairment after lacunar stroke; the results showed that such dysfunction was comprehensive rather than domain-specific (5). Furthermore, cognitive impairment after lacunar stroke is associated with recurrent stroke and death. Acute lacunar stroke is not solely lacunar infarct; it is a part of the spectrum of CSVD, which is a systemic pathology that influences the brain extensively. The presence of cognitive impairment after lacunar stroke is a symbol of the unmasked microangiopathy (37, 38).

WMH is widely recognized as an independent risk factor for cognitive impairment. A meta-analysis showed that WMH is associated with substantially increased risks of long-term cognitive impairment and all-cause dementia (7). WMH may cause cognitive impairment via several mechanisms. First, white matter lesions may disrupt the subcortical neural networks, such as the frontal subcortical circuit, the frontal thalamus circuit, and the dorsolateral prefrontal and cingulate circuits (39–41). Second, WMH has been shown to be related to dementia-related pathological processes, including Wallerian degeneration or lack of myelin occurring secondary to neuronal loss (42). Furthermore, WMH may contribute to the accumulation of amyloid-β proteins, which is secondary to the impaired drainage of extravascular proteins along blood vessels (43).

Regarding the influence of CSVD-related WMH on cognitive impairment in ALS patients, our study indicated that baseline Fazekas grades of both periventricular WMH and deep WMH were relevant; this result was similar to those of other studies (44). Measurement of the severity of WMH is mostly based on semiquantitative visual rating scales such as the Fazekas visual grade or Scheltens grade (45). Many population-based studies have identified an association between WMH severity and cognitive decline. Recently, volumetric measures of WMH were employed to assess contributions to cognitive impairment sensitively and reliably, which added additional value to WMH grades. Cross-sectional studies that have used WMH volume have suggested that a higher volume of WMH is associated with greater impairments in global cognition as well as perceptional speed, memory, processing speed, and executive function; however, these studies have showed a weak evidential effect (46–48). While some studies have investigated the effects of total WMH volume on cognition, the regional specificity of WMH volume has rarely been explored. Sheline et al. reported that the strategic location of WMH is critical in late-life depression (49). Another study discovered that periventricular hyperintensity in the frontal caps and occipital WMHs were strong predictors of balance and gait impairment (50).

This study focused on the effect of baseline regional WMH volume on long-term cognitive impairment in ALS patients. We found that frontal WMH volume was statistically significantly associated with long-term cognitive impairment in ALS patients after adjustment for NIHSS score, albumin, and depression. Frontal lobe WMH volume is correlated with age, but this is not true for other lobes, such as the temporal lobes (51). Furthermore, CSVD usually causes underlying dysfunction of frontal-subcortical circuits; a higher frontal WMH volume may represent a preexisting strike against cognitive reserves. Frontal lobe WMHs have been reported to be associated with cognition in certain other populations, such as PD patients (52), patients with objectively defined subtle cognitive decline (Obj-SCD) (53), and healthy older adults (22). However, the findings of the current study were contrary to those of a previous study suggesting that WMH volume in the parietal lobe, rather than the frontal lobe, is a predictor of the timing of onset of dementia in the community (21). Therefore, more systematic and large-scale studies are needed in the future. Regional WMH volume would provide more quantitative information for clinical research, and the researchers could obtain WMH topography using regional WMH volume in order to better understand the underlying mechanisms.

In this study, we additionally found that the baseline presence of GCC WMH was independently related to persistent cognitive impairment in ALS patients. Pozorski et al. found that impaired memory in PD patients was associated with a higher probability of WMH in and adjacent to the GCC (52). However, Garnier-Crussard et al. showed that WMH in the larger splenium of the corpus callosum (SCC) is a core feature in Aβ-positive AD patients (54). This differs from the findings presented here. Owing to the extensive structural connections of the corpus callosum with the frontal, temporal, parietal, and occipital lobes of the bilateral cerebral hemispheres, it plays a crucial role in the functions of movement, sensation, language, visual discrimination and perception, auditory localization, and accommodation and coordination of information. A study by Raghavan et al. has reported reduced fractional anisotropy (FA) of the GCC to be a cerebrovascular disease marker and a predictor of longitudinal cognitive impairment with the use of diffusion tensor imaging (DTI) (55). Additionally, several lines of evidence indicate the existence of a relationship between CC and vascular disease (56), suggesting that the GCC is the region most vulnerable to the effects of vascular disease, as the SCC would be an important hub in AD, located in the vicinity of brain areas that are the most sensitive to AD pathology (57).

Our study has both strengths and limitations. A main strength was the homogenous sample of recruited patients with symptomatic CSVD-related lacunar stroke. There have been a few comparable studies analyzing the effect of baseline CSVD on PSCI in cohorts who have experienced heterogeneous forms of stroke with different etiologies and infarct lesion sizes (58–61). Moreover, our longitudinal design allowed assessment for long-term cognitive impairment.

However, our study also had several limitations. First, this was a monocentric and small-sample study. We defined several exclusion criteria, which might affect our results and conclusions. Therefore, sampling bias and possible selection bias should be considered. Second, some participants were lost to follow-up, and no comparison of the baseline characteristics was made between the patients lost to follow-up and those included in the study. Thus, withdrawal bias could not be ruled out. Third, cognitive evaluation was performed only using the MoCA scale for global cognitive status; more extensive neuropsychological assessments for distinct cognitive domains should be carried out. Fourth, we did not know the patients' pre-stroke cognitive status, although we excluded those who had severe cognitive impairment or dementia before falling ill.

Furthermore, several patients were excluded for reasons of aphasia or disturbance of consciousness at admission, and yet, these patients may suffer from more severe stroke. Therefore, patients included in our study may have had relatively mild stroke attacks. Finally, the cross-sectional and observational design of the study prevented us from assessing the dynamic evolution of WMH.



Conclusion

Our study is one of a few existing studies to observe an association between volumetric analyses of regional WMH and cognitive impairment, providing new evidence that frontal WMH volume and the presence of WMH at the GCC at baseline are the core features of long-term cognitive impairment after ALS. Carefully established insights into regional WMH via brain magnetic resonance may greatly help to diagnose ALS patients with a higher risk of long-term cognitive impairment.
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Background and purpose: Blood pressure is associated with outcomes in acute ischemic stroke (AIS) patients receiving intravenous alteplase. The study aimed to explore the effect of sex and age on their association.
Methods: Based on a prospective cohort, we retrospectively enrolled consecutive AIS patients who received intravenous alteplase and had complete blood pressure data, including baseline systolic blood pressure (SBP 01), SBP at 1 h (SBP 02), and SBP at 24 h (SBP 03) after alteplase. Maximum SBP (SBP max), minimum SBP (SBP min), and mean SBP (SBP mean) were calculated. Poor outcome was defined as having a modified Rankin Scale (mRS) score of 2–6 at 90 days. We explored the effect of age and sex on the association of different SBP indicators with the 3-month outcomes.
Results: A total of 1,593 eligible patients were included in the present study. All SBP indicators were found to be higher in patients with poor vs. good outcomes. Multivariate logistic regression analysis showed that all SBP indicators except baseline SBP were associated with poor outcomes with good prediction powers (AUC, 0.762–0.766). More SBP indicators (SBP 02, SBP 03, SBP min, and SBP mean) were associated with poor outcomes in women vs. men, while all SBP indicators after alteplase were associated with poor outcomes in patients aged ≥ 60 years, but none was seen in patients aged < 60 years. Furthermore, all SBP indicators after alteplase were associated with poor outcomes in women aged ≥ 60 years, while only SBP 03 in men aged < 60 years.
Conclusion: Among Chinese stroke patients treated with intravenous alteplase, SBP after alteplase was associated with clinical outcomes, which were affected by age and sex.

KEYWORDS
age, sex, systolic blood pressure, ischemic stroke, thrombolysis, outcome


Introduction

Intravenous thrombolysis (IVT) is an approved effective treatment for acute ischemic stroke (AIS), but many patients still achieved poor outcomes (1). Many factors were associated with poor outcomes, in which blood pressure was closely associated with poor outcomes (2). Three quarters of AIS patients had elevated blood pressure at presentation with about half of them with a history of hypertension (3). The elevated blood pressure in AIS patients was considered a compensatory response that would increase the perfusion of the ischemic cerebral tissue to save penumbra, whereas excessively elevated blood pressure would worsen cerebral edema and result in hemorrhagic transformation, especially for patients with IVT (4). Some studies suggested that higher mean systolic blood pressure (SBP) (5, 6), greater SBP variability (7–9), and smaller reductions in SBP (8, 9), after IVT were associated with poor outcomes. In AIS patients, a decrease in SBP may reduce the risk of hemorrhagic transformation but decrease perfusion in the penumbra, leading to a poor outcome (10). Current clinical guidelines consistently recommend that SBP should be controlled below 185 mmHg in thrombolysed AIS patients (11).

The age and sex differences in stroke have been widely investigated. Women differed from men in the distribution of risk factors, stroke severity, and outcome, even in lacunar infarcts (12–15). Recent studies found significant sex differences in the clinical outcomes of stroke patients, such as endovascular treatment (16, 17) and intravenous thrombolysis (18, 19). In addition to sex, age was closely related to stroke outcomes, and increased age is often closely linked with poor function recovery (20–22). Collectively, these studies suggest the important effect of sex and age on stroke prevention, prognosis prediction, and treatment strategy. However, the effect of age and sex on the association of SBP with outcomes in IVT-treated patients is not well established.

In this context, we hypothesize that age and sex may influence the association of SBP with clinical outcomes in AIS patients after IVT, which was investigated by a post hoc analysis of the Intravenous Thrombolysis Registry for Chinese Ischemic Stroke within 4.5 h onset (INTRECIS) dataset.



Methods


Study design/patient population

The INTRECIS is a nationwide, multi-center, prospective, and registry study of consecutive adult AIS patients who received intravenous thrombolysis within 4.5 h of the onset of symptoms. The details of the study design have been reported recently (23). From the INTRECIS cohort, patients were included in the current study with the following criteria: (1) consecutive adult AIS patients who received 0.9 mg/kg intravenous alteplase within 4.5 h of a definite time of onset of symptoms; (2) the complete clinical data including SBP at baseline, 1, and 24 h after alteplase. Patients were excluded if they met the following criteria: (1) patients who received urokinase; (2) patients who received a non-standard dose of alteplase; (3) patients who lacked complete clinical data; (4) age > 80 years; (5) patients treated with mechanical thrombectomy. All patients and/or their legally authorized surrogates gave written informed consent.

We collected baseline characteristics of patients including age, sex, current smoker, current drinker, hypertension, diabetes mellitus, history of stroke, coronary heart disease, atrial fibrillation, body mass index, baseline heart rate, symptom onset-to-thrombolysis time (OTT), door-to-needle time (DNT), National Institute of Health Stroke Scale (NIHSS) score, blood pressure data including diastolic blood pressure, baseline SBP (SBP01), immediate SBP after the end of alteplase (SBP02), SBP 24 h after alteplase (SBP03), maximum SBP among three timepoints (SBP max), minimum SBP among three timepoints (SBP min), and average SBP among three timepoints (SBP mean), and mRS at 90 days. Blood pressure was measured using a validated electronic sphygmomanometer while the patient was supine.



Clinical outcomes

In parallel with the INTRECIS study (23), the poor outcome was defined as a mRS score of 2–6 points at 90 days, whereas the good outcome was defined as a mRS score of 0–1 points at 90 days.



Statistical analysis

We performed descriptive statistics for baseline characteristics. Baseline information was compared between favorable and poor outcome groups using the t-test or U-test for continuous variables and the chi-square test or Fisher's exact test for categorical variables. First, we performed the univariate logistic regression analysis to identify the associated variables with poor outcomes. In the multivariate logistic regression analysis, BMI, baseline NIHSS score, baseline heart rate, current drinker, previous stroke, and atrial fibrillation were further adjusted to determine whether different SBP metrics were associated with patient outcomes after thrombolysis. Results are reported as odds ratios (OR) and 95% confidence intervals (CI). Differences with P-values < 0.05 were considered statistically significant in the relevant analytical tests. Second, we used a receiver operating characteristic (ROC) curve to explore the predictive value of SBP via areas under the curve (AUCs). The statistical software SPSS version 26.0 was used for analysis.




Results


Baseline data

From 4,550 patients enrolled in the INTRECIS cohort between October 2016 and September 2019, 1,593 eligible patients were included in this study: 1,159 (72.8%) in the good outcome group and 434 (27.2%) in the poor outcome group (Figure 1). Table 1 presents baseline characteristics in two groups. Patients with poor outcomes were older (65 years vs. 62 years, P < 0.000), had higher NIHSS score at admission (11 vs. 5, P < 0.000), and higher SBP indicators such as median SBP02 (145 mmHg vs. 141 mmHg, P = 0.010), median SBP03 (142 mmHg vs. 140 mmHg, P < 0.000), median SBP max (156 mmHg vs. 154 mmHg, P = 0.012), and median SBP min (137.5 mmHg vs. 135 mmHg, P = 0.008), and median SBP mean (146.7 mmHg vs. 143.7 mmHg, P = 0.004) (Table 1).


[image: Flowchart depicting patient recruitment and analysis outcomes in a study. From 4450 initially recruited, 2857 were excluded for reasons including treatments and data issues. 1593 were eligible for analysis, resulting in 1159 with good outcomes and 434 with poor outcomes.]
FIGURE 1
 Flow chart of eligible patients.



TABLE 1 Baseline characteristics in good outcome and poor outcome groups.

[image: A table comparing patient characteristics and outcomes between those with good and poor outcomes. It includes variables like age, gender, medical history, and health measurements, alongside their p-values. Key differences are observed in age, atrial fibrillation, and BMI.]

In the univariate logistic regression analysis, age, body mass index, current drinker, history of stroke, atrial fibrillation, baseline heart rate, NIHSS score at baseline, SBP02, SBP03, SBP max, SBP min, and SBP mean were statistically significant (P < 0.05, Table 2). In multivariate logistic regression analysis (Table 2), SBP02, SBP03, SBP max, SBP min, and SBP mean after IVT were associated with a higher likelihood of good outcomes after adjusting for variables with P < 0.05 in univariate regression analysis (per 10 mm Hg higher SBP indicator, adjusted OR 0.87–0.94, all P < 0.05). Furthermore, ROC curve analysis showed these SBP indicators had good prediction power for functional outcomes: SBP02 with an AUC of 0.764 (95% CI = 0.737–0.790), SBP03 with an AUC of 0.766 (95% CI = 0.739–0.792), SBP max with an AUC of 0.762 (95% CI = 0.735–0.789), SBP min with an AUC of 0.764 (95% CI = 0.737–0.790), and SBP mean with an AUC of 0.763 (95% CI = 0.736–0.790) (Figure 2).


TABLE 2 Univariate and multivariate logistic regression analysis for good outcomes.

[image: Table displaying various health variables with corresponding unadjusted odds ratios (OR), confidence intervals (CI), and P-values. Key variables include age, BMI, door-to-needle time, and others. Some P-values are significant (e.g., age < 0.001, atrial fibrillation < 0.001). Additional columns for adjusted OR, PPV, NPV, and diagnostic accuracy are present but not filled in.]


[image: ROC curve displaying sensitivity versus 1-specificity for different SBP measurements. The curves have similar performance, with AUC values ranging from 0.762 to 0.766. A reference line represents random classification.]
FIGURE 2
 Receiver operating characteristic curve of prediction of functional outcomes.


Based on sex, patients were divided into two groups: 1113 in the men group and 480 in the women group. After adjusting for BMI, baseline NIHSS score, baseline heart rate, current drinker, previous stroke, and atrial fibrillation, the multivariate logistic regression analysis showed that all SBP indicators after IVT except SBP max were associated with outcome in women, while only SBP03 in men (Table 3).


TABLE 3 Logistic regression analysis of SBP indicators on poor outcomes stratified by sex.

[image: Table comparing systolic blood pressure (SBP) variables for men and women. It includes median and interquartile range (IQR) for SBP at two timepoints, maximum, minimum, and mean SBP, along with adjusted odds ratios (OR) and P-values. Adjustments are for body mass index, baseline NIHSS score, heart rate, drinking, stroke history, and atrial fibrillation.]

According to the age, patients were classified into two groups: 962 in the ≥ 60-year-old group and 631 in the < 60-year-old group. After adjusting for BMI, baseline NIHSS score, baseline heart rate, current drinker, previous stroke, and atrial fibrillation, the multivariate logistic regression analysis showed that all SBP indicators after IVT were associated with outcomes in the ≥ 60 years group, but none were associated in the < 60 years group (Table 4). Furthermore, ROC curve analysis showed age had moderate prediction power for functional outcomes: ≥ 60 years with an AUC of 0.572 (95% CI = 0.532–0.611) and < 60 years with an AUC of 0.515 (95% CI = 0.461–0.569) (Figure 3).


TABLE 4 Logistic regression analysis of SBP indicators on poor outcomes stratified by age.

[image: Table comparing systolic blood pressure (SBP) variables between men and women. It includes median and interquartile range (IQR), adjusted odds ratio (OR) with confidence intervals, and P-values. Variables listed are SBP at two timepoints, maximum, minimum, and mean SBP across three timepoints. Adjustments are made for body mass index, baseline NIHSS score, baseline heart rate, current drinkers, previous stroke, and atrial fibrillation. OR values are per ten-millimeter mercury increase in SBP measure.]
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FIGURE 3
 Receiver operating characteristic curves for predicting functional outcomes in two age subgroups.


Based on age and sex, we further divided the patients into four subgroups: men ≥60 years, women ≥60 years, men <60 years, and women <60 years. After adjusting for BMI, baseline NIHSS score, baseline heart rate, current drinker, previous stroke, and atrial fibrillation, the multivariate logistic regression analysis showed that all SBP indicators after IVT were associated with outcomes in the ≥60 years women group, while only SBP 03 were associated in the ≥60 years men group (Table 5, Figure 4).


TABLE 5 Logistic regression analysis of SBP indicators on poor outcomes stratified by age and sex.

[image: A table shows systolic blood pressure (SBP) data for individuals aged above and below sixty, divided by gender. For ages sixty and above, the table includes medians, interquartile ranges (IQR), adjusted odds ratios (OR), confidence intervals (CI), and p-values for both men (n=621) and women (n=341). Similar data is presented for those under sixty for men (n=492) and women (n=139). Variables include SBP at one and twenty-four hours, and maximum, minimum, and mean SBP. The data is adjusted for factors like BMI and previous health conditions.]


[image: Forest plot depicting odds ratios (OR) with 95% confidence intervals (CI) for good and poor outcomes based on systolic blood pressure (SBP) readings at various times (SBP02, SBP03, SBPmax, SBPmin, SBPmean) across age groups (≥60 years, <60 years) and sexes (men, women). Values on the right indicate OR and CI, with a central vertical line representing OR of 1.0 as the reference point. Data points to the left indicate a good outcome association, while those to the right suggest a poor outcome association.]
FIGURE 4
 Forest plots of different SBP indicators predicting functional outcomes stratified by age and sex.


Given the close association of SBP indicators with outcomes in the women subgroup with ≥ 60 years, ROC curve analysis was performed. The results showed SBP02 with an AUC of 0.777 (95% CI = 0.725–0.829), SBP03 with an AUC of 0.782 (95% CI = 0.731–0.883), SBP max with an AUC of 0.775 (95% CI = 0.723–0.827), SBP min with an AUC of 0.778 (95% CI = 0.727–0.829), and SBP mean with an AUC of 0.779 (95% CI = 0.727–0.839) (Figure 5).


[image: ROC curve showing sensitivity versus \(1 - \text{Specificity}\) with five color-coded lines representing different SBP metrics (SBP 02, SBP 03, SBPMax, SBPMin, SBPMean). AUC values range from 0.775 to 0.782, indicating moderate accuracy. Each line's confidence interval is noted, with a diagonal reference line included.]
FIGURE 5
 Receiver operating characteristic curve of prediction of functional outcomes in women patients ≥60 years.




Discussion

In this post hoc analysis, we identified several findings: (1) Among AIS patients who received intravenous alteplase, SBP indicators after IVT, but not baseline SBP were associated with clinical outcomes; (2) more SBP indicators were associated with clinical outcomes in women but only SBP 03 in men; (3) the association of SBP indicators with clinical outcome was found in the ≥ 60 years group but not the < 60 years group; (4) in the ≥ 60 years group, more SBP indicators were associated with clinical outcomes in women but only SBP 03 in men. Collectively, these findings suggest that age and sex should influence the relationship between SBP and outcomes in thrombolysed patients, and the closer association of SBP with outcomes may be in the subgroup of women aged ≥ 60 years.

Prior studies have investigated the relationship between SBP levels and functional outcomes in thrombolysed AIS patients (24), but the results were inconsistent. In our study, there was no difference in SBP at baseline between good and poor outcome groups, but SBP at 1 h and 24 h after IVT was found to be significantly associated with clinical outcomes. The finding was in agreement with a previous study (7), but not with other studies reporting the close association of SBP at the baseline and up to 24 h after thrombolysis with poor prognosis (6, 8, 25). This conflicting reason was not clear. Given the potential effect of stress, bladder pressure, or other transient stimuli on SBP at the stroke onset, the association of baseline SBP with clinical outcomes should be complex. In summary, the current results suggested that increasing SBP after thrombolysis may reduce the likelihood of 3-month good functional outcomes.

The pathophysiological mechanism underlying their associations may be attributed to impaired cerebral autoregulation (CA) function following stroke. Under normal conditions, CA can maintain relatively constant cerebral blood flow (CBF) when arterial blood pressure or cerebral perfusion pressure fluctuates (26, 27). However, CA may be impaired or even vanish after ischemic stroke (28), which may partially explain the association of increased SBP with poor outcomes because impaired CA leads to ischemia-reperfusion injury or reduced cerebral perfusion (29, 30).

In the present study, we found the significant effect of age and sex on the relationship with SBP and functional outcomes in patients with AIS after IVT, and more closer association was identified in old women patients, which was never reported previously. These findings should be plausible. Compared to pre-menopausal women and age-matched men, post-menopausal women were found to have reduced vasomotor reserve, poorer cerebrovascular reactivity, and reduced cerebral blood flow autoregulation (31). Mechanisms underlying these changes may be related to estrogen. For example, estrogen can bind to estrogen receptors on the endothelium of cerebral arteries, which would cause vasodilatation in response to the deficit in cerebral perfusion (32). However, the protective effect of estrogen is lost in post-menopausal women, which makes them more susceptible to changes in blood pressure. As a non-modifiable risk factor for cerebrovascular diseases (33), aging would impair cerebral autoregulation (34). Collectively, these results suggest that aging and estrogen decrease in a synergistic manner cause the impairment of cerebral autoregulation, resulting in poor outcomes in this population.

The main strength of this study was the first attempt to determine the effect of sex and age on the association of SBP indicators with outcomes in patients with AIS after IVT. The results suggested that higher SBP indicators after IVT were associated with poor 3-month functional outcomes, especially in older women patients. However, we recognize several limitations. The main limitation was the retrospective analysis nature, which was subject to selection bias and unexpected confounding factors. Second, the current study was only performed in Chinese ischemic stroke patients, and patients over 80 years old were excluded due to too small sample size, which should limit the generalizability of the results. Third, the detailed data on antihypertensive drugs were not available, which may make it impossible to investigate their effects on the current findings. Fourth, given the sex difference in the distribution of risk factors, stroke severity, functional outcomes (12), the difference in the pathophysiology, prognosis, and clinical features of lacunar vs. non-lacunar stroke (35), and the relationship between SBP, sex, age, and outcomes warrants investigation in patients with lacunar vs. non-lacunar ischemic stroke. Fifth, patients with mild-to-moderate neurologic deficit (median NIHSS score of 6) were enrolled in this study, which limited the generalization in moderate and severe stroke. Sixth, the small absolute difference in SBP indicators in different groups would affect the practical implementation of this finding. Finally, these findings need to be explained with caution due to the exploratory nature of this secondary analysis.

In summary, among Chinese acute ischemic stroke patients, SBP indicators after intravenous thrombolysis were independently associated with outcomes at 3 months, which may be affected by age and sex. The relationship will be worth exploring in different stroke subtypes.
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Objective: This study aimed to investigate the efficacy and economic effect of endovascular treatment (EVT) combined with standard medical treatment (SMT) vs. SMT alone in Chinese patients with basilar artery occlusion (BAO) from the perspective of the Chinese healthcare system.
Methods: We conducted a cost-effectiveness analysis using the results from a meta-analysis comparing EVT and SMT efficacy in Chinese patients with BAO-induced stroke using direct medical costs from the China National Stroke Registry. The meta-analysis’s primary outcome was excellent functional outcome (mRS scores of 0–2), with secondary outcomes being poor functional outcome (mRS scores of 3–5) and death (mRS score of 6). To compare EVT plus SMT’s cost-effectiveness with that of SMT alone, we constructed a combined decision tree and Markov model with a lifetime duration and a 3-month cycle length. The primary cost-effectiveness outcome was the incremental cost-effectiveness ratio (ICER), representing the incremental cost per incremental quality-adjusted life year (QALY). EVT was considered cost-effective if the ICER was lower than the willingness-to-pay (WTP) threshold of three times the per capita gross domestic product (GDP) in 2021 in China; otherwise, it would not be cost-effective.
Results: The meta-analysis results indicated that EVT could increase the incidence of excellent functional outcomes, with a risk ratio (RR) of 2.23 (95% confidence interval, CI, 1.18–4.21), p = 0.01. Simultaneously, EVT reduced the risk of poor functional outcome and mortality in the EVT group, with RRs of 0.83 (95% CI, 0.67–1.03), p = 0.09, and 0.71 (95% CI, 0.59–0.85), p = 0.0002, respectively. The study also found that EVT plus SMT resulted in a lifetime effectiveness of 2.15 QALY (3.88 life years) for 32,213 international dollars (Intl.$) per patient with BAO. In contrast, SMT alone achieved an effectiveness of 1.46 QALY (3.03 life years) with a total cost of Intl.$ 13,592 per patient. The ICER was Intl.$ 27,265 per QALY (Intl.$ 22,098 per life-year), which fell below the WTP threshold.
Conclusion: Compared to SMT, EVT improves the prognosis of BAO-induced stroke. Considering the Chinese healthcare system, adding EVT to SMT proves to be cost-effective for patients with BAO compared to SMT alone.

KEYWORDS
 cost effectiveness analysis, endovascular treatment, basilar artery occlusion, stroke, meta-analysis


1. Introduction

Stroke significantly contributes to death and neurological disability among Chinese residents, imposing a substantial financial burden on society and families (1, 2). This burden has been exacerbated in recent years owing to population aging and insufficient awareness of vascular risk factor management, including tobacco abuse, hypertension, diabetes mellitus, and dyslipidemia, particularly in low- and middle-income countries (1, 3). In 2019, China recorded 3.94 million new stroke cases and 2.19 million stroke-related deaths, according to the Global Burden of Disease Study 2019 (2). Ischemic stroke accounts for over 80% of all strokes, and effective clinical management during the acute phase is critical for its prognosis (2, 4). Timely reperfusion therapy, aimed at preserving the ischemic penumbra, is the key to improving outcomes in acute ischemic stroke (AIS) caused by large vessel occlusion (LVO) (5).

The European Stroke Organization (ESO) guidelines recommend endovascular treatment (EVT) for patients with AIS, owing to LVO in the anterior circulation within 24 h of onset, as EVT offers significant benefits regarding functional improvement and reduced mortality when compared to standard medical therapy (SMT) (6). However, individuals with AIS resulting from basilar artery occlusion (BAO) typically experience severe clinical symptoms and swift deterioration, including quadriplegia and diminished consciousness. This decline results from acute ischemia affecting critical brain regions, specifically the cerebellum, brainstem, and thalamus, further exacerbated by inadequate collateral compensation from basilar artery perforating branches (7). Previous randomized controlled trials (RCTs) investigating EVT for acute BAO have failed to support the unequivocal superiority of EVT over SMT (8, 9), possibly because the best patients for EVT have not been identified. Subgroup analysis of the BASICS trial demonstrated that EVT was superior to SMT in patients with BAO and NIHSS scores >10 (9). Recently, the results of the two RCTs revealed that EVT had better functional outcomes than SMT at 90 days in selected patients with BAO, potentially marking a new chapter in the treatment of AIS attributable to BAO (10, 11).

However, the cost-effectiveness of performing EVT on patients with acute BAO within the Chinese healthcare system remains uncertain, largely because of the high costs of EVT in developing countries such as China. Furthermore, studies from various countries have reported varying levels of EVT effectiveness in treating BAO (8–11). Therefore, we conducted a cost-effectiveness analysis based on meta-analysis results to investigate EVT’s efficacy in patients with BAO and to assess its economic effect on the Chinese healthcare system.



2. Methods


2.1. Meta-analysis


2.1.1. Search strategy

To identify potentially eligible citations, we searched PubMed, Embase, and Cochrane databases using keywords such as endovascular treatment, basilar artery occlusion, posterior circulation, stroke, mechanical thrombectomy, stent retriever, and embolectomy. We employed a search filter for RCT, which was obtained from the Harvard Council Library. This filter has a sensitivity of over 99% and is freely accessible at https://guides.library.harvard.edu/c.php?g=309982&p=2079544. In addition, we restricted our search to citations published in English.



2.1.2. Inclusion and exclusion criteria

The following were the inclusion criteria: (1) randomized controlled trials, (2) patients with BAO, (3) both efficacy and safety outcomes at 90 days were reported, (4) a sample size of >50 patients, (5) the intervention was EVT, and the control was SMT, and (6) age not less than 18 years. Animal studies, retrospective studies, and cohort studies were excluded.



2.1.3. Data extraction

Two authors (Wang and Yu) independently screened the eligible studies and extracted their baseline characteristics and outcome data. The quality of the studies was independently assessed by two other authors using the Cochrane Handbook for Systematic Reviews of Interventions (version 5.1.0). Disagreements were resolved by the fifth author (Lou). In cases of incomplete data, the corresponding author was contacted via email to obtain any missing information.



2.1.4. Outcomes

The primary outcome of this study was an excellent functional outcome (defined as an mRS score of 0–2 at 90 days), and secondary outcomes included poor functional outcome (defined as an mRS score of 3–5 at 90 days) and mortality (mRS score 6).



2.1.5. Statistical analysis

Statistical analyses were conducted using the Review Manager software (RevMan; The Cochrane Collaboration, Copenhagen, Denmark) version 5.3. We used the risk ratio (RR) and 95% confidence interval (CI) to compare the efficacies of EVT and SMT. A fixed-effects model was applied when the heterogeneity across studies was <50%, and a random-effects model was employed when the heterogeneity was ≥50%.




2.2. Cost-effectiveness analysis


2.2.1. Model overview

A combined short-term decision tree and long-term Markov model were constructed to simulate cost-effectiveness from the perspective of the Chinese healthcare system. In the decision tree, patients with BAO were randomized to receive either SMT + EVT or SMT alone. Patients in the decision tree entered one of the three states: “mRS 0–2,” “mRS 3–5,” or “mRS 6,” and lasted until 3 months. The proportion of patients in each state varied between the two groups because of different treatment strategies. Subsequently, patients from these states entered a Markov model and cycled until either 20 years elapsed or death occurred. The cycle length was set at 3 months, and the simulation period spanned the patient’s lifetime. However, since the mean age of the participants in the ATTENTION study was 66 years, simulating a 20-year period exceeds China’s average life expectancy, currently approximately 78 years. The Markov model had three transition states (“mRS 0–2,” “mRS 3–5,” and “recurrent stroke”) and one absorbed state (“Dead”). Patients in the Markov model could transition between states, with the cycle terminating upon entering the “Dead” state. The decision tree and Markov model were validated in other studies; details are shown in Figure 1 (12–14).

[image: Diagram featuring two sections: A and B.   A: A decision tree with a decision node labeled "BAO" leading to "EVT+SMT" and "SMT" branches. Each branch splits into terminal nodes "mRS 0-2," "mRS 3-5," and "mRS 6."  B: A Markov model with states "mRS 0-2," "mRS 3-5," and "mRS 6," connected by arrows. "Recurrent stroke" connects between "mRS 3-5" and "mRS 6."   Shapes include squares for decision nodes, circles for Markov nodes, and triangles for terminal nodes.]

FIGURE 1
 A combined short-term decision tree (A) and long-term Markov model (B). The decision tree spanned 3 months, and the Markov model had 79 cycles, with each cycle lasting 3 months. The total simulation period was 20 years.


This study was reported according to the CHEERS 2022 statement (15).



2.2.2. Transition probabilities

The proportions of “mRS 0–2,” “mRS 3–5,” and “mRS 6” at month 3 were derived from the meta-analysis (Supplementary Table 1). For transition probabilities in the Markov model, some were drawn from a community cohort investigating the clinical outcomes of post-stroke patients, while others were from the China National Stroke Registry (CNSR) (12, 16–19). Both groups were assumed to share similar transition probabilities after discharge. The yearly rate was converted to a 3-month transition probability using the formula “3-month transition probability = 1-exp (−yearly rate/4)” (12). The details of the transition probabilities are presented in Supplementary Table 2.

Considering that non-stroke mortality was higher in patients with disabling stroke than in those with non-disabling stroke, the RR was employed to adjust for this increased risk (20). Patients with non-disabling stroke were assumed to have a similar risk as the general population of the same age (20). The non-stroke mortality rate of the general population was obtained from the China Health Statistics Yearbook 2022 (21).



2.2.3. Cost

Direct medical costs were estimated using a micro-costing approach. Costs not denominated in 2021 Chinese Yuan (CNY) were converted using China’s healthcare consumer price index from 2015 to 2021 (1.027, 1.038, 1.06, 1.043, 1.024, 1.018, and 1.004, respectively). To account for different purchasing powers in various countries, CNY was converted to international dollars (Intl.$) using purchasing power parity exchange rates of 4.19, providing a more accurate reflection of the purchasing power cost (22). All costs beyond 1 year were discounted at a rate of 0.05, ranging from 0 to 0.08, according to the China Guidelines for Pharmacoeconomic Evaluations (23).

The cost of EVT was obtained from a survey in China, representing the overall EVT cost in the country (24). It was observed that SMT cost varied with the mRS grades of patients: Intl.$ 2,718 for those with mRS 0–2 and Intl.$ 3,375 for those with mRS 3–5 (20). The costs of recurrent stroke events and annual post-hospitalization costs were assessed using data from the CNSR (24) (Supplementary Table 1).



2.2.4. Utility

Utility scores were assigned to each disability state using the European Quality of Life Scale and the Chinese preference weights (17, 25). These scores were employed in calculating quality-adjusted life years (QALYs) by multiplying the total number of life years (LY) spent in a particular health state by the corresponding utility score. The utilities for mRS 0–2, mRS 3–5, and mRS 6 were 0.76 (95% CI, 0.69–0.82), 0.21 (95% CI, 0.17–0.26), and 0, respectively. A utility score of 0.20 (95% CI, 0.16–0.26) was applied for recurrent stroke. All utility scores were discounted at a rate of 0.05, ranging from 0 to 0.08, according to the China Guidelines for Pharmacoeconomic Evaluations.



2.2.5. Primary outcomes

The primary outcome was the incremental cost-effectiveness ratio (ICER) of EVT plus SMT vs. SMT alone, representing the incremental cost (Intl.$) per incremental QALY. EVT was considered highly cost-effective if the ICER was lower than the willingness-to-pay (WTP) threshold of Intl.$ 19,326/QALY, which was once per capita gross domestic product (GDP) in 2021 China. It was considered cost-effective if the ICER ranged between Intl.$ 19,326–57,978/QALY and not cost-effective if the ICER exceeded the WTP threshold of Intl.$ 57,978/QALY, according to the China Guidelines for Pharmacoeconomic Evaluations. Secondary outcomes included total cost, incremental cost, total effectiveness, incremental effectiveness, ICER across different time horizons, and ICER without considering quality of life.



2.2.6. Scenario analysis and sensitivity analysis

We performed a scenario analysis using different data sources, including the proportions of mRS scores of 0–2, 3–5, and 6 at 90 days in all patients with BAO (8–11), and the effectiveness of each RCT and EVT cost plugged into the model at 150 and 200% of the current cost.

To test the robustness of the results, we performed a one-way sensitivity analysis involving fluctuating input parameters within a given interval. A tornado diagram is used to display the results. For probabilistic sensitivity analysis (PSA), we performed 10,000 Monte Carlo simulations using probabilistic sensitivity sampling to test the uncertainty of the results. All costs were modeled using a γ distribution, utilities using a β distribution, and transition probabilities using a Dirichlet distribution. The PSA results were visualized through a scatter plot and acceptability curve.



2.2.7. Standard protocol approvals, registrations, and patient consents

Our meta-analysis was registered in the PROSPERO database under registration number CRD42022357718. This study did not involve human participants; therefore, institutional review board approval or consent was not required.





3. Results


3.1. Meta-analysis

The meta-analysis results indicated that EVT increased the incidence of excellent functional outcomes, with an RR of 2.23 (95% CI, 1.18–4.21, p = 0.01). Simultaneously, the EVT group showed a reduced risk of poor functional outcomes and mortality, with RRs of 0.83 (95% CI, 0.67–1.03, p = 0.09) and 0.71 (95% CI, 0.59–0.85, p = 0.0002), respectively (Table 1).



TABLE 1 Results of the meta-analysis of EVT in Chinese patients with BAO.
[image: Table displaying the mRS classifications with corresponding risk ratios and p-values. For mRS 0–2: RR 2.23 (95% CI: 1.18–4.21), p-value 0.01. For mRS 3–5: RR 0.83 (95% CI: 0.67–1.03), p-value 0.09. For mRS 6: RR 0.71 (95% CI: 0.59–0.85), p-value 0.0002. Abbreviations: BAO, basilar artery occlusion; mRS, modified Rankin Scale; RR, risk ratio; CI, confidence interval.]



3.2. Cost-effectiveness analysis


3.2.1. Base case analysis

Over a lifetime simulation, each patient with BAO who received EVT plus SMT would gain 2.15 QALYs (3.88 LYs) at the cost of Intl.$ 32,213. Conversely, if only SMT was administered, the effectiveness would be 1.46 QALYs (3.03 LYs) with a total cost of Intl.$ 13,592, resulting in an ICER of Intl.$ 27,265/QALY (Intl.$ 22,098/LY) (Table 2). Notably, this value is one to three times China’s per capita GDP in 2021.



TABLE 2 Results of base case and scenario analysis.
[image: Table comparing cost-effectiveness of standard medical treatment (SMT) and endovascular treatment plus SMT (EVT + SMT) across various scenarios. It includes total and incremental costs (Intl.$), effectiveness in quality-adjusted life years (QALY) and life years (LY), and incremental cost-effectiveness ratios (ICER). Results are from studies such as BAOCHE, ATTENTION, and BEST, demonstrating varying costs and efficacy. ICER values range widely depending on the scenario and treatment combination.]

The ICER across different time horizons revealed that, when life expectancy was no less than 3 years, the ICER of EVT plus SMT vs. SMT alone was lower than that of Intl.$ 57,978/QALY (Figure 2).

[image: Graph showing ICER by time horizon over twenty years, with two lines representing ICER in international dollars per QALY and LY. Both lines decrease rapidly initially and then level off, with the QALY line slightly above the LY line throughout.]

FIGURE 2
 ICER by time horizon. When the time horizon was less than 3 years, the ICER of endovascular treatment plus standard medical therapy vs. standard medical therapy was higher than three times the per capita gross domestic product. ICER: incremental cost-effectiveness ratio.




3.2.2. Scenario analysis and sensitivity analysis

As shown in Table 2, scenario analysis based on different EVT costs and EVT plus SMT’s effectiveness vs. SMT consistently indicated that the ICER of EVT plus SMT vs. SMT alone was less than three times the per capita GDP in 2021 in China. The only exception was when the results of the BEST study with intention-to-treat analysis were employed in the Markov model.

A one-way sensitivity analysis revealed that the mRS proportion at 90 days in the SMT group had the most significant effect on the ICER. If the 90-day mortality rate in the SMT group decreased to 0.367, similar to the mortality rate of 0.345 in the EVT + SMT group, EVT + SMT would not be cost-effective. Other parameters did not result in an ICER lower than three times the per-capita GDP (Figure 3).

[image: Tornado diagram comparing the incremental cost-effectiveness ratio (ICER) of EVT plus SMT versus SMT alone. The horizontal bars represent key variables impacting the ICER, with red indicating negative impacts and blue positive. Variables include mRS scores at ninety days, discount rates, costs, utilities, and probabilities of recurrent and different types of strokes. Each variable is quantified, showing a range of influence on the ICER, which is centered at an expected value of twenty-seven thousand two hundred sixty-five point three three dollars.]

FIGURE 3
 Tornado diagram. The mortality rate at 90 days in the standard medical therapy group and the endovascular treatment plus standard medical therapy group had the largest effect on the ICER fluctuation. Other parameters had a minimal effect on the ICER. ICER: incremental cost-effectiveness ratio.


The scatter plot demonstrated that EVT plus SMT was cost-effective with over 99% probability under the WTP threshold of Intl.$ 57,978/QALY (Supplementary Figure 1). The acceptability curve indicated that, when the WTP threshold was approximately Intl.$ 25,700/QALY, EVT plus SMT and SMT alone had similar acceptability. EVT plus SMT became more acceptable than SMT alone when the WTP threshold exceeded Intl.$ 25,700/QALY (Supplementary Figure 2).





4. Discussion

Currently, three RCTs comparing EVT to SMT in patients with BAO have affirmed EVT’s effectiveness and safety in China (8, 10, 11, 26). However, no study has investigated the cost-effectiveness of EVT plus SMT vs. SMT alone in Chinese patients with BAO. Given the background of the COVID-19 pandemic and strained healthcare funding in various countries, balancing costs and possible benefits is a problem that needs to be solved. This study is the first to investigate EVT’s cost-effectiveness for patients with BAO in China and reveals that EVT is cost-effective in the country.

In 2019, the Chinese government initiated a policy for national centralized drug procurement aimed at enhancing healthcare quality. Only drugs and medical devices listed in the centralized procurement are accessible to China’s public hospitals, which provide over 80% of medical services. Drugs and medical devices should be included in the list; only cost-effective ones can be included. In China and other regions, EVT has demonstrated cost-effectiveness in treating large artery occlusions in the anterior circulation (13, 16, 27, 28). Our study’s results indicate an ICER of Intl.$ 25,670/QALY for EVT plus SMT vs. SMT alone, which is lower than three times the per capita GDP in 2021 China. China’s government does not specify a WTP threshold; however, the China Guidelines for Pharmacoeconomic Evaluations recommends a range of 1–3 times the per capita GDP as the WTP threshold, equating to 19,326 to Intl.$ 57,978/QALY (23). With the ICER of Intl.$ 27,265/QALY (29), EVT for patients with BAO is deemed cost-effective.

Several measures have been implemented to improve healthcare quality for patients with stroke in China, including the GOLDEN BRIDGE and CHANCE series of studies (30–32). Recently, the Chinese government introduced a diagnosis-related group (DRG) pricing and payment policy to meet the requirements of health insurance management and to improve healthcare system performance management (33). The DRG payment standards for cerebrovascular interventional treatment in Beijing in 2021 were Intl.$ 22,209 or Intl.$ 30,028 for those with or without complications, respectively. This implies that any excess cost will not be reimbursed (34). Our study’s cost of EVT for BAO was derived from the CNSR. It was consistent with the DRG payment standard in China, indicating that the cost of EVT for BAO patients is acceptable and that BAO patients can be guaranteed by the Chinese government.

Compared with mature cardiovascular interventional treatments, cerebrovascular interventional treatments are still emerging. With the gradual development of neurointerventional radiology technology and the application of domestic devices for thrombectomy (35), the cost may further decrease in the future. This trend is also conducive to the extensive promotion of EVT for BAO in non-first-tier cities in China. Before 2018, only a few imported stent thrombectomy devices had gained approval from the National Medical Products Administration (NMPA) of China (36). However, since 2018, the NMPA has approved over 10 types of domestically produced stent retrievers that are more cost-effective than their imported counterparts. Assuming that domestic EVT equipment matches the therapeutic efficacy of imported products, the affordability of domestic options enhances EVT acceptability. Furthermore, China’s national volume-based procurement policy has substantially reduced medical product costs (37, 38). Currently, EVT equipment is transitioning toward volume-based procurement, indicating a foreseeable reduction in EVT cost (39). Notably, hospitals in China vary in equipment selection, materials, and stroke treatment protocols, resulting in cost differences. To address this variability, we conducted both one-way and probabilistic sensitivity analyses. The results of these analyses confirmed the robustness of our conclusions.

Regarding the cost of hospitalization for stroke owing to BAO, patients with an mRS of 3–5 are believed to incur higher costs than those with an mRS of 0–2. This also explains why managing patients with BAO is more costlier than those with stroke owing to anterior circulation occlusion, as patients with AIS caused by BAO may experience a higher incidence of mRS 3–5 and mortality (7, 40). The cost of EVT is approximately Intl.$ 16,784 ± 5,312 in our institutions and Intl.$ 16,694 in the national survey. We used the cost from the national survey to represent the overall cost of EVT in China within our model. The tornado diagram shows that the costs of SMT and EVT have a minimal effect on the ICER, whereas the discrepancy in mortality between the EVT and SMT groups has the most significant impact. Considering the robustness of the results obtained from our meta-analysis of the three current RCTs in China, which indicate that EVT can improve functional prognosis and reduce mortality at 90 days in patients with BAO, we can also deem our cost-effectiveness analysis results robust. In the scenario analysis, the only instance where effectiveness data from the BEST study showed that EVT + SMT was not cost-effective can be attributed to the fact that the BEST study was stopped early owing to a high cross-group rate. Notably, EVT + SMT would be considered cost-effective if the as-treated method was employed instead of the intention-to-treat method (8). In addition, when considering the ICER by time horizon, as the survival time extends, the ICER gradually decreases, mainly because the procedure is one-off, but its benefit is long-term. The acceptability curve demonstrated that the ICER in the third year after the procedure was lower than the WTP threshold, indicating that EVT is cost-effective for patients with BAO as long as they have a life expectancy of more than 3 years. The scatter plot indicated that the probability of EVT being cost-effective is over 99% under the current WTP threshold in China. Furthermore, the acceptability curve indicated that EVT could be acceptable with a WTP threshold of Intl.$ 25,700/QALY in China, much lower than the actual WTP threshold of Intl.$ 57,978/QALY in China, reinforcing the belief that EVT is an acceptable option for patients with BAO in China.

Compared to another study on the cost-effectiveness of EVT in patients with BAO (41), our study reported a slightly higher ICER, which may be attributed to several factors. First, their study used a higher utility value than ours, which enhanced the perceived effectiveness of EVT in patients with BAO. Additionally, the cost of long-term care post-stroke was much higher in the US than in China, potentially resulting in significant cost savings associated with EVT in the US compared to China. Importantly, both their study and ours drew a similar conclusion, highlighting EVT as a potentially cost-effective option for patients with BAO, regardless of the healthcare context in the US or China. These findings offer valuable insights for decision-makers in countries with similar healthcare systems.

Notably, the proportion of patients receiving general anesthesia during the ATTENTION and BAOCHE trials was approximately 56 and 65% (10, 11), respectively, compared to only 30.7% in a study investigating the safety and efficacy of mechanical thrombectomy plus rescue therapy for intracranial large artery occlusion in the Chinese population (42). Furthermore, the proportion of patients receiving rescue treatment was 40 and 55% in the ATTENTION and BAOCHE trials, respectively, but only 19.3% in a real-world study (42). The difference can be attributed to BAO being more commonly caused by atherosclerosis than anterior circulation occlusion. A higher proportion of general anesthesia and rescue treatments results in higher costs. Therefore, to address this concern, a scenario analysis was conducted by assuming twice the current EVT cost. Even in this scenario, the ICER of EVT plus SMT vs. SMT increased from Intl.$ 27,265/QALY to Intl.$ 51,709/QALY. However, this value remained below the willingness-to-pay threshold of Intl.$ 57,978/QALY, reaffirming the robustness of our conclusions.



5. Limitations

This study has several limitations. First, it was based on a mathematical model rather than real-world data, and real patient-level data may offer more robust evidence. Second, the cost was partly derived from studies on anterior circulation and partly from Chinese institutions. While a one-way sensitivity analysis using a wider range, the probability sensitivity analysis, and scenario analysis based on different studies all validated the robustness of our results, data from post-EVT studies of patients with BAO might provide better accuracy. Third, the study was conducted from the perspective of the Chinese healthcare system, while a societal perspective might offer more comprehensive information. Fourth, the increased use of general anesthesia and rescue treatments during EVT procedures for BAO may lead to increased costs. Nevertheless, the conclusion remained unchanged even when the scenario analysis assumed a cost twice that of current EVT procedures. However, using cost data derived from real-world scenarios can reduce potential bias. Finally, the study was conducted using Chinese domestic data; it may only be applicable in regions with healthcare services similar to China, making it inappropriate to extrapolate the findings to patients with BAO in other regions.



6. Conclusion

Compared with SMT, EVT has been found to improve the prognosis of stroke caused by BAO. Considering the Chinese healthcare system, adding EVT to SMT is a cost-effective option for patients with BAO compared to SMT alone.
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Background: Globally, the majority of strokes affect people residing in lower- and lower-middle-income countries (LMICs), but translating evidence-based knowledge into clinical practice in regions with limited healthcare resources remains challenging. As an LMIC in South Asia, stroke care has remained a healthcare problem previously unaddressed at a national scale in Nepal. The Nepal Stroke Project (NSP) aims to improve acute stroke care in the tertiary healthcare sector of Nepal. We hereby describe the methods applied and analyze the barriers and facilitators of the NSP after 18 months.
Methods: The NSP follows a four-tier strategy: (1) quality improvement by training healthcare professionals in tertiary care centers; (2) implementation of in-hospital stroke surveillance and quality monitoring system; (3) raising public awareness of strokes; and (4) collaborating with political stakeholders to facilitate public funding for stroke care. We performed a qualitative, iterative analysis of observational data to analyze the output indicators and identify best practices.
Results: Both offline and online initiatives were undertaken to address quality improvement and public awareness. More than 1,000 healthcare professionals across nine tertiary care hospitals attended 26 stroke-related workshops conducted by Nepalese and international stroke experts. Monthly webinars were organized, and chat groups were made for better networking and cross-institutional case sharing. Social media-based public awareness campaigns reached more than 3 million individuals. Moreover, live events and other mass media campaigns were instituted. For quality monitoring, the Registry of Stroke Care Quality (RES-Q) was introduced. Collaboration with stakeholders (both national and international) has been initiated.
Discussion: We identified six actions that may support the development of tertiary care centers into essential stroke centers in a resource-limited setting. We believe that our experiences will contribute to the body of knowledge on translating evidence into practice in LMICs, although the impact of our results must be verified with process indicators of stroke care.
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LMIC, stroke care advocacy, implementation, acute stroke care, quality, stroke, Nepal


Background

Stroke is the third leading cause of death and disability, with 89% of stroke-related deaths and disabilities affecting people residing in lower- and lower-middle-income countries (LMICs) (1). In LMICs, the burden of stroke is further exacerbated by limited access to healthcare and inadequate stroke care resources (2), with acute stroke care being provided to less than a third of all stroke patients (3).

In Nepal, an LMIC (4) in South Asia with a population of 30 million people, which is ranked 143 on the Human Development Index, stroke is the third leading cause of death (5). As of 2019, the governmental expenditure on health per capita is US$53 per year, and stroke care is primarily paid out-of-pocket (6). The lack of financial resources in the public health sector aggravates the lack of specialized healthcare personnel, and there is only approximately one neurologist per one million people (7). Compounding the difficulties is a low level of knowledge about stroke, leading to an under-use of health services and prehospital delay (8, 9). In response to these unmet needs, the Nepal Stroke Project (NSP) was initiated in 2021 with the aim of improving access to acute stroke care in Nepal's provincial tertiary care sector. The project was set up in a healthcare setting where multidisciplinary stroke unit care, intravenous thrombolysis, and endovascular treatment were restricted to private tertiary care centers in Kathmandu (7, 10, 11), and the recanalization rate was far <1% (12). Globally, LMICs such as Nepal face the challenge of translating evidence-based stroke knowledge into clinical practice, but specific guidelines or recommendations tailored to the needs of these resource-limited health settings are not yet available. Our study therefore aimed to analyze the implementation outputs after the first implementation phase (18 months) of the NSP and identify barriers and facilitators of the project's approach. The results of this analysis may then provide a valuable blueprint for regions that are going through a comparable process of establishing structured stroke care.



Methods


Study design

We conducted a prospective study in Nepal to analyze the output indicators and identify barriers and facilitators in the implementation of acute stroke care in Nepal's tertiary care sector.



Setting

The study was performed between 2021 and 2023 in nine tertiary care centers in six different provinces of Nepal as part of the NSP, a collaboration between the Nepal Stroke Association (NSA) and the University Hospital Heidelberg with support from the Hospital Partnerships program of the Deutsche Gesellschaft für Internationale Zusammenarbeit (GIZ) GmbH. Technical advice was given by Angels Initiative (13), Christian Medical College Ludhiana, and the World Stroke Organization (WSO).



Participants

The criteria for including hospitals in the study encompassed the availability of structural requirements for essential stroke services as defined by the WSO Roadmap for Stroke Services (14) (e.g., CT scan facilities, 24/7 emergency departments, and intensive care units) and participation agreements with hospital boards. Initially, a strategic planning and hospital service assessment using the WSO roadmap was conducted, and the election of study sites from all possible sources was based on a reasonable geographic coverage of all regions, preferring government-led healthcare institutions that cater to an estimated annual caseload of ~500 stroke patients. Our target was to include one hospital in each of Nepal's seven provinces. All health professionals >18 years old associated with the included hospitals were considered study participants without any prespecified exclusion criteria.

The multifaceted, multi-level approach from hospital to national level recognizes that healthcare systems operate at multiple levels, and interventions address participants at different levels as described in Table 1.


TABLE 1 Target groups, roles, and expected impact.

[image: Table displaying different levels, target groups, defined roles, and expected outcomes in stroke care involvement. Project level includes National Stroke Society with advocacy roles. Hospital level targets physicians for quality care. Population level involves social media users for awareness. Government level includes WHO and leaders for policy collaboration.]



Description of intervention

The project aimed to improve access to and quality of stroke care in Nepal's tertiary care sector, focusing on the acute in-hospital phases of care. The intervention combined four pillars (Figure 1):

	Pillar A: Quality improvement—establishing stroke-ready hospitals in each province as defined by “essential stroke care” according to the WSO Roadmap (14).
	Pillar B: Quality monitoring—implementing quality monitoring with the Registry of Stroke Care Quality (RES-Q) (15).
	Pillar C: Public awareness—increasing public awareness of strokes.
	Pillar D: Stroke care advocacy—providing evidence-based concepts of stroke care.


[image: Flowchart depicting stroke management strategies within a circular framework, divided into four quadrants: A) Quality Improvement, focusing on assessments and workflows; B) Quality Monitoring, highlighting training and evaluation; C) Public Awareness, promoting campaigns and media; D) Stroke Care Policy, emphasizing stakeholder engagement and solutions.]
FIGURE 1
 Strategies and key activities of the Nepal Stroke Project.




Theoretical framework

The NSP is guided by the principles of community-based participatory research and empowers local health workers to provide culturally appropriate and responsive stroke care. The aim is to establish a self-sustaining network of advocates to build capacity at the grassroots level while simultaneously working with national-level policymakers to create an enabling environment for affordable stroke care.

A logic model was developed to guide program planning, implementation, and evaluation (Figure 2) to ensure the project's alignment with the desired outcome. In clinical practice, a multifaceted approach that includes training programs for healthcare providers, stroke care advocacy, and stroke awareness campaigns has been devised.


[image: Flowchart illustrating the progression from input to outcome. Inputs include trainers, expertise, and financial resources. Processes involve tool development and training. Outputs list trainings and people reached. Outcomes cover process outcomes like DNT and structural outcomes, including number of stroke-ready hospitals.]
FIGURE 2
 Logic model of project. DNT, door-to-needle time; mRS, modified Rankin Scale; RES-Q, Registry of Stroke Care Quality.




Data collection

Data collection adopted an iterative approach, extending from August 2021 to January 2023, and encompassed the utilization of the “World Stroke Organization Global Stroke Guidelines and Action Plans” and notes from on-site visits in all included hospitals, meeting records from all activities, project documents, and correspondences.



Data analysis

Data relevant to quality improvement, quality monitoring, and stroke care advocacy were extracted from multiple sources (field notes, training records, and meeting notes). The data extraction process involved systematic collection to ensure comprehensiveness. The extracted data were then categorized into meaningful categories, such as:

	- Level of Care: Data related to the level of care provided, in alignment with the WSO roadmap, would be included in this category. This might involve adherence to best practices and guidelines in stroke care.
	- Quality Improvement Initiatives: This category includes data related to the hospitals' efforts to enhance the quality of stroke care. It may encompass records of training programs, quality improvement projects, and compliance with stroke care protocols within the hospital's clinical processes, including the frequency and consistency of their use.
	- Training and Personnel: This category focuses on data pertaining to the number of training sessions conducted and the number of healthcare personnel trained in stroke care. This may also include data on the qualifications and experience of the trained staff.
	- Continuous Quality Monitoring: This category involves data on the hospitals' practices for ongoing quality monitoring and evaluation of stroke care services. This may encompass performance metrics, audit reports, and feedback mechanisms.


Dependent variables

The study's dependent variables of interest are output measures that reflect the effectiveness of quality improvement efforts in stroke care (e.g., number of training sessions, number of trained healthcare personnel, and the extent to which hospitals engage in ongoing quality monitoring of their stroke care services).



Independent variables

The independent variables in this research are the characteristics of the hospitals themselves (e.g., hospital size and teaching status), ownership (public, private, and non-profit), and resource availability (e.g., staff and technology).



Identifying patterns

To identify patterns, a comprehensive thematic analysis was conducted. We aimed to discern any significant correlations, trends, or associations between hospital characteristics and the variables related to quality improvement and stroke care.




Ethical clearance

This study was approved by the Nepal Health Research Council (Registration number 214/2021 P).




Results


Participants

Overall, 26 hospitals in Nepal were identified as possible study sites. Based on the geographic distribution, the catchment area, the ownership status, and the consent of the hospital boards, nine hospitals were included in the study (see Figure 3), covering six of the seven provinces of Nepal. Six hospitals were government-led centers, and three were semi-private teaching hospitals. None of the hospitals had a department of neurology or a dedicated stroke unit. The estimated number of stroke patients (ischemic and hemorrhagic) was on average between 50 and 100 per month.


[image: A map of Nepal shows provinces with varying population densities indicated by colors: very low (green) to very high (red). Numbered markers identify hospitals: 1) Koshi Zonal, 2) B.P. Koirala Institute, 3) Chitwan Medical, 4) Janakpur Zonal, 5) Manipal Teaching, 6) Western Regional, 7) Devdaha Medical, 8) Nepalgunj Bheri, 9) Surkhet Provincial. An inset legend explains the color-coded density scale. A compass rose is at the top right, and a distance scale is below it.]
FIGURE 3
 Geographical map of included hospitals.




Output measures
 
Pillar A: quality improvement

Enhancing stroke treatment demands the widespread availability of hospitals equipped with essential tools and skilled personnel. Consequently, it became imperative to establish at least one tertiary care center in each major city of Nepal as a dedicated stroke-ready hospital. The criteria for qualifying as an Essential Stroke Center, as outlined by the WSO Roadmap for Stroke Services (14), serve as the benchmark for defining a stroke-ready hospital in this context.

In the initial phase, a strategic planning and hospital service assessment using the WSO Roadmap for Stroke Services was conducted (14). Based on this, nine hospitals were categorized as having minimal stroke services, and specific action plans were formulated to guide these hospitals in their journey toward becoming essential stroke centers in line with the WSO Roadmap. In response to the lack of clear responsibility for stroke care, the establishment of dedicated stroke teams, helmed by a stroke team leader functioning as a beacon of guidance, was identified as a priority. Stroke teams were built in five hospitals, and we repeatedly assessed the progress with stroke team leaders and defined the next steps in implementation (Table 2).


TABLE 2 Strategies, activities, and outputs within 18 months.

[image: A table outlines strategies to improve stroke care. It includes four main strategies: Quality improvement, Quality monitoring, Public awareness, and Stroke care advocacy. Each has specific activities and outputs, like assessments, training, media campaigns, and stakeholder engagement. Outputs include workshops, webinars, guidelines, social media posts reaching 2.5 million users, and the creation of a National Stroke Road Map.]

Ten stroke team leaders were selected to participate in the Angels Initiative “Train-the-Trainer Workshop,” (13) which equipped them with the skills necessary to act as trainers and local stroke advocates. More than 1,000 health professionals (physicians and nurses) participated in five medical education events (CME) and 15 interactive workshops covering basic knowledge about acute stroke care. Four special nurse workshops and monthly educational newsletters were provided to over 100 nurses. Online tools such as monthly webinars and access to educational resources from the World Stroke Academy and Angels Initiative were encouraged. Practical guidance in the form of posters, flowcharts, process-centered checklists, and pocket cards was provided. These resources were specifically tailored to suit the local conditions and facilitate the implementation of standardized procedures. Chat groups (hospital-specific, profession-specific, and thematic) served as platforms for case discussions, the exchange of knowledge and experiences, and training activities.

A 2-day stroke symposium was organized, bringing together 70 members of stroke teams from all participating hospitals and providing a valuable opportunity for collaboration and sharing of insights (Table 2).



Pillar B: quality monitoring

All participating hospitals' stroke teams received hands-on training in RES-Q (15). Additionally, printed checklists containing all relevant patient information were distributed to facilitate data entry. Seven out of nine study hospitals registered in RES-Q, of which only two hospitals entered the patients' data continuously. Evaluation of stroke care quality at the hospital level was not started due to a lack of reliable data.



Pillar C: public awareness

Both offline and online initiatives were undertaken to address quality improvement and public awareness. A social media-based stroke awareness campaign reached 3 million individual social media users in Nepal with organic traffic and paid advertisements on four social media platforms (Instagram, Facebook, Twitter, and TikTok) (16). Videos in the Nepali language were created and displayed on digital billboards in five public places for a total of 30 days. Health camps were held in three major cities of Nepal (Kathmandu, Janakpur, and Dharan) with distribution of information materials, lectures, and counseling on vascular risk factors. A walkathon was organized in Kathmandu. Through a strategic partnership, 10,000 flyers were distributed with food deliveries, and printed banners were placed in 25 partner restaurants (Table 2).



Pillar D: stroke care advocacy

The project focused on effectuating governmental backing for stroke management by integrating stroke care into the curriculum and reimbursement of expenses associated with stroke care. In 2022, a stroke care task force was established between the project partners and the World Health Organization (WHO) Country Office Nepal, the Ministry of Health and Population (MOHP), and the Department of Health Services (DOHS) with regular meetings, giving an opportunity to discuss current gaps in stroke care and emphasizing priorities for improvement. A national stroke protocol and the accreditation of training manuals represent the first steps, while key components of a comprehensive National Road Map for Stroke Care are presently in progress. A systematic literature review on the status of stroke care was performed in the absence of a national stroke registry (12).




Analysis of facilitators of and barriers to stroke care on a hospital level

Within 18 months, three tertiary care centers have progressed from minimal to essential stroke services. It must be noted that these centers are all teaching hospitals, indicating that larger, academic hospitals may be more conducive to such quick improvements in stroke care services. By comparing the steps undertaken in these hospitals in comparison to the other partner hospitals, facilitators of and barriers to stroke care were identified.

One of the major determinants of the successful transition of these three centers from minimal to essential stroke services was the establishment of a core team of leaders, who took on the responsibility of organizing a structured stroke team at their institutions. This core team established an interdisciplinary collaboration between ED physicians, neurologists, neurosurgeons, nurses, and other ancillary staff to formulate ideal workflows, personnel requirements, and their respective goals. Teams organized continuous education events and were empowered to become trainers themselves. In the absence of neurologists in any of the hospitals, we leveraged physicians, internal medical professionals, and neurosurgeons to become stroke leaders. These core teams also had constant contact with their hospital administration and members at other institutions, such as University Hospital Heidelberg. In combination, we identified six facilitators for enhancing stroke care services on a hospital level (Figure 4).


[image: Flowchart titled "Stroke-Ready Hospitals – Minimal to Essential" with a central hospital icon surrounded by six labeled elements: Assessment, Advocacy, Training, Stroke Team, Action Plan, and Protocols. Each element lists specific actions and goals for building an efficient stroke care system.]
FIGURE 4
 Identified facilitating actions in becoming a stroke-ready hospital.


In contrast, a disadvantageous factor at institutions that were unable to grow to essential care was a rapid turnover of personnel, which disrupted the development of stable core leadership groups. Moreover, insufficient or faulty technical equipment, particularly beds and imaging equipment, was severely detrimental to the efforts at improving stroke care.

Furthermore, the implementation of quality monitoring with RES-Q was unsuccessful, and our qualitative analysis indicates that this is to be attributed to the use of a tool that was selected only based on experiences from other countries but could not be easily integrated into the clinical routine and workflow of Nepal due to a lack of documentation systems and time constraints. This emphasizes the need for monitoring tools adapted to the needs of the Nepalese healthcare system.




Discussion

The NSP represents a milestone in the advancement of stroke care in Nepal, and we hereby present the strategies, outputs, and identified barriers and facilitators of a multifaceted approach applied to enhance the quality of acute stroke care in an LMIC.


Evaluation of project outputs

Our analysis indicates that the methodology employed by the NSP represents a promising and feasible approach for improving access to quality stroke care in regions where stroke care infrastructure is being implemented de novo. This accomplishment is reflected in the successful deployment of all activities of the multifaceted approach, culminating in the active engagement of six tertiary care centers in the program (as enumerated in Table 3), 26 educational events attended by over 1,000 participants, and a public awareness campaign that has reached nearly 3 million people throughout Nepal (Table 3). However, while the precise service outcome of the project after 18 months may not yet be quantifiable, the development of a dynamic stroke care movement that has influenced health personnel, social media users, health authorities, and political leaders is a vital accomplishment that has helped to lay the groundwork for a task force comprising political leaders who are likely to engender sustainable change at the system level of stroke care delivery. We identified four pillars that may support the successful implementation of stroke care in an LMIC, which are quality improvement, quality monitoring, public awareness, and stroke care advocacy.


TABLE 3 Recommendations.

[image: Step-by-step plan for stroke care improvement. Step 1: Assessment and planning, including defining a roadmap and identifying stroke-ready hospitals. Step 2: Establishing stroke-ready hospitals with training and protocol development. Step 3: Quality monitoring, setting up stroke registries, and appointing data managers. Step 4: Public awareness through various communication channels. Step 5: Stroke care advocacy involving stakeholders and creating a National Stroke Care Roadmap.]



Barriers and facilitators in the implementation of acute stroke care

Our study revealed the vital role of a dedicated stroke team and a local stroke champion in driving transformative processes for quality improvement. Clear goals tailored to each hospital, supported by the WSO Roadmap, facilitated successful implementation. Simplifying stroke care and increasing accessibility for non-specialist providers had a positive impact. However, we initially underestimated the challenges in the Nepalese healthcare system, such as high patient volumes and staff turnover. Resources were spread thin across hospitals, leading to some facilities being overwhelmed. Hospital-level stroke care requires a multifaceted approach with committed teams, realistic goals, simplicity, repetition, and effective advocacy (Figure 4). A national road map would be helpful in supporting the hospital's strategies and teams.

In critical evaluation of our quality monitoring pillar, we found that the project initially did not adequately consider the obstacles associated with quality monitoring (QM) in clinical routine. While RES-Q is a widely used tool (15), its acceptance in Nepal was found to be low. This highlights the importance of evaluating suitable methods and local capabilities when implementing QM in a particular region, rather than relying solely on the experiences of other countries. The situation we face is a self-perpetuating vicious cycle where the unaffordability of stroke treatment discourages physicians and the lack of data on disease burden and treatment hinders advocacy efforts to secure financing for stroke care. Yet, one of the main obstacles to gathering reliable data on disease burden and treatment is time constraints, a lack of perceived need, and insufficient support.

The dissemination strategy employed in our public awareness campaign demonstrated remarkable efficacy in its penetration of the general population, which can be partially attributed to the inclusion of marketing experts within our research team (16), leveraging the World Stroke Day Campaign, and adopting a multifaceted approach utilizing diverse modalities.

Although concrete steps are yet to be undertaken, a stroke movement has emerged, precipitating discussions among Nepalese health authorities. Facilitating this process was the early integration of the WHO as a pivotal stakeholder in the country, thereby fostering collaborative engagement in the project.



Comparison with previous studies

Our approach aligns with previous initiatives undertaken by upper-middle-income nations in Eastern Europe and Brazil, wherein a structured training program, international collaborations, and rigorous quality monitoring were identified as key factors in improving stroke care quality (17–20). India, the neighboring nation of Nepal in South Asia, has attained significant achievements in stroke care, exemplified by a surge in the number of stroke units led by physicians, the integration of acute stroke care in the public health system, and an extensive engagement in stroke-related research activities (21, 22).

It is noteworthy that the challenges encountered while aiming for a 5% rate of recanalization in Nepal were not reflected in many of the implementation strategies described in the regions, which are targeting an improvement of the thrombolysis rate from 5% to 10% (19, 20, 23).

Especially in light of recent research, which revealed the deficiency of stroke care in many African countries (3, 24), our experiences and lessons learned can therefore serve as a valuable blueprint for those regions. However, we emphasize that addressing healthcare challenges will encounter unique and diverse obstacles depending on the region; therefore, it is essential to carefully listen to local care providers and gain a comprehensive understanding of their respective contexts and needs rather than imposing standardized, one-size-fits-all approaches. Yet, it must be noted that our qualitative analysis does not allow us to draw conclusions about the impact of the project on patients' outcomes.



Implications of the findings

Drawing on our extensive experiences, both positive and negative, in implementing stroke care in the resource-limited healthcare setting of Nepal, we have synthesized a set of best practices that are highly informed by our learnings (Table 3).



Strengths and limitations

This study will significantly contribute to the body of knowledge regarding which strategies can be successful in a resource-limited healthcare setting with a recanalization rate far below 1% to improve stroke care at a system level. While our strategies are based on the experiences of other middle-income countries, our project represents a pioneering effort in transferring practices to a resource-restrained region where stroke care needs to be established de novo. However, it must be noted that this observational study does not allow for quantitative analysis of markers and predictors of stroke care improvement. No randomization of study participants was performed, and the highly subjective nature of evaluations as well as the varying levels of care provided by the tertiary care centers involved in this study limit the inter-rater and inter-method reliability. Moreover, the current analysis is limited in its scope, as the evaluation is based on interim output indicators. Future analysis, planned after a project runtime of 5 years, is required to draw conclusions regarding whether the strategies have a positive impact on process and structural indicators and, last but not least, on patient outcomes. Further analysis should also assess the perceived client-centered impact of the program (e.g., acceptance, satisfaction, and others). The exponential growth of the project from a small-scale practical implementation to nationwide dimensions, combined with the ongoing challenges in hospital-based data collection, further exacerbates the drawbacks of this observational study.



Implication for future research

While the NSP's first phase, with a planned runtime of 3 years, focuses on acute stroke care at the tertiary care level, further activities along the continuum of stroke care, from primary prevention to rehabilitation, are necessary. As Nepal is one of the least urbanized countries in the world, telestroke care could be a promising way to serve remote regions, and primary health centers should be strengthened in the management of complications and stroke recurrence. Above all, we must not let the most important and obvious goal slip out of sight, namely, to establish at least one comprehensive stroke center in each of Nepal's provinces with affordable and subsidized stroke services. Future research needs to delve into the analysis of process outcome parameters to gain deeper insights into the effectiveness of interventions and strategies. Conducting randomized controlled trials can provide more robust evidence of the impact of interventions in stroke care, allowing for causal inferences. Expanding our research efforts to multinational studies can help identify global trends and best practices in stroke care, fostering cross-border collaboration and knowledge sharing.




Conclusion

This study describes the experiences of the implementation of a multifaceted stroke program in the resource-limited healthcare setting of Nepal. The four strategies (quality improvement, quality monitoring, public awareness, and stroke care advocacy) created a stroke care movement in Nepal. On the hospital level, we identified six facilitating actions for becoming a stroke-ready hospital, which are assessment, stroke team formation, defining concrete actions, adopting protocols, continuous training, and advocacy at the hospital level. Our findings have the potential to contribute to the knowledge base on translating evidence into practice in LMICs.
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Stroke is one of the most common cerebrovascular diseases, which is the cause of long-term mental illness and physical disability, Post-stroke depression (PSD) is the most common neuropsychiatric complication after stroke, and its mechanisms are characterized by complexity, plurality, and diversity, which seriously affects the quality of survival and prognosis of patients. Studies have focused on and recognized neurotransmitter-based mechanisms and selective serotonin-reuptake inhibitors (SSRIs) can be used to treat PSD. Neuroinflammation, neuroendocrinology, neurotrophic factors, and the site of the stroke lesion may affect neurotransmitters. Thus the mechanisms of PSD have been increasingly studied. Pharmacological treatment mainly includes SSRIs, noradrenergic and specific serotonergic antidepressant (NaSSA), anti-inflammatory drugs, vitamin D, ect, which have been confirmed to have better efficacy by clinical studies. Currently, there is an increasing number of studies related to the mechanisms of PSD. However, the mechanisms and pharmacologic treatment of PSD is still unclear. In the future, in-depth research on the mechanisms and treatment of PSD is needed to provide a reference for the prevention and treatment of clinical PSD.
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1. Introduction

A significant proportion of older adults will suffer from one or more age-related diseases, including two significant conditions that can cause high morbidity and disability, with high economic burden consequences: stroke (1) and depression (2). Stroke is divided into ischemic stroke and hemorrhagic stroke. The latter includes intracerebral hemorrhage (ICH) and subarachnoid hemorrhage (SAH). Depression is one of the most common symptoms of mental disorders after stroke, with a predicted prevalence of 18 to 33% (3–5). Depression will become the leading cause of global burden by 2030, so attention should be paid to treating depression (6, 7). PSD is mainly manifested as a lack of energy, apathy, sleep disorders, reduced interest, passivity, pessimism, and even suicide, and PSD quickly leads to stroke recurrence. Because many stroke patients have cognitive and language disorders, PSD is not easy to find but seriously hinders the rehabilitation of patients. PSD is a crucial risk factor for long-term adverse physical and mental health outcomes after stroke (8), and PSD can lead to lower quality of life and higher mortality (9). Several stroke-related psycho-social factors worsen, at best, the PSD symptoms by negatively impacting the patient’s daily life (10–12). Much literature has focused on the mechanism of post-ischemic depression, and its mechanisms has become a research hotspot in recent years. Given this, it is necessary to understand the mechanisms and drug treatment of PSD, which can provide a reference for the prevention and treatment of clinical PSD.



2. Stroke lesion site and PSD

Soares proposed a neuroanatomical model of mood disorders in 1997, i.e., the pathway of emotion regulation includes the frontal lobe, the basal ganglia, the amygdala-hippocampus complex, the thalamus, and the connecting fibers between them (13). The frontal-subcortical neural pathway regulates sleep, mood, neuroendocrine, motor and cognitive behaviors, etc. The basal ganglia is an essential pathway for the axons of 5-HT and DA neurons, and the above ways and lesions block the axonal transmission of neurotransmitters to the cortex. Hence, lesions of the above areas are prone to depression. The central monoaminergic nuclei are located in the brainstem, and they fire ascending projections distributed throughout the brain, including the cerebral cortex and limbic system. It is thought that ischemic damage to these nuclei or their projections may result in decreased monoamine levels in a) the left frontal cortex, leading to depressed mood and cognitive deficits; b) the reward system, leading to a lack of pleasure; and c) the basal ganglia, which directly and indirectly regulate mood, cognition, reward, and fatigue (14, 15). The occurrence of stroke in specific regions such as the prefrontal cortex, limbic area, and basal ganglia can disrupt key pathways of mood-related neurotransmitters, leading to depressive disorders (16, 17). Studies have shown that PSD is strongly associated with the site of stroke lesions, but different studies have different results. Terroni et al. (18) further affirmed that the limbic-cortical-striatal-pallidal-thalamic neural pathway is closely associated with PSD based on previous imaging studies. In the 1980s, Robinson et al. suggested that injury to the anterior part of the left hemisphere is more likely than other body parts to lead to depression and PSD (19, 20). Injury to the left cerebral hemisphere is associated with depression, especially damage to the left frontal cortex and the left basal ganglia has a higher incidence of depression, and 5-HT and NE in the left cerebral hemisphere are more likely to be depleted than those in the right cerebral hemisphere, and damage to NE and 5-HTergic neuronal pathways in the above regions, which decreases the content of NE and 5-HT and thus leads to PSD (21–23). However, one study did not support the hypothesis that left hemisphere lesions are associated with an increased risk of PSD, and there was a significant correlation between right hemisphere stroke and the risk of depression after subacute stroke (1–6 months) (24). A significant association between damage to the subcortical circuit in the frontal lobe and PSD has been found (25). In addition, Hong et al. (26) collected 23 patients with PSD diagnosed with frontal subcortical onset. The gray matter volume of the left middle frontal gyrus was significantly reduced in the PSD patients compared with the non-PSD group. The lesion site was located in the left inferior frontal gyrus in about 14 PSD patients, and the lesion site was found in the dorsolateral prefrontal cortex in about 9 PSD patients. Leukoaraiosis also called white matter lesions (WMLs) and white matter hyperintensities (WMHs). Multiple studies have shown that deep leukorariosis with PSD (27). Determining the extent of pre-existing white matter abnormalities can properly guide decision making in acute stroke settings, as a greater degree of such lesioning is usually coupled with neuropsychiatric aftermaths, such as PSD (28). Although there is no uniform conclusion on whether lesion site is associated with PSD, most researchers still believe there is a relationship between lesion site and the occurrence of PSD.



3. Neurotransmitter hypothesis

Monoamine neurotransmitters mainly include norepinephrine (NE), 5-hydroxytryptamine (5-HT), and dopamine (DA), and most of their receptors belong to the G-protein-coupled receptor. NE, 5-HT, and DA transmit messages between nerve cells or neurons and effector cells, integrating the overall coordination of body functions. If these neurotransmitters are defective, the normal functioning of the nervous system is compromised, leading to depression (29, 30). Ischemic injury interferes with upward projections from the midbrain and brainstem, reducing the bioavailability of 5-HT, DA, and NE (31). Many neurophysiological studies found an early involvement of the central serotonergic tone since the very acute phase of stroke and in all stroke patients as a group, regardless the degree of disability and the site of the lesion (32–34). In the presence of the SLC6A4 linked promoter region (5-HTTLPR) s/s genotype promoter methylation status was independently associated with PSD both at 2 weeks and more prominently at 1 year after stroke, and was significantly associated with the worsening of depressive symptoms over 1 year (35). Previous studies have demonstrated that 5-hydroxytryptamine transporter length polymorphism (5-HTTLPR) predicts stress and depression (36). Wang et al. (37) successfully prepared a PSD model and found that depressive symptoms in rats could be blocked by the SSRIs citalopram or the 5-HT1A receptor blocker WAY-100635, and detected an increase in newborn neurons in the hippocampal DG region, suggesting that SSRIs act by promoting neural regeneration in the hippocampal DG region. Mak et al. conducted a meta-analysis and found that the 5-HTTLPR LL, LS, and LS genotypes, and the L allele had a positive effect on PSD recovery, but the SS gene in 5-HTTLPR may be a risk factor for PSD (38, 39). Therefore, monoamine neurotransmitters and genes are one of the mechanisms most closely associated with PSD.


3.1. Amino acid neurotransmitters and PSD

After a stroke, acute ischemia/hypoxia occurs in brain tissue, leading to ion transporter dysfunction and ion homeostasis disturbances, which in turn leads to impaired glutamate release and reuptake and intracellular calcium overload, which further contributes to the rapid rise in cerebrospinal fluid glutamate levels. These cascading reactions ultimately lead to neuronal death (40, 41). In addition, excessive glutamate release may lead to synaptic excitotoxicity by exacerbating oxidative stress and inflammation. In contrast, inflammatory mediators may interfere extracellular glutamate levels by decreasing the glutamate scavenging capacity of microglia and astrocytes (42, 43). Many studies have reported higher levels of glutamate and its metabolites in both the blood and cerebrospinal fluid of patients with PSD, especially in the frontal cortex (44, 45). The above experiments suggest that amino acid neurotransmitters are equally involved in developing PSD.




4. Neuroinflammation

In addition to classical neurotransmitters, astrocytes and microglia in the central nervous system induce cytokine production, including interleukin (IL), tumor necrosis factor (TNF), and interferon (IFN). When the body undergoes an inflammatory response induces the expression of relevant inflammatory cytokines, and an increase in inflammatory cytokines leads to a decrease in the amount of 5-HT or even depletion. Serum inflammatory cytokine levels are elevated in patients with depression, and antidepressant drugs, such as SSRIs, can decrease the pro-inflammatory cytokines IL-6, IL-1β, TNF-α, and IFN-γ, or increase the anti-inflammatory cytokines, such as IL-10, IL-4, IL-13 (46, 47). Inflammation triggers depression by affecting the normal secretion and synthesis of monoamine neurotransmitters, neuronal regeneration, and stimulation of glial cell activation in various ways. Spalletta et al. investigated and put forward the “cytokine hypothesis,” in which pro-inflammatory cytokines interact with 5-HT, leading to the amplification of inflammatory processes and activation of indoleamine-2,3-dioxygenase (IDO) in the limbic region (48). Activation of IDO in the limbic region converts tryptophan to kynurenine, leading to depletion of 5-HT in the paralimbic structures, and the resulting physiological dysfunction may lead to PSD. Elevated levels of inflammatory mediators are thought to be associated with PSD, and increases in pro-inflammatory cytokines IL-1, IL-2, IL-6, IL-17, IL-1β, and TNF-α are strongly associated with PSD (49–51). In another study, a total of 151 patients with acute ischemic stroke were screened at baseline and completed a 1-month follow-up, serum IL-10 levels were measured within 24 h of admission, and depressive symptoms were assessed using the 17-item Hamilton Depression Scale (HAMD-17), with PSD defined as a HAMD score of ≥7. It was found that serum levels of IL-10 were significantly lower in patients with PSD than those in the non-PSD group (52). Alleles associated with reduced anti-inflammatory cytokine function, such as IL-4 + 33C/C and IL-10-1082A/A genotypes, were also associated with PSD (53). In addition, microglia can be distinguished into two phenotypes, the deleterious pro-inflammatory M1 type and the anti-inflammatory M2 type, which represent the dual role of microglia. M1 microglia promote the release of a range of pro-inflammatory cytokines such as TNF-α, IL-1-β, IL-6, and nitric oxide (NO), as well as protein hydrolyzing enzymes, such as matrix metalloproteinase-9 (MMP-9) and MMP-2, which ultimately exacerbate neuronal injury and inhibit neurogenesis in the hippocampus. M2-type microglia express the protective cytokines CD206, IL-10, and scavenger receptors, which have a role in inhibiting inflammation and promoting tissue repair.

NLRP3 inflammatory vesicle is a multiprotein complex of the natural immune system and an upstream regulator of IL-1β. Activation of NLRP3 inflammatory vesicle activates cysteine aspartate lyase-1 via NF-κB and MAPK pathways, induces IL-1β and IL-18 production, and thus promotes inflammatory responses (54, 55). It has been found that lack of NLRP3 attenuates LPS-induced depressive-like symptoms and increases IDO gene expression while inhibiting microglia activation, suggesting that IDO may be a downstream mediator of NLRP3 inflammatory vesicles in inflammation-mediated depressive-like behavior (56). Therefore, Li et al. proposed lowering NLRP3 levels as a treatment for PSD.

Serum growth differentiation factor-15 is a transforming growth factor-β (TGF-β)-related cytokine (57). High levels of serum growth differentiation factor-15 are significantly associated with poor clinical outcomes in acute ischemic stroke, suggesting that serum growth differentiation factor-15 levels can predict the prognosis of ischemic stroke patients (58). High serum growth differentiation factor-15 levels may be associated with an increased risk of suicidal thoughts in depressed patients (59). Many recent studies have pointed out that serum growth differentiation factor-15 levels are nearly one-fold higher in patients with PSD than in patients without depression, and the sensitivity and specificity for predicting PSD were most heightened when the level was 1,660 ng/L (60, 61). MMP-9 is a crucial determinant of extracellular matrix degradation, which is involved in inflammatory response and neuronal plasticity, and it plays a role in the development of brain injury and depression. Elevated serum MMP-9 levels during the acute phase of ischemic stroke were found to be closely associated with the development of depression 3 months later (62). Hypersensitive C-reactive protein (Hs-CRP) is closely related to neurological injury in the acute phase of stroke. It can be used as a serum inflammatory indicator reflecting the intensity of inflammation in the body (63). Hs-CRP can be used as a diagnostic marker for depression, especially for male patients with depression (64). Some studies have found that elevated serum CRP levels on admission are associated with an increased risk of PSD (65). Homocysteine (Hcy) can be used as a biomarker of stroke, and along with abnormally elevated Hcy levels, methylation metabolism is blocked, and NE and 5-HT levels are reduced, thus leading to depression (66, 67). And it has been found that high levels of Hs-CRP and higher Hcy in ischemic stroke patients may also be associated with PSD (68, 69).

In addition to the well-recognized microglia, other inflammatory markers have attracted widespread attention. A meta-analysis examined whether neutrophil-tolymphocyte ratio (NLR) platelet-lympho-cyte ratio (PLR) and monocyte-to-lymphocyte (MLR) were associated with depression and found that NLR levels were significantly higher in depressed patients than in healthy controls (70). Two hundred and ninety-nine consecutive ischemic stroke patients were enrolled and followed up for 1 month; 26.1% of patients were diagnosed with PSD at 1 month, and patients with PSD had significantly higher NLR levels on admission compared with non-PSD patients and normal controls, with an NLR ≥3.701 independently associated with the development of PSD (71). A recent meta-analysis showed that higher inflammation ratios, especially NLR, were significantly associated with the risk of developing depression and that compared to non-PSD patients, PSD patients had a significantly higher NLR and MLR values were higher in PSD patients (72). Higher platelet count is a predictor of inflammation, and platelet activation and increased platelet counts play an important role in depression, as well as being one of the risk factors for the increased prevalence of cerebrovascular disease, and patients with major depression with psychotic features have a higher PLR than other patients (73). Elevated PLR on admission is an important and independent marker for predicting the development of PSD, and whether it changes over time remains to be thoroughly investigated (74). Sarejloo et al. (75) found that the NLR was higher in patients with PSD than in non-depressed patients with stroke, and the PLR was significantly higher in patients with PSD than in non-depressed patients with stroke.



5. Neuroendocrine

The HPA axis is the neuroendocrine system that regulates mood; first, when the hypothalamus receives signals from the hippocampus or other tissues, the paraventricular nucleus of the hypothalamus releases corticotropin-releasing hormone (CRH), which induces adrenal cortical hormone (ACTH) and glucocorticoid (GCs).

Adrenocorticotropic Hormone (ACTH) stimulates the synthesis and secretion of GCs in the zona fasciculate by binding to its primary target. As downstream effectors of the HPA axis, GCs enter the circulation and readily cross the blood–brain barrier to regulate physiological changes via intracellular receptors throughout the body. Elevated cortisol concentrations in plasma, urine, and cerebrospinal fluid have been reported in depressed patients, accompanied by downregulation of peripheral 5-HT, hyperactivation of the HPA axis, and upregulation of ACTH (76, 77). Compounds with GC receptor antagonist activity and 5-HT1A receptor agonist activity may be better drugs for treating depression (78, 79). HPA dysfunction is present in 40% of stroke patients, triggering depression, poor prognosis, and increased death are associated (80). Excess cortisol may also be associated with monoamine dysfunction, and in a recent clinical study, Reimold et al. investigated the correlation between cortisol response and thalamic 5-HT transporter levels using positron emission tomography and found that decreased levels of thalamic 5-HT transporters were significantly correlated with elevated cortisol response (81).



6. Neurotrophic factor

Brain Derived Neurotrophic Factor (BDNF) has a variety of biological functions; through the activation of tropomyosin receptor kinase B (TrkB) receptor and p75NTR receptors, TrkB and p75NTR pathway activation lead to opposed effects, BDNF requires signaling through TrkB in neuronal growth and maturation. In contrast, the p75NTR pathway triggers apoptosis and inhibits synapse formation. Activation of the TrkB and p75NTR pathways leads to opposed effects, with BDNF required to signaling through TrkB in neuronal growth and maturation. In contrast, the p75NTR pathway triggers apoptosis and inhibits synapse formation, and BDNF is involved in the physiological and pathological processes of depression and ischemic stroke (82, 83). Yang et al. established a PSD model by oxygen–glucose deprivation and corticosterone treatment of neuronal cells. proBDNF protein levels were significantly elevated in the cortex and hippocampus of rats in the PSD group compared to the control group, suggesting that proBDNF plays a role in PSD pathophysiology (84). In addition, a PSD-like cell model was re-established by recombination of the p75 neurotrophin receptor (p75NTR) or silencing of the c-Jun amino-terminal kinase (JNK) to re-establish a PSD-like cell model and found that p75NTR and silencing of JNK (siJNK) inhibited PSD-induced proBDNF up-regulation and increased apoptosis (84). In the same cohort, higher BDNF methylation status and BDNF val66met polymorphism were independently associated with the prevalence of PSD (85).

Glial Cell Line-derived Neurotrophic Factor (GDNF) is widely distributed in the hypothalamus and other brain parts. The role of GDNF in the brain is essential in the survival, differentiation, and regeneration of neurons in the ischemic hemiparetic zone. GDNF can protect 5-HT and DA neurons from oxidative stress and neuroinflammatory damage and has neurotrophic effects on brain tissue (86). Lower levels of GDNF may be involved in the pathophysiological processes of depression, and GDNF levels increase after antidepressant treatment (87). Some scholars have found that GDNF and mRNA are closely related to PSD, and GDNF can be used as a biomarker for the differential diagnosis of major depression and PSD (88). It further suggests that GDNF may act on neurotransmitters and thus participate in the development of PSD.

IGF-1 has received much attention for its influence on recovery after stroke (89). Ketamine, an n-methyl-d-aspartate receptor antagonist, exerts antidepressant effects, and ketamine also induces sustained massive release of IGF-1 in the prefrontal cortex of male mice (90). A clinical trial by Wei Zhang et al. suggested that low serum IGF-1 levels on admission may be involved in developing PSD (91). Recent studies suggest that carriers of the T allele at the rs9282715 locus of the IGF-1R gene may be susceptible to PSD (92).



7. Pharmacological treatment of post-stroke depression

Antidepressant medicines can effectively improve patients’ nxiety, depression, and somatization symptoms, the first choice for PSD treatment. The principle of medication is to use the smallest effective dose possible to minimize the adverse effects and improve adherence to the treatment. In the early days, antidepressants such as TCAs, tetracyclines, and monoamine oxidase inhibitors were the mainstay, but these antidepressants had more side effects. SSRIs gradually replaced them with fewer adverse effects and better-tolerated drugs such as NaSSA.


7.1. SSRIs

SSRIs, a new class of antidepressant drugs used in clinical applications, began in the 1980s. SSRIs are mainly fluoxetine, paroxetine, sertraline, citalopram, and escitalopram, which can selectively inhibit the presynaptic membrane to the reuptake of 5-HT (93). Studies have demonstrated the efficacy, acceptability, and tolerability of antidepressant medication in patients with PSD (94). There have been small-sample controlled clinical studies showing that fluoxetine (95, 96) and citalopram (96) are effective in the treatment of PSD. Fluoxetine treatment promotes microglial apoptosis (97). Early use of SSRIs such as escitalopram may be a treatment for PSD (98, 99). Zhang et al. (100) retrieved Meta-analyzes up to December 2021. They found that antidepressant co-adjuvant therapy may enhance the efficacy of antidepressant medications, with acupuncture combined with fluoxetine being more efficacious in treating PSD at week 4. In contrast, rTMS combined with paroxetine was more productive in treating PSD at week 8 and was more efficacious. It has been suggested that SSRI treatment may be beneficial in stroke patients to prevent the development of PSD, but treating all stroke patients with SSRI has not proved effective so far. Large, prospective and long-term studies are needed to clarify the possible impact of SSRIs on emotions, cognitive functions, bone fractures and coagulation, as well to detect other possible still neglected side effects (101). Thus, assessing the central serotonergic tone in acute stroke patients through auditory evoked potentials may also help to predict the responsiveness to the SSRI treatment and individuate the subgroup of PSD patients who may benefit from SSRI treatment (102–104).



7.2. NaSSA

The representative drug of NaSSA is mirtazapine, which increases the release of 5-HT by directly inhibiting the α2 receptors at the endings of 5-HT neurons and also stimulates the α2 receptors on the cytosolic bodies of 5-HT neurons by increasing the NE content to increase the release of 5-HT further. Li et al. the eighth week of administration of the drug, Mirtazapine may be the best choice for treating PSD patients compared to other antidepressants (105). A study found that ischemic stroke patients who received 30 mg of mirtazapine or no antidepressant treatment starting on day 1 after stroke developed PSD in 40% of the untreated group. In contrast, PSD occurred in only 5.7% of the patients in the group treated with mirtazapine, with 16 patients experiencing PSD, of which 15 resolved after initiating mirtazapine treatment (106).



7.3. Anti-inflammatory drugs

Anti-inflammatory drugs can increase the concentration of monoaminergic neurotransmitters in the synaptic gap of the neurons involved in the brain in a short period. It has been found that the use of acetylsalicylic acid (ASA), nonsteroidal anti-inflammatory drugs (NSAIDs), or statins in stroke patients reduced the risk of early-onset depression, but a higher risk for late depression (107). Minocycline is widely recognized as a novel agent capable of inhibiting microglial activation (108), It also exerts anti-inflammatory properties (109). A systematic review revealed that minocycline increases the viability of neurons and decreases the infarct volume following cerebral ischemia, the mechanisms included anti-inflammatory, antioxidant, as well as anti-apoptotic effects (110). Bassett et al. (111) studies have found that minocycline reverses the pathogenic phagocytic potential of neurotoxic M1 microglia, and reduces the negative phenotypes associated with reduced neurogenesis caused by mice exposure to chronic mild stress (CMS) induced depressive-like behavior. Camargos et al. (112) used the clamping of the common carotid arteries bilaterally in C57BL/6 mice to prepare a cerebral ischemia–reperfusion injury model, and minocycline improved depression-like behavior in cerebral ischemia mice.



7.4. Vitamin D

Vitamin D is the only neurosteroid hormone that may regulate 5-HT synthesis via tryptophan hydroxylase 2 (113). Vitamin D may affect the synthesis of neurotransmitters, such as serotonin and dopamine, and is also involved in changes in brain morphology (114, 115). Pertile et al. (114) study continues to establish vitamin D as an important differentiation agent for developing dopamine neurons, and now for the first time shows chronic exposure to the active vitamin D hormone increases the capacity of developing neurons to release dopamine. According to previous research, vitamin D deficiency may be a risk factor for depression (116, 117). A prospective study encompassed 58,646 healthy Japanese adults (23,099 men and 35,547 women) aged of 40 to 79 years in whom dietary vitamin D intake was determined via a self-administered food frequency questionnaire. The median follow-up period was 19.3 years (1989–2009), and dietary vitamin D intake appeared to be negatively correlated with mortality from stroke (118). A Meta-analysis conducted by Zhou et al. (119) found that lower vitamin D levels were associated with an increased risk of ischemic stroke. Berghout et al. (120) conducted a prospective study measuring serum 25-hydroxyvitamin D concentrations in 9,680 participants (56.8% female) aged ≥45 years from 1997 to 2008, and lower serum 25-hydroxyvitamin D concentrations were not associated with a higher risk of stroke. It was not associated with a higher risk of stroke, and only severe vitamin D deficiency was associated with incident stroke. Gu et al. found a higher prevalence of vitamin D deficiency and insufficiency in patients with acute stroke. Low serum vitamin D levels were associated with the development of PSD (121, 122). Another study found that 55 (29.1%) patients with acute ischemic stroke were diagnosed with PSD at 1 month, and lower serum vitamin D within 24 h of admission was associated with PSD development and predicted PSD at 1 month (123). The stimulatory effects of vitamin D3 on the BDNF signaling pathway and neuroplasticity may play a role in the recovery of neurological function and the amelioration of PSD (124).




8. Summary

Multiple mechanisms are interrelated and interact in PSD. Monoamine neurotransmitters are the most important pathogenetic mechanism in PSD, and inflammatory cytokines and microglia can cause a decrease in 5-HT in the brain; altered ratios of monocytes, neutrophils, and lymphocytes can be used as a predictive biomarker for PSD, and there is a correlation between higher proinflammatory factors, NLRP3, TGF-β, Hs-CRP, Hcy with PSD, and the PSD interconnection between neurotrophic factor, neuroendocrine abnormalities, and The interconnections between stroke lesion sites and neurotransmitters involve multiple systems in the body thereby inducing PSD. Currently, PSD is mainly treated with SSRIs, NASSA, anti-inflammatory drugs, and medications such as vitamin D. In the future, many studies are needed to find more critical mechanisms for clinical reference, with the aim of early prediction of PSD and intervention to reduce the morbidity and mortality of PSD.
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Background and purpose: An aggressive lowering of blood pressure (BP) could lead to neurological worsening, particularly of the area that has not been reperfused in acute stroke patients with large vessel occlusion (LVO). We sought to investigate the association of reperfusion status and BP course following mechanical thrombectomy (MT) with outcomes in LVO.
Materials and methods: Consecutive patients with LVO treated with MT between Jan 2020 to Jun 2021 were enrolled in a retrospective cohort study. Hourly systolic BP (SBP) and diastolic BP (DBP) were recorded for 72 h following MT and maximum SBP and DBP levels were identified. The Extended Thrombolysis in Cerebral Infarction (eTICI) scale was used to assess reperfusion extent. LVO patients were stratified in 2 groups based on reperfusion status: complete reperfusion (eTICI 3) and incomplete reperfusion (eTICI 2b/c). Three-month functional independence was defined as a modified Rankin Scale score of 0–2.
Results: A total of 263 acute ischemic stroke patients with LVO were retrospectively evaluated. Complete reperfusion was achieved in 210 patients (79.8%). Post-MT maximum SBP over 160 mmHg was significantly related to worse functional outcome (38.1% vs. 55.7%, p = 0.006), higher likelihood of in-hospital mortality and 3-month mortality (19.0% vs. 6.9%, p = 0.004, 27.4% vs. 14.3%, p = 0.012). No statistical correlation was found between reperfusion status and blood pressure level (p > 0.05). In patients with complete reperfusion, patients with an average BP 120-140 mmHg tends to have worse functional outcome compared with 100-120 mmHg (OR = 1.77, 95%CI: 0.97–3.23, p = 0.061).
Conclusion: High maximum SBP levels following MT are associated with an increased likelihood of 3-month functional dependence and mortality. An average BP of 100–120 mmHg tends to have better functional independence in completely reperfused patients. The effect of intensive BP control on incomplete reperfusion still warrants further investigations.

KEYWORDS
 reperfusion status, postoperative blood pressure, stroke, endovascular treatment, eTICI


Introduction

According to previous studies, increased systolic blood pressure (SBP) after endovascular treatment (EVT) in patients with acute ischemic stroke (AIS) has been correlated with worse clinical outcomes and an increased risk of intracranial hemorrhage (ICH) (1–7). The most recent guidelines, however, recommended a decent blood pressure target to be <180/105 mmHg in the first 24 h after endovascular treatment (8, 9). According to the second randomized controlled enhanced control of hypertension and thrombectomy stroke study (ENCHANTED-2/MT) (10), after successful reperfusion in patients with AIS, which was considered complex due to various factors, including heterogeneity in age, cause of stroke, occlusion location, and collateral status, an intensive blood pressure (BP) control of <120 mmHg was deemed harmful (11–14). An aggressive approach to lowering the BP can lead to neurological worsening in patients with incomplete reperfusion, for instance, 2b-or 2c-grade expanded thrombolysis in cerebral ischemia (eTICI) with the area that has not been reperfused. The blood pressure target in acute stroke to reduce hemorrhage after endovascular therapy trial showed a comparable effect of intensive BP control (<130 mmHg) over the standard group (130–185 mmHg) on the clinical outcome or radiological intraparenchymal hemorrhage (15). The transient focal disruption of cerebral autoregulation renders perfusion of the ischemic tissue directly dependent on systemic BP (16). Further investigation is required to determine if the harmful effect of intensive BP control is universally similar in patients with different reperfusion statuses after EVT. We investigated the association between post-mechanical thrombectomy (MT) BP level and reperfusion status in patients with stroke to explore any harmful, comparable, or beneficial effects of the intensive BP control.



Methods


Participants and procedure protocol

From January 2020 to June 2021, we enrolled consecutive patients who presented AIS within 24 h of large vessel occlusion (LVO) and underwent MT in a comprehensive stroke center. The exclusion criteria for patients were as follows: patients who had unsuccessful reperfusion status, eTICI = 0–2a; those with insufficient BP data; patients with unfavorable previous functional status, previously modified Rankin scale (mRS) score of >2; and patients who were unable to be followed-up. The process of inclusion and exclusion is shown in Figure 1.

[image: Flowchart showing the patient selection process: 428 patients with LVO treated with MT. 165 were excluded (57 insufficient BP data, 25 previous mRS >2, 43 lost to follow-up, 40 eTICI 0-2a). 263 patients included; 210 received eTICI 3, and 53 received eTICI 2b or 2c.]

FIGURE 1
 The detailed flowchart of the patient selection process. LVO, large vessel occlusion; MT, mechanical thrombectomy; BP, blood pressure; eTICI, extended Thrombolysis in Cerebral Infarction; mRS, modified Rankin scale.


For evaluating the reperfusion status, eTICI (17) was used, and patients meeting the criterion were divided into the following two groups: complete reperfusion group (eTICI = 3) and incomplete reperfusion group (eTICI = 2b or 2c).

This study was approved by the Ethics Committee Boards, and the requirement for written consent was waived. All patients received verbal and written information on the collection of observational data regarding this clinical study and were free to withdraw.



Primary and secondary outcomes

Preprocedural variable data of patients were collected from a prospectively defined clinical registry, including age, sex, comorbidities, including hypertension, diabetes mellitus, and atrial fibrillation, baseline National Institutes of Health Stroke Scale (NIHSS), admission NIHSS, admission Alberta Stroke Program Early Computed Tomography (CT) Score (ASPECTS), onset to reperfusion time (h), stroke cause according to the trial of ORG 10172 in acute stroke treatment (TOAST) criteria, and if the intravenous tissue-type plasminogen activator was administered. The primary clinical outcome was the 3-month functional independence (mRS = 0–2). The mRS was determined through in-person interviews in the follow-up clinics or telephonic interviews. Secondary outcomes included symptomatic ICH (sICH), asymptomatic ICH (aICH), and all-cause 90-day mortality. sICH was defined as any intraparenchymal, subarachnoid, or intraventricular hemorrhage on postprocedural CT associated with a ≥ 4-point increase in the NIHSS score according to the “European cooperative acute stroke study” criteria. Early neurological deterioration (END) was defined as a ≥ 4-point increase in the NIHSS score at 24 h compared with the baseline NIHSS.



BP monitor and management protocol

Patients were admitted to the neurointensive care unit (NICU) after EVT. Their BP was monitored every 15 min before the target was achieved, and then every 1 h, with a BP cuff for 72 h. After discharge from the NICU, the BP of patients was monitored four times a day. A standardized BP measurement protocol was enacted. The BP level was decided according to the preference of the physician, with a preponderant target of <120 mmHg, 130 mmHg, or 140 mmHg, and was maintained for at least 72 h. However, because this was a real-world analysis, while not a per-protocol analysis, namely, the BP level was not precisely equal to the BP target. Intravenous BP lowering protocols guided the titration of the locally available drugs, including urapidil, nicardipine, and nitroglycerin, through repeated bolus or infusions to achieve the BP target. An SBP of <90 mmHg was set as the threshold for anti-hypertensive medication cessation and the use of intravenous fluids and inotropes, as required.



Statistical analysis

Continuous variables are presented as mean ± standard deviation (normal distribution) and as median with interquartile range (IQR) (skewed distribution). Categorical variables are presented as percentages with their corresponding 95% confidence interval (CI). Statistical comparisons for the categorical variables between the two groups were performed using the χ2 test, and that for the continuous variables was performed using the unpaired t-test. Furthermore, the Mann–Whitney U test, one-way analysis of variance, or Kruskal–Wallis test were performed per the requirement. Univariate and multivariable logistic regression analyses were used to evaluate the association between BP level at 27 h with the clinical outcomes, including END, sICH, aICH, in-hospital mortality, 3-month mortality, and 3-month functional independence after adjusting for potential confounders (including age, sex, onset-to-reperfusion time, occlusion location, and TOAST type). The associations are presented as odds ratios (ORs) with corresponding 95% CI. Statistical significance was accepted at the p-value of <0.05 in the multivariable logistic regression analysis. The Statistical Package for Social Science, version 22.0 for Windows (SPSS Inc., Chicago, IL) was used for statistical analyses.




Results

During the study period, 428 patients with LVO were treated with MT (Figure 1). The enrolled study population consisted of 263 patients (mean age = 68 ± 11 years, 63.1% men, median NIHSS score = 16 points [IQR = 9–22], and median ASPECTS score = 9 points [IQR = 7–10]) who were treated with MT and achieved reperfusion (eTICI ≥2b). Complete reperfusion (eTICI = 3) was achieved in 210 patients (79.8%) and incomplete reperfusion (eTICI = 2b or 2c) in 53 patients (20.2%). The baseline characteristics of the study population are presented in Table 1. In the complete reperfusion group, 64 (30.5%) patients had atrial fibrillation, 50 (23.8%) patients were treated for intravenous thrombolysis, and 101 (48.1%) patients were due to arteriosclerotic disease. Furthermore, 65 (31.0%) patients had internal carotid artery (ICA) occlusion, 105 (48.1%) patients had middle cerebral artery or anterior cerebral artery occlusion, 16 (7.6%) patients had vertebral artery occlusion, and 24 (11.4%) patients had basilar artery occlusion. In the incomplete reperfusion group, 25 (47.2%) patients had atrial fibrillation, 9 (17.0%) patients were treated for intravenous thrombolysis, and 21 (39.6%) patients were due to arteriosclerotic disease. Furthermore, 26 (49.1%) patients had ICA occlusion, 23 (43.4%) patients had middle cerebral artery or anterior cerebral artery occlusion, and 4 (7.5%) patients had vertebral artery occlusion. The proportion of patients with cardioembolic stroke was significantly higher in the incomplete reperfusion group than in the complete reperfusion group (p = 0.011), which was similar to the proportion of patients with ICA occlusion (49.1% and 31.0% in the incomplete and complete reperfusion group, respectively). The risk of sICH in the complete reperfusion group (5.8%) was similar, without any statistically significant difference, to that in the incomplete reperfusion group (5.7%) (p = 1.000). Similarly, END occurred in 13.8 and 18.9% of patients in the two groups, with no statistical significance (p = 0.586). However, the risk of aICH was significantly higher in the incomplete reperfusion group (15.5%) than in the complete reperfusion group (28.3%) (p = 0.031). The proportion of patients with 3-month functional independence tend to be higher in the complete reperfusion group (50.5%) than in the incomplete reperfusion group (36.7%). Nevertheless, the proportion of patients with 3-month mortality tend to be lower in the complete reperfusion group (19.1%) than in the incomplete reperfusion group (24.5%).



TABLE 1 Baseline characteristics of the study population dichotomized by reperfusion status*.
[image: Table comparing variables between complete and incomplete reperfusion groups. Variables include demographics, hypertension, diabetes, atrial fibrillation, NIHSS score, baseline ASPECTS, IV thrombolysis, TOAST type, occlusion site, tandem lesion, blood pressure, onset to reperfusion time, symptomatic and asymptomatic intracranial hemorrhage, early neurological deterioration, 3-month functional independence, and mortality. Significant p-values are bolded, indicating statistical relevance.]

The comparison of the baseline characteristics and outcomes in the two groups of post-MT maximum SBP among patients with successful reperfusion after EVT is presented in Table 2. Although the baseline characteristics of the two groups did not differ, their clinical outcomes were notably different. Both groups documented similar SBP and diastolic BP (DBP) at admission (SBP: 150.6 ± 28.9 mmHg versus 154.0 ± 28.9 mmHg, p = 0.381; DBP: 86.7 ± 18.3 mmHg versus 85.1 ± 16.7 mmHg, p = 0.489). In patients with a maximum SBP of >160 mmHg, the risk of sICH significantly increased (9.7% versus 2.7%, p = 0.029). The risk of aICH was similar (17.7% versus 18.5%, p = 1.000). END observation in both groups was comparable in patients with a maximum SBP of >160 mmHg (18.1% versus 12.2%, p = 0.222). However, in-hospital and 3-month mortality rates were significantly higher (19.0% versus 6.9%, p = 0.004, 27.4% versus 14.3%, p = 0.012, respectively). The 3-month functional independence was significantly higher in patients with a maximum SBP of <160 mmHg (38.1% versus 55.7%, p = 0.006).



TABLE 2 Baseline characteristics and outcomes of the study population dichotomized by maximum SBP within 72 h post MT*.
[image: Table comparing variables between groups with maximum systolic blood pressure (SBP) greater than one hundred sixty millimeters of mercury (n=121) and less than one hundred sixty millimeters of mercury (n=139). Includes age, gender, hypertension, diabetes, atrial fibrillation, scores, occlusion sites, lesions, blood pressure measurements, reperfusion, hemorrhages, and outcomes like mortality and independence. P values illustrate statistical significance for certain variables, notably symptomatic intracranial hemorrhage, three-month functional independence, and three-month mortality, indicating differences between the groups.]

The multivariable analysis and associations of different post-MT SBP averages with 3-month functional dependence after adjustment for potential confounders in the subgroup of patients with LVO with complete and incomplete reperfusion following MT are presented in Table 3. Interestingly, no association was found between postprocedural average SBP levels and risk of 3-month functional dependence, END, sICH, in-hospital mortality, and 3-month mortality (p > 0.05) (Table 3; Supplementary Table S2). Moreover, patients with an average SBP of 100–120 mmHg tended to have the best 3-month functional outcome in the complete reperfusion group, and those in the incomplete reperfusion group had worse outcomes; however, the difference was statistically insignificant. In the complete reperfusion group, the OR of the 3-month functional outcome of patients with 120–140 mmHg over those with 100–120 mmHg was 1.77 (95% CI, 0.97–3.23, p = 0.061). Additionally, no linear relationship was found between post-MT SBP and clinical outcomes based on the reperfusion status (p > 0.05) (Supplementary Table S1).



TABLE 3 Multivariate analysis in the overall patients*.
[image: Table showing the association of achieved average systolic blood pressure during the first seventy-two hours following mechanical thrombectomy with clinical outcomes. It compares complete and incomplete reperfusion for two outcomes: three-month functional independence and three-month mortality. Categories include blood pressure ranges, with odds ratios and p-values provided for each category. The table notes adjustments for factors like age and sex.]



Discussion

This study indicated that a maximum SBP level of >160 mmHg during the first post-MT 72 h is related to a higher likelihood of worse clinical outcomes, including in-hospital mortality, END, 3-month mortality, and 3-month functional dependence. Multivariate regression analysis did not reveal any relationship between the reperfusion status and BP level on the clinical outcomes. Additionally, patients with complete reperfusion tended to have the best functional outcome with an average SBP of 100–120 mmHg. The main finding of this study is that the association between the post-MT BP target and clinical outcome is comparable with the previous studies (18–21).

ENCHANTED-2/MT is a multicenter, open-label, blinded-endpoint, randomized controlled trial that compares the safety and efficacy of more intensive BP lowering treatment (<120 mmHg) with less intensive treatment targets (140–180 mmHg) in patients with increased BP after reperfusion with EVT (10). The likelihood of poor functional outcome was greater in the more intensive treatment group (cOR = 1.37 [95% CI: 1.07–1.76]) and increased numbers of END (cOR = 1.53 [95% CI, 1.18–1.97]) and major disability at 90 d (OR = 2.07 [95% CI, 1.47–2.93]), but no significant differences in symptomatic intracerebral hemorrhage were observed (10). Furthermore, the study found worse outcomes in the intensive group similar to that of incomplete reperfusion, for instance, eTICI 2b, an aggressive approach to lowering the BP could lead to neurological worsening, particularly in the incompletely reperfused area. We hypothesized that the reperfusion status was related to the microcirculation of the local brain tissue, and the good microcirculation may tolerate the lower blood pressure. We will further carry out relevant animal experiments to prove our conjecture.

The AURORA meta-analysis of thrombectomy for anterior circulation stroke >6 h after the last known well revealed that the post-MT functional independence was 45.9%, with a mortality rate of 16.5% and an sICH rate of 5.3% (22). Herein, the rates of functional independence, mortality, and sICH of patients with complete and incomplete reperfusion were 50.5%, 19.1% and 5.8%, 36.7%, and 24.5% and 5.7%, respectively, which were comparative to the results of the abovementioned study. Attempts to achieve an eTICI score of 3 with complete reperfusion might be the priority in performing EVT; however, considering that >half of the patients still had a residual disability at 3 months despite successful reperfusion, it is important to consider potential factors, including BP, anesthesia, blood glucose, and body temperature, that might help improve the functional outcomes. ENCHANTED-2/MT was the first randomized controlled trial that indicated that a more-intensive BP control might be harmful compared with that of <120 mmHg in patients with LVO that achieved successful reperfusion (10). An alternative interpretation is that the patients with residual unreperfused areas might have deteriorated outcomes after intensive BP control. More recently, the OPTIMAL-BP trial was terminated earlier due to safety concern and found intensive BP management (<140 mmHg) for 24 h led to a lower likelihood of functional independence at 3 months compared with conventional BP management (140–180 mmHg) (23). Interestingly, we did not find any significant relationship between post-MT BP and the reperfusion status, suggesting that further investigations were warranted for more conclusive information.

In a study, considerable discrepancy regarding BP target was reported among different institutions and physicians (24). An online survey of neurointerventionalists, neurointensivisits, and neurologists from different comprehensive stroke centers revealed that the BP target was determined by a team of physicians in a collaborative fashion (n = 30, 52%) and individualized on a case-by-case basis (n = 39, 67%) in most institutions. Among them, 36% of physicians preferred an SBP target in the 120–139 mmHg range and 5% preferred that of <120 mmHg. In another online survey endorsed by the European Society of Intensive Care Medicine (24), 54% of participants chose a BP target of <160/90 mmHg. Most participants believed that an eTICI 2b/c versus eTICI 3 reperfusion status would not affect the optimal management of post-MT SBP.

There are some limitations of this study. Because of the retrospective nature of this study, it was subjected to the biases inherent to this type of analysis. The BP levels were decided according to the preference of the physician, and not based on randomization. Furthermore, we could not evaluate the hypothesis that if BP target affected clinical prognosis, considering the information regarding the type of BP target was not adequate in the study cohort. Moreover, we did not measure the final infarct volume; therefore, we could not evaluate its association with BP level. Instead, END, which partially indicates the deterioration of cerebral infarction, was evaluated. There is also a higher proportion of patients with cardioembolic stroke in the incomplete reperfusion group, which may lead to bias. According to previous immunohistochemical staining study, platelet-rich thrombi were associated with a smaller prevalence of TICI 3 compared to platelet-poor thrombi, which is in coincidence with our result (25). Finally, the observational study design did not allow us to establish a cause–effect relationship between post-MT BP levels and functional independence in patients with LVO.



Conclusion

Our study showed the preliminary data indicating that SBP of >160 mmHg, following MT, was associated with an increased likelihood of 3-month mortality and functional dependence in patients with LVO. An average SBP between 100–120 mmHg tended to have a better 3-month functional independence in patients with complete reperfusion, whereas patients with incomplete reperfusion showed worse 3-month functional independence. Further investigation is needed to determine if an incomplete reperfused area can affect the BP target.
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Background: Endovascular thrombectomy (EVT) is an important treatment for patients with acute ischemic stroke (AIS). A number of studies have suggested that anesthesia type (conscious sedation vs. general anesthesia) during intra-arterial treatment for acute ischemic stroke has implications for patient outcomes.
Methods: PubMed, EMBASE, Cochrane Library and clinicaltrials.gov were searched for randomized controlled trials (RCTs) that were performed to evaluate general anesthesia (GA) and conscious sedation (CS) up to May 30, 2023. Review Manager 5.3 software was used to assess the data. The risk ratio (RR) and mean difference (MD) were analyzed and calculated with a fixed effect model.
Results: We pooled 930 patients from seven RCTs. We conducted a meta-analysis comparing the outcomes of GA and CS in the included trials. The rate of functional independence in the GA group was higher than that in the CS group (RR: 1.17, 95% CI: 1.00–1.35; P = 0.04; I2 = 16%). The GA group had a higher successful recanalization rate than the CS group (RR: 1.15, 95% CI: 1.08–1.22; P < 0.0001; I2 = 26%). The GA group had a higher pneumonia rate than the CS group (RR: 1.69, 95% CI: 1.22–2.34; P = 0.002; I2 = 26%). In addition, there was no significant difference between GA and CS with respect to the National Institutes of Health Stroke Scale (NIHSS) score at 24 h (P = 0.62), Modified Rankin Scale (mRS) score at 90 days (P = 0.25), intracerebral hemorrhage (P = 0.54), and mortality at 3 months (P = 0.61).
Conclusion: GA demonstrated superiority over CS in achieving successful recanalization and functional independence at 3 months when performing EVT in AIS patients. However, it was also associated with a higher risk of pneumonia. Further studies, particularly those with long-term follow-ups, are necessary to identify precise strategies for selecting the appropriate anesthetic modality in EVT patients.
Systematic review registration: INPLASY202370116.

KEYWORDS
acute ischemic stroke, endovascular thrombectomy, general anesthesia, conscious sedation, systematic review, meta-analysis


1 Introduction

According to statistics, strokes cause 5.5 million deaths and 116.4 million disabilities annually, making them the third leading risk factor for death globally (1). Acute ischemic stroke (AIS) is the most common type of stroke, accounting for 70% of all strokes (2). AIS is a common and serious neurovascular disorder, that is typically caused by the occlusion or blockage of cerebral arteries supplying blood to the brain. This condition manifests suddenly and is often accompanied by symptoms such as facial paralysis, limb weakness, language difficulties, and visual impairments (3). The acute phase of AIS, which represents the early stage of cerebral ischemia, is the most critical treatment window. Early intervention during this phase can significantly reduce brain damage and improve patient outcomes (4). In the case of early diagnosis of acute ischemic stroke (within 4.5 h of the onset of stroke symptoms), some patients may qualify for intravenous hemolytic clot therapy called recombinant tissue plasminogen activator (Alteplase) (5). The recent research has indicated that, with the advancements in imaging technology, the early treatment window for AIS patients has successfully and safely expanded (6). Even in acute stroke patients with an unknown time of onset, the intravenous administration of alteplase has shown favorable therapeutic outcomes (7). In addition, the American Heart Association (AHA)/American Stroke Association (ASA) guidelines endorsed the use of tenecteplase as a viable choice for thrombolysis in stroke patients within 4.5 h from their last known well time (8). AIS caused by blockages in blood vessels in the brain can be treated by mechanical removal of blood clots (mechanical thrombolysis) from blood vessels within 24 h after stroke symptoms appear (9, 10). Endovascular therapy (EVT) is an interventional treatment method aimed at rapidly restoring impaired cerebral blood supply, thus salvaging brain tissue and function in patients (11). EVT has become the standard of care for acute anterior circulating ischemic stroke and is recommended by the U.S. and European guidelines (12, 13).

Evidence from acute circulatory stroke studies suggests that there are a number of factors affecting the prognosis of patients with acute large vessel occlusion, among which anesthesia and perioperative management may be important (14). At present there are two main methods of anesthesia: general anesthesia (GA) and conscious sedation (CS). CS is associated with potential benefits, including reduced manpower and time requirements, lower costs, fewer hemodynamic fluctuations, and the ability to assess neurological function during the procedure (15). CS can shorten the recanalization time, lower the risk of hypotension or hemodynamic compromise, and be convenient for neurological status monitoring. However, it may draw some concerns such as a longer procedural time due to the movement of the patients, more exposure to radiation, and a lack of airway control (16). In contrast, the advantages of GA encompass airway protection, pain management, patient immobility, and improved radiographic imaging. GA also offers the advantages of ensuring strict immobility, providing airway protection, and avoiding the need for emergency intubation in the event of severe procedural complications (17–19). Whereas, during the induction and recovery phases of GA, there are often significant hemodynamic changes that could potentially exacerbate ischemic injuries (20). In short, the GA combined with intubation may be related to pain, reduced mobility, and a reduced risk of aspiration. CS may be associated with less surgical time, hemodynamic instability, and a lower risk of ventilation-related issues. A previous study showed that GA had lower rates of good functional outcomes and successful angiographic outcomes, as well as higher rates of death, than CS (21). Brinjikji et al. (19) found that when patients with AIS received intraarterial therapy, GA may have worse outcomes than CS. Schonenberger et al.'s (17) study showed no significant improvement in the neurological state of patients undergoing thrombolysis during 24 h of awake sedation compared to GA in patients with anterior circulation acute ischemic stroke. Similarly, Maurice et al.'s (22) study found that functional outcomes three months after endovascular treatment of stroke were similar to those of GA and CS. However, a recent meta-analysis of three randomized clinical trials found that neurological scores in GA EVT patients showed a 14% higher percentage of patients with a good prognosis compared to CS (23). Previous RCTs have been inconclusive about the choice of GA and CS in EVT treatment, but previous studies have focused on anterior circulation stroke (17, 22, 24–27). Liang et al. (28) showed that GA outperformed CS in terms of functional recovery and recanalization success.

The objective of this systematic review and meta-analysis was to examine the outcomes of included RCTs and investigate the effects of GA and CS on the efficacy and safety of AIS patients undergoing EVT, so as to provide new clinical evidences for the selection of anesthesia methods for EVT in AIS patients.



2 Methods


2.1 Study protocol

Before the project started, we drafted a research protocol following the Cochrane Collaboration format (29). This review was registered with the INPLASY—International Platform of Registered Systematic Review and Meta-analysis Protocols (INPLASY202370116) on July 30, 2023.



2.2 Eligibility criteria

We set the inclusion criteria as follows: (1) study type: RCT; (2) language restriction: only available in English; (3) participants: over 18 years of age; acute ischemic stroke (anterior circulation and posterior circulation); artery occlusion confirmed by computed tomographic angiography (CTA), magnetic resonance angiography (MRA), or digital subtraction angiography (DSA); and receiving EVT for artery occlusion; (4) Intervention: GA and CS; GA: procedure in which patients are induced into an unconscious state through various medications; airway protection will also be used, such as tracheal intubation. CS: depression of consciousness using administration of systemic medication; no need for airway protection. (5) Efficacy outcomes: functional independence, defined as the modified Rankin Scale (mRS) 0–2 at 3 months; successful recanalization rate (mTICI 2b-3); National Institutes of Health Stroke Scale (NIHSS) score after 24 h, and mRS score after 90 days. Safety outcomes included mortality after 3 months, and medical complications, such as pneumonia and symptomatic intracerebral hemorrhage (SICH). The definition of symptomatic intracranial hemorrhage is the presence of intracranial hemorrhage as confirmed by imaging, along with an associated NIHSS score of ≥1 within 7 days following the intervention. The included RCTs were not required to supply all the outcomes mentioned above.

We set the exclusion criteria as follows: no report about the aforementioned outcomes or impossibility of extracting the exact number of complications separately from GA and CS, unsuitable study types such as observational studies, case series with sample sizes < 10, case reports, and full texts that, were unavailable.



2.3 Search strategy

Two independent investigators (XW and XT) systematically searched Clinicaltrials.gov and three main databases including PubMed, EMBASE, and Cochrane Library to identify relevant studies published until May 30, 2023. The following search strategy was used: [General anesthesia/Conscious sedation (Title/Abstract)] AND [Ischemic Stroke disorder (Title/Abstract)] for PubMed; “General anesthesia/Conscious sedation”/exp AND “Ischemic Stroke disorder”/exp for EMBASE; “General anesthesia/Conscious sedation” in Title Abstract Keyword AND “Ischemic Stroke disorder” in Title Abstract Keyword for Cochrane Library; “General anesthesia/Conscious sedation | Ischemic Stroke disorder” for Clinicaltrials.gov. Additionally, the reference lists of RCTs, relevant systematic reviews and meta-analyses were also screened independently and manually to ensure a more comprehensive search.



2.4 Study selection and data collection

According to the eligibility criteria listed above, two reviewers (XW and XT) independently evaluated all study records from the three electronic databases and the reference lists of RCTs and relevant systematic reviews or meta-analyses. Duplicates and research articles that only provided abstracts were excluded. A third reviewer (JSZ) who did not participate in the process of data collection made the final decision regarding the disputed data when disagreements emerged between the two reviewers. After meticulous selection and evaluation, all data from the included RCTs were extracted as follows: the basic information and outcome events included for each trial (Table 1), the inclusion and exclusion criteria, the study design, and all efficacy and safety outcomes are shown in the online Supplementary material (Table 2).


TABLE 1 Characteristics of the included randomized controlled trials.

[image: A table comparing studies on stroke treatment with various columns: study details, countries, centers, outcome events, treatment group sizes, percentages of male participants, mean age with standard deviation, mean NIHSS baseline scores with standard deviation, type of occlusion, and premorbid mRS scores with the number of participants. Studies are conducted in countries like Germany and China, involving single or multicenter approaches, focusing on anterior or posterior circulation, with treatments under general anesthesia or conscious sedation. Abbreviations and explanations are provided at the table's end.]


TABLE 2 Inclusion, exclusion criteria, study design and outcome assessments of the included studies.

[image: A table of clinical trials displays detailed information across multiple columns. Each section lists trial names, inclusion criteria, exclusion criteria, study design, efficacy outcomes, and safety outcomes for different studies. Data such as patient age, specific health metrics, trial methodologies, and outcomes are outlined, providing a comprehensive overview of various trials related to stroke treatment. The table includes visual elements like text boxes and references but is primarily text-based with a focus on detailed trial specifications.]



2.5 Risk of bias

The risk of bias plot for individual studies was assessed with Review Manager 5.3 software. The uniform criteria to assess the risk of bias for RCTs of the Cochrane Collaboration were applied, which included: selection bias, performance bias, detection bias, attrition bias, reporting bias, and other potential biases. Each bias criterion was classified as “low,” “high,” or “unclear” after independently judging by the third reviewer.



2.6 Statistical analysis

Review Manager 5.3 software was used to assess the data. For the dichotomous outcomes, the risk ratio [relative risk (RR); 95% confidence interval (CI)] was analyzed and calculated with a fixed effect model. Mean difference (MD) was used for continuous outcomes such as the NIHSS score at 24 h and the mRS score at 90 days. Heterogeneity was estimated via the I2 statistic, which was as follows: I2 < 30% suggests “low heterogeneity”; I2 between 30 and 50% means “moderate heterogeneity”; and I2 > 50% denotes “substantial heterogeneity”. A sensitivity analysis was used to explore the stability of the consolidated results. For all the analyses, two tailed tests were performed and a P value < 0.05 was considered statistically significant.




3 Results

A total of 1,010 titles and abstracts were returned from the search through PubMed, EMBASE, Cochrane Library and Clinicaltrials.gov. After quick of screening the titles and abstracts, a total of 963 articles were excluded due to duplication and irrelevance and 47 full text articles were assessed for eligibility. Among them, another 40 articles were excluded due to the limitation of publication types: six non-randomized clinical trials, eight case reports, five meta-analyses and 21 reviews. The selection process is summarized in the flow diagram (Figure 1). All seven selected RCTs enrolling 930 patients were pooled for the analyses of efficacy and safety outcomes. The main characteristics of the seven included studies are listed in Table 1.


[image: Flowchart showing the identification and screening process for study selection. From 1,223 records identified through various databases, 213 duplicates were removed, leaving 1,010 records screened. 963 were excluded for irrelevance, leaving 47 reports sought for retrieval. None were unretrieved. All 47 reports were assessed for eligibility, resulting in 40 exclusions for reasons such as reviews and meta-analyses. Ultimately, 7 studies were included in the review.]
FIGURE 1
 The study search, selection, and inclusion process.



3.1 Efficacy outcomes analysis

The efficacy outcomes included the mRS score 0 to 2 at 3 months, successful recanalization rate (mTICI 2b-3) [Successful reperfusion rate (mTICI 2b-3) is a measure of the degree of blood flow restoration in the brain after an ischemic stroke. It is defined as achieving a score of 2b or 3 on the modified Thrombolysis in Cerebral Infarction (mTICI) scale, which ranges from 0 (no perfusion) to 3 (complete perfusion)] (30), NIHSS score after 24 h, and mRS score after 90 days. As shown in Figure 2, the rate of functional independence in the GA group was higher than that in the CS group (RR: 1.17, 95% CI: 1.00–1.35; P = 0.04; I2 = 16%). Likewise, the GA group had a higher successful recanalization rate than the CS group (RR: 1.15, 95% CI: 1.08–1.22; P < 0.0001; I2 = 26%). On the other hand, there was no difference between the GA and CS groups in NIHSS score at 24 h (MD: −0.32, 95% CI: −1.57 to 0.93; P = 0.62; I2 = 0%) or mRS score at 90 days (MD: −0.15, 95% CI: −0.40 to 0.10; P = 0.25; I2 = 0%).


[image: Forest plot comparing outcomes of general anesthesia (GA) versus conscious sedation (CS) in stroke treatment. Four panels show mRS scores at 0 to 3 months, mTICI scores, NIHSS scores at 24 hours, and mRS scores at 90 days. Risk ratio and mean difference with 95% CI are represented by blue squares and green diamonds with lines, indicating statistical significance and consistency across studies.]
FIGURE 2
 Forest plots for efficacy outcomes. (A) mRS score 0 to 2 at 3 months. (B) Successful recanalization rate. (C) NIHSS score after 24 h. (D) mRS score after 90 days.




3.2 Safety outcomes analysis

The safety outcomes included mortality after 3 months, SICH and pneumonia. As shown in Figure 3, the safety outcomes were assessed by adverse events and serious adverse events. In fact, we combined the data collected from the seven trials and surprisingly found that the GA group had a higher pneumonia rate than the CS group (RR: 1.69, 95% CI: 1.22–2.34; P = 0.002; I2 = 26%). For the collected data, there was no difference between the GA and CS groups in SICH (RR: 0.90, 95% CI: 0.63–1.27; P = 0.54; I2 = 0%), or mortality at 3 months (RR: 0.93, 95% CI: 0.70–1.23; P = 0.61; I2 = 5%).


[image: A forest plot with three panels (A, B, and C) showing risk ratios and confidence intervals for different studies. Panel A displays mortality at three months, Panel B shows sICH, and Panel C covers pneumonia. Each panel lists study names with corresponding risk ratios visualized as squares on a line. Diamonds represent overall effect estimates for each category. The plot includes heterogeneity statistics and significance values for each outcome.]
FIGURE 3
 Forest plots for safety outcomes. (A) Mortality after 3 months; (B) SICH; (C) pneumonia.




3.3 Risk of bias in included studies

Full details of the risk bias for all enrolled studies are shown in Figure 4. All seven clinical trials showed a low risk of bias in both random sequence generation and allocation concealment. For the blinding of participants and personnel and the blinding of outcome assessment, the risk of bias was high in all seven trials. Apart from these items, an unclear risk of bias was also observed in all RCTs.


[image: Grid evaluating risk of bias across seven studies from 2009 to 2016. Categories include random sequence generation, allocation concealment, blinding, incomplete data, and selective reporting. Green circles indicate low risk, yellow for unclear risk, and red for high risk. Most categories show low risk, except for some areas marked red or yellow.]
FIGURE 4
 Risk of bias: a summary table for each risk of bias item for each study.





4 Discussion

Our study systematically reviewed and meta-analyzed data from seven previous RCTs, collecting 930 valid cases. The results showed that, in AIS patients under GA, successful EVT recanalization (87 vs. 76%) and functional independence (46 vs. 39%) were higher than those in the CS group. Based on the outcome indicators we included, the NIHSS score and 90-day mRS scores in the GA and CS groups were not statistically significant. GA, on the other hand, was associated with a higher risk of pneumonia (28 vs. 17%). However, GA mortality at 3 months (19 vs. 20%) and SICH (18 vs. 20%) were similar to CS.

For recent years, EVT has been a therapeutic option for patients with AIS caused by large vessel occlusion (LVO) (31). Previous trials have confirmed its safety and effectiveness in treating anterior circulation LVO strokes (32, 33). The choice of anesthesia for EVT is particularly important. Emphasis must therefore be placed on intraoperative respiratory and circulatory management, in which the choice of anesthesia method plays an important role. Previous studies have focused on anterior circulation, but posterior circulation, due to its low incidence and poor prognosis, has rarely been studied. Recently, Liang et al. (28) reported an RCT comparing the use of GA and CS in the treatment of acute posterior circulation ischemic stroke. Therefore, our study combined anterior and posterior circulation.

According to our results, AIS patients with GA significantly outperformed those with CS at 3 months of functional independence. In Wang et al.'s (34) study, patients treated with GA during EVT were less likely to be functionally independent within 90 days and to have a lower rate of good return than those treated with CS. This is not consistent with our results. Through our study, functional independence was significantly higher in AIS patients under GA than in those under CS (46 vs. 39%) within 3 months. Notably, Wang et al.'s study was based on observational, non-RCTs, and the design of the study can influence the relationship with functional outcomes.

Next, the post-EVT recanalization success rate of AIS patients was one of the main outcome indicators we included. Our study showed a significantly higher recanalization success rate in the GA group than in the CS group (87 vs. 76%). Successful recanalization and functional independence are the main criteria for evaluating EVT efficacy. In addition, successful recanalization was closely related to functional independence 3 months after surgery. Campbell et al. (35) suggest that this may be due to the superior procedural conditions offered by patient immobilization and control of apnea during EVT. In addition, GA advantages, such as monitoring physiological parameters such as oxygenation and hemodynamics, may also contribute to better EVT outcomes. However, Davis et al. found that ischemic stroke patients who received endovascular recanalization experienced higher intraprocedural hypotension under GA than under CS. They suggest that the induction and recovery phases of GA are usually associated with significant hemodynamic changes (hypotension and rapid blood pressure fluctuations), which may exacerbate ischemic injury, leading to lower recanalization success (36). However, our study showed that the GA group had a higher recanalization rate. While GA influences blood pressure fluctuations in EVT patients, it renders them unconscious or unresponsive. This state of unconsciousness promotes improved patient cooperation during surgical procedures, enabling physicians to achieve enhanced visibility and control during the intervention, ultimately leading to an improvement in the recanalization success rate. Therefore, the conclusion that GA may have more potential than CS to promote good outcomes should be cautiously drawn.

On the other hand, we looked at the incidence of pneumonia and found that the incidence in the GA group was higher than that in the CS group (28 vs. 17%). This is consistent with the findings of Wan et al. (37). GA typically involves placing the patient in a deep state of unconsciousness and using mechanical ventilation to support respiration. This may lead to the retention of respiratory secretions and a reduced ability to clear them, thereby increasing the risk of pneumonia. GA can result in postoperative decline in lung function, particularly in the case of longer surgeries (38). This decrease in lung function can potentially raise the risk of patients developing pneumonia. Despite the higher incidence of pneumonia in the GA group compared to the CS group, our study found that even within the CS group, 17% of patients developed pneumonia. Some commonly used CS-related anesthetic drugs, such as neuromuscular blocking agents, may increase the risk of patients developing pneumonia because they can lead to respiratory muscle paralysis and the risk of aspiration (39). Therefore, the incidence of pneumonia cannot be ignored when EVT is administered under either anesthetic. Further research is needed to strengthen perioperative respiratory care, encourage patients to get out of bed as early as possible, especially after GA, promote neurological recovery and avoid pneumonia. Although we have observed risk factors for the development of pneumonia, which can provide a comprehensive assessment for the selection of anesthetic approaches, these finding may lack versatility and require, in particular, support from mature multidisciplinary collaboration between neurointerventionists and anesthesiologists.

The NIHSS score was used to assess the severity of AIS in all participants in the study. Based on the outcome indicators we included, the 24 h NIHSS score and 90-day mRS scores in the GA groups and CS groups were not statistically significant. Movement of a patient's limb during surgery can lead to wire perforation, intracranial bleeding or vascular damage in the form of dissection. GA may reduce limb movement in patients undergoing endovascular therapy, and awake CS patients may experience limb movement during endovascular therapy, which may affect the safety and effectiveness of interventional therapy. However, by analyzing the data included in the study, there was no difference in risk factors for intracranial hemorrhage between the GA group and the CS group.

Finally, according to our study, the conversion rate from CS to GA was 8% in the anterior circulation study and 29.5% in the posterior circulation study. The most common reasons for switching to GA are restlessness and mental changes during surgery. In the posterior circulation study, rapid progression of the disease was accompanied by a rapid decline in consciousness and respiratory circulation parameters, leading to a high CS conversion rate. Previous studies may have underestimated the high conversion rate in CS groups. In other words, patients in the CS group may experience more technical glitches, while those in the GA group may experience more episodes of hypotension and better recanalization.

The current study still has some limitations. There was a low number of studies included. In addition, the choice of different anesthetic drugs and different types of general anesthesia (intravenous, inhaled) may affect the outcome of the trial. Additionally, there were slight variations in the definition of symptomatic cerebral hemorrhage among the studies we included, which had an impact on our data analysis, leading to some degree of heterogeneity. Previous studies have focused on anesthesia options for EVT in patients with acute anterior circulation stroke, with few studies of acute posterior circulation stroke. Compared to anterior circulating stroke, posterior circulation stroke mainly involves the brain stem, which controls many physiological functions essential to life, such as breathing, heart rate and blood pressure (40). Previous studies have analyzed only one type of anterior circulation or posterior circulation, and our study is the first to incorporate both types of circulation, which leads to a degree of heterogeneity. We found that I2 < 50% for all outcome measures, and subsequently, we performed a sensitivity analysis as shown in Supplementary Figure S1. By excluding studies related to the posterior circulation and reanalyzing the data, This did not significantly impact the pooled results, so we consider our results to be robust. In the future, further high-quality research will be necessary to obtain new clinical evidence regarding anesthesia choices for EVT.



5 Conclusion

In this systematic review and meta-analysis, EVT for AIS patients conducted under GA demonstrated a superior recanalization success rate and greater functional independence at the 3-month mark when contrasted with CS. On the other hand, GA is associated with a higher risk of pneumonia. More research is needed in the future, especially those with long-term follow-ups, to identify precision strategies for patients with anesthetic modality selection during EVT.
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Background: Noncontrast CT (NCCT) is used to evaluate for intracerebral hemorrhage (ICH) and ischemia in acute ischemic stroke (AIS). Large vessel occlusions (LVOs) are a major cause of AIS, but challenging to detect on NCCT.
Aims: The purpose of this study is to evaluate an AI software called RAPID NCCT Stroke (RAPID, iSchemaView, Menlo Park, CA) for ICH and LVO detection compared to expert readers.
Methods: In this IRB approved retrospective, multicenter study, stand-alone performance of the software was assessed based on the consensus of 3 neuroradiologists and sensitivity and specificity were determined. The platform’s performance was then compared to interpretation by readers comprised of eight general radiologists (GR) and three neuroradiologists (NR) in detecting ICH and hyperdense vessel sign (HVS) indicating LVO.
Results: A total of 244 cases were included. Of the 244, 115 were LVOs and 26 were ICHs. One hundred three cases did not have LVO nor ICH. Stand-alone performance of the software demonstrated sensitivities and specificities of 96.2 and 99.5% for ICH and 63.5 and 95.1% for LVO detection. Compared to all 11 readers and eight GR readers only respectively, the software demonstrated superiority, achieving significantly higher sensitivities (63.5% versus 43.6%, p < 0.0001 and 63.5% versus 40.9%, p = 0.001).
Conclusion: The RAPID NCCT Stroke platform demonstrates superior performance to radiologists for detecting LVO from a NCCT. Use of this software platform could lead to earlier LVO detection and expedited transfer of these patients to a thrombectomy capable center.

KEYWORDS
 stroke, acute, ischemic stroke, noncontrast CT, large vessel occlusion


Introduction

Acute stroke secondary to ischemia or hemorrhage is among the leading causes of death and disability worldwide (1). Acute ischemic stroke (AIS) comprises the majority of acute strokes (85–90%) (2). Despite accounting for a small fraction of acute stroke, intracerebral hemorrhage (ICH) confers a high risk of mortality (2).

Neuroimaging is crucial to contemporary stroke management paradigms. Noncontrast CT (NCCT) is the most commonly used imaging modality to screen for intracranial hemorrhage (ICH) and assess for early ischemic changes (3). Large vessel occlusions (LVOs) may also be detectable on NCCT through the identification presence of a hyperdense vessel sign (HVS), a variably present feature of intracranial LVO (4). NCCT has a high sensitivity for detecting early ICH (2) but has a sensitivity of only approximately 40% for detecting early signs of ischemic stroke (5). Sensitivity is also roughly 50% for detecting HVS as a marker of LVO (4). In order to facilitate management in the hyperacute setting, artificial intelligence (AI) methods are now increasingly used with NCCT to detect both ICH and/or AIS (6) and may serve as valuable adjuncts for radiologic evaluation.

Many comprehensive stroke centers perform both a NCCT and CTA in patients with a suspected stroke. However, community hospitals frequently obtain only an NCCT scan initially and then discuss the case with a neurologist and/or radiologist and subsequently obtain a CTA in selected cases. This approach can lead to significant delays in LVO diagnosis and lengthen the time to transfer the patient to a thrombectomy center. In a recent study of 23,925 suspected stroke patients, evaluated in 717 hospitals with both CT and CTA imaging, the time delay between CT and CTA was assessed. About 20% of hospitals had a median delay of >15 min (7). AI software has the potential to immediately evaluate a NCCT and notify the treating physicians that an LVO is suspected, which could lead to substantial improvements in workflow.



Aims and hypotheses

RAPID NCCT Stroke (iSchemaView, Menlo Park, CA; RAPID) is a multi-module fully automated AI platform developed to detect both ICH and LVO defined as occlusion of the middle cerebral artery (MCA) and/or distal internal carotid artery (ICA) by integrating multiple findings available from the NCCT. In this study, we assessed the sensitivity and specificity of this software for detection of LVO and compared the software performance to general radiologists and neuroradiologists. The performance of the Rapid ICH 3 detection algorithm has been reported in much larger series (N = 881) and a high sensitivity (97.8%) and specificity (99.5%) (8) has been documented. We did not compare the accuracy of the ICH component of the software to radiologists in this study as only a small number of ICHs were included to mimic the proportion of ICHs that are encountered in stroke code activations. In this study, we hypothesized that the AI software would outperform general radiologists (GR) and be non-inferior to neuroradiologists (NR) for detection of LVO in a multicenter retrospective evaluation of acutely presenting patients with suspected stroke. If non-inferiority was documented for NR readers, then superiority testing would be performed.



Methods


Subjects

This retrospective, multicenter study was conducted in compliance with the Health Insurance Portability and Accountability Act (HIPAA) and was approved by the institutional review boards (IRB; Advarra central IRB Pro00049230). Cases were obtained from consecutive emergency room (ER) scans obtained from Augusta University Medical Center and Riverside Regional Medical Center. Other hospitals that contributed cases included three community hospitals (Box Hill, Hospital de Clinicas, Olathe Medical Center) and two university centers (Kansas University Medical Center and, New York University). Two research studies that enrolled acute LVO patients, CRISP (9) and DEFUSE 3 (10) also contributed cases. For the LVO cases, only anterior circulation strokes were included. In total, 244 cases were included in the analysis.



Definitions of pathology

ICH was defined as any type of intracranial hemorrhage including intraparenchymal, subdural, epidural, subarachnoid, and intraventricular hemorrhages (5). LVO was defined as distal intracranial ICA and M1 segment of the MCA (10). All LVO cases had occlusion of the M1 segment, some with concurrent intracranial ICA involvement. Lastly, HVS was determined to be a segmental hyper density which is comparatively more hyperdense with respect to the contralateral hemisphere and corresponding to the expected location of the distal intracranial ICA and/or M1 segment of the MCA (4).



Scanners

This study is composed of cases from different CT vendors. In total, 93 cases were obtained from Siemens scanners (Siemens Healthineers, Erlangen, Germany), 50 from GE Healthcare (GE Healthcare, Wauwatosa, WI, United States) 44 from Phillps (Koninklijke Philips, Amsterdam, Netherlands), 57 from Toshiba (Toshiba, Minato City, Japan).



RAPID NCCT stroke development

NCCT imaging data were anonymized and translated into a spatial 3D model. This AI software uses neural networks and automated segmentation techniques based on predefined thresholds for identification of ICH, HVS, and Alberta Stroke Program Early CT Score (ASPECTS).

A proprietary algorithm was used to determine if an LVO is likely to be present based on a combination of features derived from the assessment of HVS as well as the specific regions of involvement on ASPECTS modules. The specific modules that are used in RAPID NCCT are RAPID ICH 3.0, RAPID ASPECTS 3.0 and RAPID HVS.

Eleven total board-certified GR and NR readers assessed all 244 NCCT scans using local installations of DICOM images through a viewing platform (Osirix, Geneva, Switzerland). Expert readers interpreted the images using only soft tissue kernels with 5 mm slice thickness, including multiplanar reformats. All readers performed interpretations blinded to the AI software results and clinical information. Readers then assessed for ICH, and if ICH was not present, they then assessed for suspected LVO. The reference truth for ICH was based on a consensus of two of three neuroradiologists evaluating the NCCT scan using the same parameters. Scans that expert readers identified with ICH were classified as No LVO for LVO performance assessment.

Stand-alone performance was based on the reference LVO assessment which was determined by a consensus of two of three neuroradiologists based on a CTA performed concurrently with the NCCT. CTA assessments were performed on maximum intensity projection (MIP) images based on 3 mm slice thickness using a soft tissue kernel six weeks after the initial NCCT assessment.

A board-certified NR (JJH, 10 years of experience) independently reviewed cases deemed positive for LVO to screen for suspected vessel calcification in the distal intracranial ICA or M1 segment of the MCA. This review was based on binary determination of presence or absence of vessel calcification. Cases interpreted as positive for ICH were not assessed for vessel calcifications and classified as “No LVO.”

The primary endpoint was sensitivity and specificity of the software as compared to those of the GR and NR readers who were blinded to the CTA results. In total, eight GR and three NR expert readers (different individuals than the experts who determined the reference standard on the CTAs) participated in this phase of the study. Readers were instructed to consider both the presence of HVS as well as early parenchymal signs of brain ischemia when making their determination of LVO. The primary hypothesis was that the automated software would have a higher sensitivity than GR for detecting LVO and be non-inferior to NR readers. If non-inferiority was achieved, then the software would be tested for superiority against all readers as well as NR readers alone. Overall accuracy was also compared between the software and individual readers to assess for both sensitivity and specificity.



Statistical analysis

Sensitivity and specificity analyses were calculated by comparison of the software results to the CTA reference standard for LVO for the stand-alone evaluation Subsequently, the sensitivity of the software was compared to the GR and NR readers using a t-test of either superiority or non-inferiority (NI) with a 0.025 margin. The test statistic is (average reader - software – NI margin)/standard error (readers) and the sign of the NI margin is based on if we are testing NI or superiority.




Results

Ultimately, a total of 244 cases were included in this study. Of the 244, 115 were LVO (115/244, 47.1%) and 26 (26/244, 10.7%) were ICHs based on the consensus of two of three expert neuroradiologists. One hundred three cases (103/244, 42.2%) were independently reviewed for suspected vessel calcification after initial screening. One hundred three cases (103/244, 42.2%) did not have LVO nor ICH.


NCCT stroke stand-alone performance

LVO: The software identified 73 true suspected LVOs (73/115, 63.5%) with 42 false negatives (42/115, 36.5%). It also correctly categorized 90 cases (90/115, 78.2%) where LVO was not present with five false positives (5/115, 4.3%). This resulted in a sensitivity of 63.5% (95% CI:54.4–71.7%) and specificity of 95.1% (95% CI: 89.1–97.9%).

ICH: The software identified suspected ICH in 25 of the 26 cases (25/26, 96.1%). Among the 217 ICH-negative cases, the software correctly identified the absence of ICH in 216 (216/217, 99.5%), with one false positive (1,217, 0.4%). The overall sensitivity and specificity for ICH detection were 96.2% (95% CI: 81.1–99.3%) and 99.5% (95% CI: 97.4–99.9%), respectively.



Comparison with GR and NR readers – LVO detection

Eleven total readers independently assessed the presence of LVO. Sensitivities ranged from 20% up to 64.3% with specificities ranging from 70.9% up to 100%. See Figure 1 for details of the independent readers in comparison to the platform. Comparison of sensitivities of RAPID and expert readers are shown in Table 1.

[image: Two graphs comparing sensitivity and specificity among different readers. Graph A shows sensitivity on the x-axis, ranging from 0.1 to 0.6, with multiple readers' scores plotted. The reference line is at 0.7. Graph B shows specificity on the x-axis, ranging from 0 to 1, with readers' scores spread across. Both graphs have "Readers" on the y-axis and show error bars for each reader type, labeled as GR, RAPID, and NR.]

FIGURE 1
 (A) Shows sensitivity for LVO detection with 95% CI for each reader and for the Rapid software. The light grey band covers the 95% CI on the Rapid estimate. This allows a visual comparison of individual readers to the Rapid performance. The order of the readers is listed based on highest sensitivity. (B) Shows specificity for LVO detection with 95% CI for each reader and for the Rapid software. The light grey band covers the 95% CI on the Rapid estimate. This allows a visual comparison of individual readers to the Rapid performance. The order of the readers is listed based on highest sensitivity. Note that readers with higher sensitivity tended to have lower specificity. GR, general radiologist; NR, neuroradiologist.




TABLE 1 Sensitivity comparison of Rapid with GR and NR readers.
[image: Table comparing sensitivity analysis among general radiologists, all readers, and neuroradiologists. All groups have a RAPID sensitivity of 0.64. Reader sensitivity is 0.41 for general radiologists, 0.44 for all readers, and 0.51 for neuroradiologists, with respective standard errors of 0.065, 0.055, and 0.061. The p-values indicate superiority and non-inferiority testing outcomes.]



Non-inferiority/superiority testing

The primary endpoint was to compare the stand-alone performance of the RAPID NCCT platform to the 11 expert GR and NR readers. We hypothesized that the RAPID NCCT Stroke platform would demonstrate superior performance to the eight GR readers and non-inferior performance to the three NR readers. In assessing non-inferiority of the platform compared to the 11 readers, the platform achieved both non-inferiority as well as superiority, with a significantly higher sensitivity (63.5% versus 43.6%, p < 0.0001). When compared to the eight GR readers only, the platform also showed both non-inferiority and superiority with significantly higher sensitivity (63.5% versus 40.9%, p = 0.001). Non-inferiority and superiority were also established for the comparison with the 3 NR readers alone. Please refer to Table 1 for additional detail. The overall agreement with the reference standard was also highest with the software.



Vessel calcification assessment

Of the 244 cases screened, a total of 103 cases were classified as suspected vessel calcifications in the horizontal segment of the MCA. Two cases showed calcification and were classified as true negatives (2/103, 1.9%). An additional 16 true negative cases had calcifications noted elsewhere (16/103, 15.5%).




Discussion

NCCT is a readily available and efficient imaging modality for excluding ICH and detecting early signs of ischemia but CTA is typically required for confirming large vessel occlusions. In this investigation, we focus on the utility of NCCT as it pertains to detecting LVOs and ICH. We report that the RAPID NCCT module has a superior sensitivity for detecting LVO compared with general radiologists and neuroradiologists. The platform also showed excellent sensitivity and specificity in identifying ICH. Our findings suggest that this software has potential utility as an adjunct for radiologists, neurologists, and neurointerventionalists in routine clinical practice for increasing the accuracy of LVO and ICH detection on NCCT.

Community hospitals often perform an initial NCCT in patients who present with new neurological symptoms. Subsequently, CTA may be performed if the initial CT does not disclose the diagnosis or if an LVO is suspected. However, CTA acquisition can be challenging in smaller community hospitals and rural centers across the world because of the need for iodinated contrast, concerns for increased radiation exposure, and technical expertise needed to obtain a study that is considered diagnostic (11). Furthermore, the delay between clinical assessment/evaluation of the NCCT and when the CTA is obtained can be considerable, often >30 minutes (7), for the aforementioned reasons. AI software has the potential to address these concerns by substantially reducing this delay when providing an immediate notification that an LVO is suspected. This notification could expedite additional imaging or urgent transfer to a thrombectomy capable center.

NCCT is the most common screening modality when stroke is suspected but excluding ICH is essential in order to potentially administer thrombolysis. NCCT is highly sensitive and specific for detecting ICH of all subtypes (12). For instance, a meta-analysis by Dubosh et al. found NCCT within six hours of symptom onset has a sensitivity and specificity of 98.7 and 99.9% for detection of spontaneous subarachnoid ICH (13). The high specificity and sensitivity of NCCT makes it the primary screening modality for not only subarachnoid ICH but all forms of ICH (14).

Several prior studies have utilized AI platforms in detecting ICH. Goyal used machine learning (ML) techniques in detecting ICH on NCCT with sensitivities ranging from 95 to 100% and specificities between 85 and 100% (15). Seyam et al. similarly used a developed AI based software geared toward ICH detection on NCCT with a sensitivity of 87.2% and specificity of 93.9% (16). Others have also utilized deep learning (DL) based models in ICH detection on NCCT with similarly strong results (17–19). Only a small number of ICHs were included in this study, therefore the confidence intervals for the sensitivity were wide but compatible with the 98% sensitivity reported in larger series (8, 20). The large number of cases without ICH provides confirmation of the very high specificity (>99%) documented in prior series (8, 20).

When compared to ICH detection, detecting LVO is more challenging on NCCT. The HVS is an important sign of LVO on NCCT evaluation. However, prior studies have reported sensitivities ranging from 17 to 52% with specificities approaching 100% for HVS detection (3, 4, 21). Despite the variability in detection, the high specificity of HVS makes it particularly useful in early LVO detection for expeditious transfer to a larger center and/or emergent treatment.

Similarly, to ICH evaluation, LVO detection on NCCT using AI applications is a growing area of interest. A systematic review by Shlobin et al. concluded that AI applications for LVO detection on CT imaging have reasonable accuracy and show promise as an adjunct tool in the decision making process (22). More recently, a study by Olive-Gadea et al. developed a DL technique that identified LVOs on NCCT with 83% sensitivity and 71–85% specificity with human interpretation as the ground truth (23). However, concerns with this algorithm were raised based on the cohort which the algorithm was applied to, the use of clinical and imaging data (NIHSS in addition to NCCT) and the generalizability. The generalizability concern was mainly based on the remote hospital setting the original study performed as the quality of NIHSS assessments may be higher at larger academic institutions (24). In our study, the software detected LVO with a sensitivity of 63.5% and a specificity of 95.1% using only NCCT data. The higher specificity can be particularly useful in smaller centers where mobilizing resources to transfer patients to comprehensive stroke centers may be more challenging.

As with previous reports, the software performance was compared to human expert interpreters. We hypothesized that the platform will be superior to that of GR readers and non-inferior to NR readers. Eleven GR and NR readers independently interpreted the cases, showing a sensitivity range of 20–64.3% and specificity of 70.9–100%. When compared to only the eight GR readers, the platform demonstrated superior performance sensitivities (63.5% versus 40.9%, p = 0.001). Furthermore, with the inclusion of NR readers, the platform’s performance was not only non-inferior but still superior with respect to sensitivity (63.5% versus 43.6%, p < 0.001).

Our study has several limitations to acknowledge. Firstly, it is limited due to the retrospective design. It is nevertheless strengthened by the robust sample size acquired from five centers that utilize different CT vendors, thus improving generalizability. Secondly, the HVS can be difficult to differentiate from calcifications. We identified cases where calcifications may also be present, all of which were confirmed as true negatives after expert interpretation in order to address this potential limitation. Lastly, although the sensitivity of the platform for independently detecting LVO in absolute measures may be considered low, it is a significant improvement compared to current practice (64% versus 43% for combined GR and NR expert readers). Nevertheless, this study lays the foundation for future investigations exploring the combined sensitivity of the platform with the assessments of interpreting physicians, including neurologists, neurointerventionalists, and radiologists for improved LVO detection. Future studies building upon the current results will also be necessary for detecting posterior circulation and medium vessel occlusions.



Conclusion

The RAPID NCCT Stroke platform demonstrated superior performance to GR and NR readers, suggesting that this software can function as a useful adjunct tool for stroke physicians for expediting the detection of LVOs and urgent transfer to a thrombectomy capable center. Prospective studies are needed for further validation.
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Background and objectives: Endovascular thrombectomy (EVT) improves long-term outcomes and decreases mortality in ischemic stroke patients. However, a significant proportion of patients do not benefit from EVT recanalization, a phenomenon known as futile recanalization or reperfusion without functional independence (RFI). In this study, we aim to identify the major stroke risk factors and patient characteristics associated with RFI.
Methods: This is a retrospective cohort study of 297 consecutive patients with ischemic stroke who received EVT at three academic stroke centers in China from March 2019 to March 2022. Patient age, sex, modified Rankin Scale (mRS), National Institute of Health Stroke Scale (NIHSS), Alberta stroke program early CT score (ASPECTS), time to treatment, risk factors and comorbidities associated with cerebrovascular diseases were collected, and potential associations with futile recanalization were assessed. RFI was successful reperfusion defined as modified thrombolysis in cerebral infarction (mTICI) ≥ 2b without functional independence at 90 days (mRS ≥ 3).
Results: Of the 297 initial patients assessed, 231 were included in the final analyses after the application of the inclusion and exclusion criteria. Patients were divided by those who had RFI (n = 124) versus no RFI (n = 107). Older age (OR 1.041, 95% CI 1.004 to 1.073; p = 0.010), chronic kidney disease (OR 4.399, 0.904–21.412; p = 0.067), and higher 24-h NIHSS (OR 1.284, 1.201–1.373; p < 0.001) were independent predictors of RFI. Conversely, an mTICI score of 3 was associated with a reduced likelihood of RFI (OR 0.402, 0.178–0.909; p = 0.029).
Conclusion: In conclusion, increased age, higher 24-h NIHSS and lack of an mTICI score of 3 were independently associated with RFI and have potential prognostic values in predicting patients that are less likely to respond to EVT recanalization therapy.

KEYWORDS
 recanalization, endovascular thrombectomy, stroke, NIHSS, prognosis, futile recanalization, patient outcome


1 Introduction

Endovascular thrombectomy (EVT) has been demonstrated to improve outcomes in select patients with large vessel occlusion ischemic stroke up to the 24-h time window, with significant benefits including a reduction in long-term functional disability and mortality (Hong et al., 2015; Goyal et al., 2016; Lansberg et al., 2019; Campbell and Nguyen, 2022). However, approximately half of the patients do not achieve functional independence despite successful reperfusion, a phenomenon that has otherwise been termed futile recanalization (Pan et al., 2021; Shahid et al., 2022). Recent studies have shifted away from utilizing the term futile reperfusion or futile recanalization because some of these patients can still have a quality of life, and the endovascular intervention hence was not futile (Seker et al., 2022). A patient who achieves a modified Rankin Scale (mRS) of 3 may depend on others for daily activities and remains independent for ambulation. As this may still be considered a meaningful outcome for patients, the term reperfusion without functional independence (RFI) may be a preferred term to describe this phenomenon (Seker et al., 2022; Weyland et al., 2022).

Predicting functional outcomes of acute stroke patients can use early neurological improvements as a surrogate marker (Chen et al., 2023). One of the major challenges is the identification of variables that can predict early neurological improvements after EVT, posing a challenge to predict longer-term outcomes in patients undergoing EVT requires (Lai et al., 2023). We previously demonstrated that multiple factors, such as diabetes mellitus history, pre-stroke mRS, longer last known well-to-puncture time, and the number of mechanical thrombectomy passes are the predictors of failure of early neurological improvement (Lai et al., 2023). Furthermore, other issues, such as challenging arterial anatomy, may prevent successful and timely EVT, which can be resolved by crossover from femoral to radial access (Chen et al., 2023).

Importantly, EVT and recanalization are not without risk to patients. Potential drawbacks include extracranial and intracranial complications such as vessel injury (e.g., dissection), emboli to new territory, and intracranial hemorrhage, respectively (Darkhabani et al., 2012; Pilgram-Pastor et al., 2021). Identifying predictors of RFI is important to provide prognostic information to patients and their families with incoming large vessel occlusion (LVO), and to help them arrive at an informed decision to undergo EVT or of expectations post-EVT. In this study, we aim to identify clinical parameters, including risk factors and patient characteristics that are associated with RFI.



2 Materials and methods


2.1 Patients

This was a retrospective analysis of prospectively collected data from consecutive ischemic stroke patients who underwent endovascular therapy from March 2019 to March 2022 at three academic comprehensive stroke centers in China. The data were derived from the Big Data Observatory Platform for stroke in China and from the hospital data platform.

The inclusion criteria were age ≥ 18 years old as the study focused on the adult population, patients presenting within 24 h from time last seen well, pre-EVT Alberta stroke program early CT score (ASPECTS) 6 or greater, occlusion of the ICA, M1, M2 or basilar artery, premorbid mRS < 2, and final reperfusion of modified thrombolysis in cerebral infarction (mTICI) > 2b/3.

Exclusion criteria were missing data at follow-up, post-mTICI ≤2a, other vascular occlusion not listed above, pre-EVT NIHSS < 6, pre-EVT ASPECTS < 6, premorbid mRS ≥ 3, over 24 h from onset. An overview of patient inclusion is demonstrated in Figure 1.

[image: Flowchart detailing patient exclusion criteria for a study. It starts with 297 patients from March 2019 to March 2022, with exclusions: 4 for missing follow-up data, 54 for post-mTICI ≤ 2a, 5 for other vascular occlusions, 2 for pre-EVT NIHSS < 6, and 1 for pre-EVT ASPECTS < 6. A total of 231 patients were included in the final study.]

FIGURE 1
 An overview of patient inclusion in the current study. EVT, endovascular thrombectomy; mTICI, modified thrombolysis in cerebral infarction; NIHSS, National Institute of Health Stroke Scale.


The study protocol was approved by the hospital’s institutional review board. All procedures performed in the study involving human participants were in accordance with the ethical standards of the institutional and/or national research committee and with the 1964 Declaration of Helsinki and its later amendments or comparable ethical standards.



2.2 Data collection

We collected the following data and assessed potential associations with futile recanalization: age, sex, risk factors of cerebrovascular disease, premorbid modified Rankin Scale (mRS), door-to-needle time (DNT), onset-to-needle time (ONT), door–to-puncture time (DPT), last-known-normal-to-puncture time (LKNPT), door-to-recanalization time (DRT), modified thrombolysis in cerebral Infarction (mTICI) post thrombectomy. Patient outcomes were evaluated by 3-month mRS after EVT. Functional independence was considered as mRS of 0–2 at 3 months. Walking independence was defined as mRS of 3. An unfavorable outcome was defined as an mRS of 3–6 at 3 months.

Successful reperfusion was defined as mTICI ≥2b (Linfante et al., 2016), while RFI was defined as successful recanalization (mTICI ≥2b after thrombectomy) without functional dependence (mRS ≥ 3 at 90 days) following EVT (Zang et al., 2020; Seker et al., 2022).

Neurologists measured and recorded the National Institute of Health Stroke Scale (NIHSS) at admission and entered the data into the platform prospectively. Post-EVT NIHSS was performed by the interventionist or neurologist. The patients were followed up by trained stroke nurses or neurologists by telephone or in outpatient. Because this is a national stroke center project, we are required to follow up on the 3-month mRS of all EVT patients.



2.3 Statistical analysis

The non-parametric Mann–Whitney U test was performed by using IBM SPSS version 27 (IBM-Armonk, NY) to analyze non-normally distributed continuous data, reported as medians, along with the interquartile range (IQR). Normally distributed data are reported as means with corresponding standard deviations (SD) and compared using the Student’s t-test. Results were considered statistically significant if the p-value was less than 0.05. The independent factors were further analyzed by backward selection multivariate binary regression.




3 Results

A total of 297 patients were initially assessed and evaluated for eligibility. Four patients were excluded due to lack of follow-up data, 54 were excluded for post-mTICI ≤2a, 5 patients had other vascular occlusions not eligible for this study, and another 3 were excluded due to having a pre-EVT NIHSS or ASPECTS outside the inclusion criteria, leaving a final 231 patients included in this study.

Of the 231 patients analyzed, all of whom achieved successful recanalization via EVT, 107 were deemed to have recanalization with functional independence (mRS < 2), while 124 had an mRS of ≥3 at 90 days after EVT. Comparison of baseline characteristics revealed that there was no difference in sex across the EVT or MM groups (70.97 and 67.29%, respectively, p = 0.55) while increasing age was associated with RFI (p < 0.001), with a mean age of 66.87 ± 12.17 years and 61.10 ± 12.75 years in the RFI and meaningful groups, respectively (Table 1).



TABLE 1 Baseline characteristics of patients with successful recanalization (mTICI 2b-3).
[image: A table comparing characteristics of "RFI" and "Meaningful Recanalization" groups. It includes data on demographics, risk factors, treatment details, occlusion vessels, and outcomes. Statistical significance is indicated by p-values and other test statistics, with asterisks denoting significant differences. The groups differ in age, presence of coronary artery disease, chronic kidney disease, current smoking status, as well as NIHSS pre-EVT scores, MCA-M1 occlusions, DRT and PRT times, mTICI 3 scores, and 24-hour NIHSS.]

Potential associations of major risk factors of stroke and patient comorbidities to outcome after recanalization were also assessed (Table 1). There was no difference in the proportion of patients with hypertension between the RFI and meaningful recanalization groups (61.29 and 53.27%, respectively, p = 0.219), and similarly for other cardiovascular risk factors including atrial fibrillation (33.87% vs. 32.71%, p = 0.852) and hyperlipidemia (16.13% vs. 20.56%, p = 0.384). Importantly, prior stroke events were not associated with poor outcomes after EVT (p = 0.274), whilst symptomatic intracerebral hemorrhage (sICH) was associated with an increased risk of RFI (p < 0.0001).

Initial analyses revealed higher rates of diabetes mellitus (DM; 27.42% vs. 13.08%, p = 0.007), coronary artery disease (CAD; 21.77% vs. 9.35%, p = 0.010) and chronic kidney disease (CKD; 11.29% vs. 3.74%, p = 0.033) in the RFI group compared to those with meaningful recanalization, respectively (Table 1). Of these, further analyses through binary regression demonstrated that DM (p = 0.039) independently predicts RFI (Table 2). Similar to DM, older age was also independently associated with higher rates of RFI (p = 0.010). Intriguingly, whilst initial analysis revealed that current smokers may have reduced risk of RFI (p = 0.018), this association was not independent upon further scrutiny (Tables 1, 2). Furthermore, whilst occlusion of the basilar artery was enriched in the futile recanalization group compared to those with meaningful recanalization (22.58% vs. 11.21%, p = 0.023), this association was not independent after regression.



TABLE 2 Independent predictors of RFI by binary regression.
[image: Logistic regression table showing odds ratios, 95% confidence intervals, and p-values for variables: Age (OR 1.041, p 0.010), DM (OR 2.829, p 0.039), CKD (OR 4.399, p 0.067), DRT (OR 1.004, p 0.079), NIHSS 24 Hour (OR 1.284, p 0.000), mTICI 3 (OR 0.402, p 0.029). Model includes age, diabetes mellitus (DM), coronary artery disease (CAD), chronic kidney disease (CKD), smoker, M1 occlusion, BA occlusion, and other factors.]

In terms of scoring systems, pre-treatment NIHSS (p < 0.001), but not ASPECTS (p = 0.412) or mRS (p = 0.254), was associated with improved outcomes and reduced incidence of RFI (Table 1). On the other hand, a high 24-h NIHSS was found to predict RFI (Figure 2) (OR 1.041, 95% CI 1.004–1.073; p = 0.010) (Table 2).

[image: Receiver Operating Characteristic (ROC) curve showing model performance. The blue line represents the trade-off between sensitivity and specificity, while the red diagonal line indicates random chance. The curve suggests good predictive accuracy as it rises towards the top-left corner.]

FIGURE 2
 24-h NIHSS predicting reperfusion without functional independence.


Furthermore, an mTICI score of 3 was independently associated (OR 0.402, 0.178–0.909; p = 0.029) with meaningful recanalization (Table 2; Supplementary Table S1; Figure 3), while the number of EVT attempts did not predict RFI. Prolonged DPT and DRT may also be associated with futile recanalization (Figure 4). DPT and DRT were higher in the RFI group compared to the meaningful recanalization (p = 0.029 and p = 0.008, respectively).

[image: Bar chart comparing score distributions on the modified Rankin Scale for mTICI scores of 2b and 3. For mTICI=2b, 12.82% scored 0, 11.97% scored 1, 10.26% scored 2, 6.84% scored 3, 24.79% scored 4, 12.82% scored 5, and 20.51% scored 6. For mTICI=3, 20.18% scored 0, 24.56% scored 1, 13.16% scored 2, 12.28% scored 4, 6.14% scored 5, and 21.05% scored 6. Percentages shown along segments.]

FIGURE 3
 Distribution of 3-month mRS of mTICI = 2b and mTICI = 3.


[image: ROC curve showing three lines representing different tests: DPT (blue), DRT (red), and PRT (green). Sensitivity is plotted against 1 - Specificity. A yellow reference line indicates a baseline. The curves show varying levels of test performance across the specificity range.]

FIGURE 4
 DPT, DRT, PRT predicting futile recanalization.




4 Discussion

Whilst EVT recanalization has been associated with significant improvements in long-term neurological outcomes and reduced mortality in patients with ischemic stroke in several RCTs, recent multi-center RCTs and meta-analyses indicated that in up to 60% of patients, such recanalization is “futile” with minimal improvement to functional outcome (Hussein et al., 2010; Gomis and Dávalos, 2014; Hong et al., 2015; Goyal et al., 2016; Nie et al., 2018). Understanding the factors that predict RFI is critical as this will allow maximal benefits to stroke patients that are likely to respond to therapy while allowing early application of alternative treatment regimens while minimizing iatrogenic harm to those where recanalization may not result in desired outcomes. In this study, we analyzed the association of major risk factors of stroke, temporal parameters to EVT treatment delivery, and patient characteristics and comorbidities to outcome after recanalization, and found increased age, DM, an mTICI score of <3, and a high 24-h NIHSS to be independently associated with RFI. We defined RFI as an mRS ≥ 3 at 90 days after EVT, which is consistent with most studies in the literature (Hussein et al., 2010; Nie et al., 2018). Patients with these aforementioned characteristics are less likely to benefit from EVT recanalization alone. Alternative adjunct therapies may be required and should be investigated in future studies, particularly in these patients, in order to achieve early neural protection with the potential to improve long-term outcomes.

A recent study found baseline brain atrophy to be associated with RFI, and this effect was independently amplified by increased patient age (Pedraza et al., 2020). Consistent with this, our present study and previous reports have similarly identified old age as an independent risk factor for RFI (Pan et al., 2021; Deng et al., 2022; Ni et al., 2022). Conversely, whilst one study found female sex and a higher NIHSS at admission to be associated with RFI (Ni et al., 2022), in the present study, we observed no predictive value of sex or pre-EVT NIHSS. As similar criteria for successful reperfusion and RFI were used in their study and ours, these discrepancies are likely due to differences in patient demographics, such as a higher average age in their cohort (72 in their study). Correlations between sex and RFI are often contradictory and inconsistent in the literature, leading to some authors attributing any associations of sex and RFI to coincidence (Deng et al., 2022). Alternatively, correlations between sex and recanalization outcome may be due to differences in hormones and coagulation (Reeves et al., 2008; Hussein et al., 2010). Although we found no association between pre-EVT NIHSS to RFI, our results demonstrate a correlation between the latter with increased 24-h NIHSS. Altogether, these findings indicate that early NIHSS can have long-term prognostic value in predicting RFI and outcome (Chen et al., 2022), and the optimal timing for measuring NIHSS may depend on patient characteristics such as age.

Interestingly, whilst our initial analyses identified CKD, CAD and DM to be associated with RFI, DM was independently associated with the latter upon further analyses, despite the strong association and many shared risk factors between CAD with stroke (Sobiczewski et al., 2013). Patients with CKD have an increased risk of stroke and an increased risk of stroke mortality by 30-fold (Chavda et al., 2021). The mechanisms behind the association of CKD and stroke are highly complex and likely involve bi-directional interplay between cerebral and renal pathways, shared vascular co-morbidities such as hypertension, and pathological changes to the vasculature associated with renal failure such as increased atherosclerosis secondary to malnutrition and inflammation (Chavda et al., 2021). Thrombolytic treatments for stroke have been associated with sICH development in CKD patients (Nayak-Rao and Shenoy, 2017). In this study, we also observed an association of sICH with RFI. Our findings, therefore, identify CKD to be an important comorbidity in predicting RFI compared to other diseases traditionally associated with stroke incidence such as DM and CAD. Future studies are required to improve our understanding of how CKD contributes to RFI.

Other potential factors that may affect the rate of RFI include the initial imaging modality used to select patients for EVT and biochemical markers, which we did not access in this study. A previous study indicated that CT-based selection for EVT was associated with increased RFI compared to MRI, despite similar rates of overall EVT after imaging and a 30-min delay to EVT in MRI-selected patients compared to those selected by CT (Meinel et al., 2020). However, we do not know about the patients who were excluded from EVT on the basis of MRI or CT selection who might have derived benefits. Another study showed that the imaging modality in the late 6–24 h window did not impact differences in patient outcomes or the development of RFI (Nguyen et al., 2022; Seker et al., 2022). With the expansion of EVT eligibility criteria now to include patients with large ischemic core infarctions with ASPECTS 3– 5, non-contrast CT will likely suffice for patient selection, and advanced imaging may not be as critical in-patient selection (Huo et al., 2023; Sarraj et al., 2023). Of note, some of these large ischemic core trials were chosen as primary outcome mRS 0–3, or independent ambulation, because this may be a meaningful outcome in patients who present with the greater ischemic territory of infarction (Yoshimura et al., 2022).

Also, we found associations between DPT or DRT and RFI (Figure 3); therefore, we should seize any opportunities to shorten the stroke treatment time and improve outcome (Chen et al., 2022; Yang et al., 2022). On the other hand, previous studies have found that an early increase in body temperature is associated with EVT outcome (Chen et al., 2022), and certain biomarkers that can be measured in patient blood samples, such as increased matrix metalloproteinase-9 (MMP-9) and tenascin-C, but not CRP, were associated with RFI (Zang et al., 2020). MMP-9 is part of a family of proteins with important roles in the degradation of the extracellular matrix, and serves as a marker for blood–brain barrier disruption, potentially explaining its association with worse outcomes and RFI (Turner and Sharp, 2016). Similarly, tenascin-C is found in the extracellular matrix and is associated with poor prognosis in stroke due to its neuroinflammatory properties (Zaidi et al., 2019; Okada and Suzuki, 2020), while CRP, a commonly used clinical marker for non-specific general inflammation, did not correlate with futile recanalization (Zang et al., 2020). Collectively, these findings indicate that clinical parameters, and patient blood biomarkers after stroke, may also have predictive value in addition to intrinsic patient characteristics and comorbidities, to identify patients susceptible to RFI.

This study has some limitations which need to be mentioned. This study was limited by the fact that it enrolled patients from three large stroke centers in China only. Therefore, the population lacked diversity compared to similar international studies. However, scarce information regarding RFI from low and middle-income countries can highlight disparities and differences in the treatment of stroke patients globally. Furthermore, the study was conducted retrospectively, which can introduce bias. The sample size was relatively small, which can further introduce some bias in our analysis. In addition, we did not include all possible prognostic variables, such as collateral status, dementia, etc. Despite these shortcomings, we believe data from the current study can facilitate future studies to understand the status of EVT and its outcome in developing nations. Future international prospective studies with larger sample size which investigate multiple prognostic variables are required to validate and expand these findings.



5 Conclusion

To conclude, in this study, we identified older age, mTICI of below 3, and higher 24 h NIHSS to be independent predictors of RFI. Understanding the factors that contribute to RFI will allow the development of prognostic tests to identify patients that may benefit from adjunctive pharmacological or neuroprotective therapies where EVT recanalization is likely to be associated with unfavorable outcomes.
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Background: The changes in blood viscosity can influence the shear stress at the vessel wall, but there is limited evidence regarding the impact on thrombogenesis and acute stroke. We aimed to investigate the effect of blood viscosity on stroke and the clinical utility of blood viscosity measurements obtained immediately upon hospital arrival.
Methods: Patients with suspected stroke visiting the hospital within 24 h of the last known well time were enrolled. Point-of-care testing was used to obtain blood viscosity measurements before intravenous fluid infusion. Blood viscosity was measured as the reactive torque generated at three oscillatory frequencies (1, 5, and 10 rad/sec). Blood viscosity results were compared among patients with ischemic stroke, hemorrhagic stroke, and stroke mimics diagnosed as other than stroke.
Results: Among 112 enrolled patients, blood viscosity measurements were accomplished within 2.4 ± 1.3 min of vessel puncture. At an oscillatory frequency of 10 rad/sec, blood viscosity differed significantly between the ischemic stroke (24.2 ± 4.9 centipoise, cP) and stroke mimic groups (17.8 ± 6.5 cP, p < 0.001). This finding was consistent at different oscillatory frequencies (134.2 ± 46.3 vs. 102.4 ± 47.2 at 1 rad/sec and 39.2 ± 11.5 vs. 30.4 ± 12.4 at 5 rad/sec, Ps < 0.001), suggesting a relationship between decreases in viscosity and shear rate. The area under the receiver operating curve for differentiating cases of stroke from stroke mimic was 0.79 (95% confidence interval, 0.69–0.88).
Conclusion: Patients with ischemic stroke exhibit increases in whole blood viscosity, suggesting that blood viscosity measurements can aid in differentiating ischemic stroke from other diseases.

KEYWORDS
 blood, viscosity, parallel plate, ischemic stroke, acute stroke


1 Introduction

Hemostatic balance of blood circulation is essential for maintaining physiological conditions, even in those with risk factors such as atrial fibrillation, high blood pressure, and rupture-prone atherosclerosis (1). When physiologic homeostasis breaks down by some instance, it activates pro-coagulatory pathways and intermittently leads to adverse thrombogenic events, such as ischemic stroke. (1, 2).

Endothelial damage of blood vessels is pivotal in initiating such a prothrombotic state (3). In normal conditions, the blood circulates consistently by imposing a force on the vascular wall; however, when this force exceeds a threshold, damage to the endothelium or pre-existing plaque’s fibrous cap can occur, promoting subsequent pro-coagulation processes (4, 5). From the perspective of hemodynamics, the inertial force by blood flow to the vascular wall is measured with shear stress. Physiologically, this shear stress is proportional to the velocity of blood flow and blood viscosity, and their changes make the difference in the force on the endothelium (6). Investigations encountered that the velocity of flow, that is, shear rate, is measured at 1,000 s-1 in normal arteries, but it can be increased to over 5,000 s-1 in some forms of pathologic atherosclerosis (7). There were supporting pieces of evidence that such high shear rates exacerbate the progression of atherosclerosis and substantially increase the risk of rupture (8, 9).

However, as the shear rate effect is given to the long-standing, even in stable, it alone cannot adequately explain the rapid differential change of physical shear stress in the vasculature. To complement, it needs to draw attention to the blood viscosity, another proportional determinant of the shear stress level, which may also account for fluctuating conditions caused by heterogeneous components involved in biological processes, such as hematocrit, deformity of RBC, fibrinogen, and lipoprotein (10, 11). In addition, there is limited evidence to date regarding the role of high blood viscosity in acute thrombogenic events, especially stroke (12–14).

In the present study, we aimed to investigate the effect of blood viscosity on stroke occurrence and the clinical utility of blood viscosity measurements obtained immediately upon hospital arrival. To achieve this aim, we targeted the acute stroke suspects and compared blood viscosity measurements according to their final diagnosis between stroke and other diseases, namely, stroke mimics. A parallel plate rheometer designed for point-of-care testing (POCT) allows real-time measurement after blood sampling, where it is recommended to proceed within several minutes of hospital arrival before giving any drugs or treatments (15). This method is particularly advantageous in ensuring more accurate measurements of pure blood viscosity because it can avoid using any additional anticoagulant such as ethylenediaminetetraacetic acid (12, 16).



2 Methods


2.1 Study population and data collection

Patients who visited the emergency department with focal neurological symptoms at least 24 h after the last known well time were enrolled. At the triage, patients suspected of having a stroke are classified differentially within 5 min of arrival, and a critical pathway is activated, which enables them to contact the neurological team in the next 10 min. The sudden onset of asymmetrical weakness, sensory change, language disturbance, or any other new neurologic symptoms, such as change of mental status, dizziness, and visual disturbance, were suspected. With the proceeding of the rapid neurological assessment, it secures venous puncture for laboratory tests and intravenous catheter (Supplementary Figure S1). For this study, informed consent to participate and additional blood samples were obtained at this time and occurred within approximately 15 min by a practice-independent researcher. Blood sampling was performed before administering intravenous fluid or medication to avoid the influence of external factors on viscosity measurements. Cases in which blood sampling was deficient or delayed due to vascular fragility or low blood volume were excluded.

For all enrolled patients, diagnoses were confirmed by blinded neurologists based on medical information and imaging studies after discharge, following which patients were classified into ischemic stroke, hemorrhagic stroke, and stroke mimic (or non-stroke) groups. In some cases, patients transferred due to ischemic stroke from other institutions were separately classified into an ischemic stroke with intravenous (IV) fluid group. The following clinical data were also collected for all patients: demographic information; cardiovascular risk factors including hypertension, diabetes mellitus (DM), and dyslipidemia; initial laboratory findings including white blood cell (WBC) count, hemoglobin, hematocrit, platelets, lipid battery results, C-reactive protein (CRP), D-dimer, fibrinogen, glucose, blood urea nitrogen (BUN), creatinine, and prothrombin time (PT).



2.2 Study protocol and consent

The local institutional review board of Seoul National University Bundang Hospital (Republic of Korea) approved this study. Patients or caregivers provided written informed consent for additional blood sampling and viscosity measurements. The use of registered data is permitted upon request after the review.



2.3 Estimation of blood viscosity

Blood viscosity was measured using a parallel plate rheometer (ARS-Medi, Advanced Rheology Solutions, Ltd., Republic of Korea) designed for point-of-care and approved by the Korean Regional Food and Drug Administration. This method has been widely adopted for micro-scale structures and dispersed fluids as a fast and accurate measurement without data loss (Supplementary Table S1) (17, 18). A 2-mL whole blood sample was evenly distributed on the parallel plate (Figure 1). Testing was performed within 3 min of sampling and without anticoagulant reagents to ensure measurement of pure blood values. Oscillation frequencies were 1, 5, and 10 rad/sec, and the resultant values at each frequency were used to estimate the reactive torque from the blood sample.

[image: Diagram A shows a layered structure with labeled sections: upper plate, upper disposable plate, blood, lower disposable plate, and lower plate. Arrows indicate rotational movement. Image B displays a machine with a touchscreen showing a graph and buttons, and a white arrow pointing to a cylindrical component below.]

FIGURE 1
 Schematic illustration of the core part measuring the blood viscosity of parallel plate rheometer (A) and the overall feature of ARS-Medi device (B). After raising the upper metal plate (black color), a disposable plate was installed (yellow color). Blood samples were then infused into the disposable plate, and the upper metal plate was lowered in increments of 5 mm to adjust the rotational oscillatory frequency (A). The device measured the reactive torque generated by the blood to estimate the blood viscosity.




2.4 Statistical analysis

Baseline characteristics, blood laboratory profiles, and blood viscosity of study population were summarized. The Pearson correlation test analyzed correlations between blood viscosity and various laboratory profiles.

The blood viscosity among diagnoses of ischemic stroke, ischemic stroke with IV fluid, hemorrhagic stroke, and stroke mimic were compared by the analysis of variance (ANOVA) test. Then, the ability of blood viscosity to differentiate between ischemic stroke and stroke mimics was tested using the area under the receiver operating curve (AUROC). All statistical analyses were conducted using SPSS (version 22.0, IBM) and R software (version 4.2.1).




3 Results

This study enrolled 112 patients with a mean age of 69.1 ± 13.3 years, 56.9% of whom were male, after excluding those with low blood sample volume (< 1 mL) and time delay during sampling. POCT measurements successfully obtained the blood viscosity within an average of 2.4 ± 1.3 min following a venular puncture. Blood viscosity values decreased with increasing the oscillation frequency, which was 115.4 ± 47.8 cP, 34.2 ± 12.2 cP, and 20.3 ± 6.5 cP at oscillatory frequencies of 1, 5, and 10 rad/sec, respectively (Supplementary Figure S2).

Blood viscosity exhibited significant correlations with hemoglobin (γ = 0.27, P by Pearson correlation test = 0.004) but not with WBC count (γ = 0.10, p = 0.52), hematocrit (γ = 0.23, p = 0.08). Among blood chemistry tests, total cholesterol and BUN were significantly correlated with blood viscosity (γ = 0.26, p = 0.01 and γ = −0.21, p = 0.03, Supplementary Table S2).


3.1 Disease groups and blood viscosity

The enrolled patients were classified into stroke mimics (n = 53), ischemic stroke (n = 53), and hemorrhagic stroke (n = 6, 5.4%). There was no difference in the distribution of age, hypertension, and diabetes mellitus; however, the proportion of dyslipidemia, CRP, and INR levels significantly differed according to the disease group (Table 1). The higher CRP values of the stroke mimic group were observed in systemic infection or encephalopathy (Supplementary Table S3).



TABLE 1 Baseline characteristics and diagnoses of enrolled patients (n = 112).
[image: Table comparing clinical variables among stroke mimic, ischemic stroke, and hemorrhagic stroke groups. Variables include age, sex, hypertension, diabetes, dyslipidemia, WBC, hemoglobin, hematocrit, platelets, fibrinogen, D-dimer, CRP, glucose, cholesterol levels, BUN, creatinine, and INR. Statistical significance (p-values) highlights differences in sex, dyslipidemia, CRP, INR, and others. Values are means ± standard deviations or percentages.]

Blood viscosity values were plotted with the disease groups (Figure 2). At an oscillatory frequency of 10 rad/sec, blood viscosity was 24.2 ± 4.9 cP in patients with ischemic stroke, which was significantly different from 17.8 ± 6.5 cP with stroke mimic, 23.2 ± 5.9 cP with hemorrhagic stroke (P by ANOVA < 0.001). The significant associations of higher viscosity values of ischemic stroke were consistently observed at lower oscillatory frequencies of 1 rad/sec (134.2 ± 46.3 vs. 102.4 ± 47.2 cP, p = 0.001) and 5 rad/sec (39.2 ± 11.5 vs. 30.4 ± 12.4 cP, p = 0.003, Figure 3 and Supplementary Table S4). Among patients diagnosed with ischemic stroke, blood viscosity at 10 rad/sec oscillatory frequency in those who received IV fluid before blood sampling was 16.4 ± 3.3 cP, which was similar to that observed in the stroke mimic group. The discrimination performance of blood viscosity measurements in the emergency setting exhibited good performance among the disease groups (AUROC = 0.79, Figure 4).

[image: Box plot comparing viscosity levels in centipoise across four groups: stroke mimic, ischemic stroke, ischemic stroke with IV fluid, and hemorrhagic stroke. Viscosity ranges roughly between 10 to 35 centipoise, with median values varying among groups. Outliers are present in stroke mimic and ischemic stroke.]

FIGURE 2
 Box plot of blood viscosity according to disease groups. The graph shows the blood viscosity distribution in each disease group at the oscillatory frequency of 10 rad/sec (midline within the box for median values and the box itself for interquartile range). The blood viscosity value was 24.2 ± 4.9 cP in patients with ischemic stroke, which were significantly different from the stroke mimics (17.8 ± 6.5 cP), hemorrhagic stroke (23.2 ± 5.9 cP), and ischemic stroke with intravenous fluid infusion before the measurement (16.4 ± 3.3 cP).


[image: Line graph showing viscosity changes in centipoise (cP) over oscillatory frequency in hertz (Hz). Green lines indicate ischemic stroke, orange for stroke mimic, and blue for ischemic stroke with IV fluid. Viscosity decreases sharply across frequencies from one to ten Hz.]

FIGURE 3
 Distribution of blood viscosities in the ischemic stroke, ischemic stroke with IV fluid, and stroke mimic groups at three different oscillatory frequencies. The graph showed every inter-personal viscosity value (Y-axis) across the different oscillatory frequencies (X-axis). The line connected the individual measurement values. At each of the three oscillatory frequencies, blood viscosity was significantly higher in patients with ischemic stroke (green line) than in those with stroke mimic (orange line). Decreases in blood viscosity were observed in patients with ischemic stroke who had been treated with intravenous (IV) fluid (blue line).


[image: ROC curve illustrating sensitivity versus one minus specificity. The curve rises above the diagonal, with an area under the curve (AUC) of 0.79 and a 95% confidence interval of 0.69 to 0.88.]

FIGURE 4
 Receiver operating characteristic (ROC) curve for the ability of blood viscosity to differentiate ischemic stroke from other conditions. The area under the curve (AUC) value for blood viscosity differentiating ischemic stroke from non-stroke was 0.79 (95% confidence interval, 0.69–0.88).





4 Discussion

To the best of our knowledge, this is the first study using a real-time, parallel plate viscosity measurement device to verify that patients with ischemic stroke have an increase in whole blood viscosity. Additionally, this property proposes that measuring blood viscosity may help distinguish ischemic stroke from other diseases. Although previous large-scale studies have highlighted the long-term effects of high blood viscosity on the risk of cardiovascular events (19), their measurements were limited by a high degree of noise and fluctuations in blood viscosity. From this perspective, our study strengthens the evidence regarding the effects of shear stress on endothelial injury or abrasion during thrombotic events (10).

Notably, even in patients with ischemic stroke, treatment with IV fluid was associated with a decrease in blood viscosity, which approached a level similar to that in the non-stroke group (median 23.5 vs. 14.7 cP at 10 rad/sec). This effect is related to the water content in normal saline or plasma solutions, which are Newtonian fluids with lowered viscosity. In addition to highlighting the sensitivity of blood viscosity measurements, this phenomenon may provide insight into the role of hemodilution or fluid treatment in patients with stroke, the benefits of which have remained controversial for some time (20, 21). Studies incorporating serial measurements of blood viscosity that account for hemodilution therapy may provide more accurate results regarding the clinical value of such treatment.

Considering the sensitivity of blood viscosity measurements to external factors, immediate measurements without anticoagulant use are indispensable for clinical utilization (15). The direct, on-site method used in the current study is advantageous because it directly measures blood viscosity while allowing for precise control of blood volume/additives. Moreover, POCT rheometer measurements have obtained an average of 2.3 min (median 2, IQR, 1–3) following a puncture, meaning that results were unlikely affected by spontaneous clotting, and the simplicity of the process means that no additional training is required.

On another point, this study only presented the significant associations of blood viscosity with hemoglobin levels and total cholesterol, not with white blood cell count or fibrinogen. This was because enrolled subjects had stroke or stroke mimic diseases, limited in hematologic diseases, so their laboratory value distributions were not wide enough to make the statistical significance (22). In addition, the high fibrinogen level in stroke mimics is thought to be due to a kind of infectious disease. Of note, lipoprotein, a major component of cholesterol, has an effect on the development and progression of atherosclerosis it can also infer it’s another biological role for the blood viscosity (10).

This study had several limitations, including its single-center design and small sample size. In addition, blood viscosity data in healthy controls was limited, and some patients had other risk factors or diseases that may impact the diagnostic utility of blood viscosity measurements. In another, further investigation of the association between blood viscosity and stroke subtypes had to be considered (14). Lastly, we still need to obtain serial blood viscosity measurements to investigate changes over time during admission, highlighting the need for more in-depth, long-term analyses.

In conclusion, this study observed the elevation of blood viscosity in ischemic stroke. The parallel-plate method enables us to measure the blood viscosity within a few minutes and would be helpful to distinguish the other stroke mimics.
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Aim: While the relationship between impaired kidney function and non-vitamin K antagonist oral anticoagulants (NOACs) is well established, there is limited research exploring the association between an elevated estimated glomerular filtration rate (eGFR) and the efficacy of NOACs, especially concerning the outcomes of acute ischemic stroke (AIS). This study aimed to examine the association between higher-than-normal eGFR and the severity of AIS during the use of NOACs using a nationwide multicenter stroke registry in Korea.
Material and methods: This study utilized data from the Korean Stroke Registry (KSR) database, examining information from 2,379 patients with AIS, who had atrial fibrillation (AF) and a history of utilizing NOACs prior to hospitalization due to incident stroke occurring between 2016 and 2021. Patients with a history involving two or more types of anticoagulants or one or more forms of antiplatelet agents were excluded. Baseline characteristics, medical history, medication usage, CHADS2-VASc score, and the anticoagulation and risk factors in atrial fibrillation (ATRIA) score were evaluated. Renal function was assessed using eGFR levels and calculated with the Cockcroft–Gault equation. The severity of stroke was measured by the National Institutes of Health Stroke Scale as an outcome. For sensitivity analysis, further evaluation was performed using eGFR levels according to the modification of diet in renal disease (MDRD) study equation.
Results: The mean age of subjects was 76.1 ± 8.9 years. The moderate-to-severe stroke severity group exhibited an elevation in creatinine levels. The eGFR of 60 to 89 mL/min/1.73 m2 group was associated with a decreased risk of moderate-to-severe stroke severity [hazard ratio (HR)] (0.77, 95% confidence interval (CI) [0.61, 0.98], p = 0.031) compared to the eGFR≥90 mL/min/1.73 m2 group. An increment of 10 units in eGFR was marginally associated with an increased risk of moderate-to-severe stroke severity (HR: 1.03, 95% CI [1.00, 1.07], p = 0.054).
Conclusion: The study revealed that individuals with eGFR ≥ 90 mL/min/1.73 m2 had an association linked to an increased risk of moderate-to-severe stroke severity. Our study suggests that patients taking NOACs with higher-than-normal eGFR levels may have an increased severity of AIS.

KEYWORDS
acute ischemic stroke, non-vitamin K antagonist oral anticoagulant, high estimated glomerular filtration rate, nationwide multicenter study, glomerular hyperfiltration, high estimated glomerular filtration rate


Introduction

Renal function has been linked with a spectrum of cardiovascular diseases, including acute ischemic stroke (AIS), atrial fibrillation (AF), myocardial infarction, and heart failure. Chronic kidney disease, characterized predominantly by diminished estimated glomerular filtration rate (eGFR), is strongly associated with the risk of these cardiovascular diseases (1, 2). In addition to low eGFR, abnormally high eGFR has also been linked to various health conditions. While high eGFR is generally considered a normal physiological state, it can also indicate underlying adverse renal conditions, such as the onset of glomerular damage in hypertensive patients or diabetic nephropathy (3). High eGFR is also closely intertwined with hypertension, prediabetes, and obesity, all of which may contribute to cardiovascular events (4). In addition, recent studies have reported an association between high eGFR and the poor outcome of cardiovascular disease, including AIS (5, 6).

Non-vitamin K antagonist oral anticoagulants (NOACs) stand as the first-choice drugs for major conditions entailing a risk of thromboembolism in AF (7). It is widely known that patients with impaired kidney function have an increased risk of bleeding and necessitate dose adjustments while undergoing treatment with NOACs (8). However, there is controversy regarding the relationship between elevated eGFR and the efficacy of NOACs (9–12).

Limited studies have examined the relationship between high eGFR and the efficacy of NOACs, especially concerning outcomes of AIS. This study aimed to investigate the association between higher-than-normal eGFR and the risk of increased severity of AIS during the use of NOACs in a nationwide multicenter registry study in Korea.



Materials and methods


Data source

The data for this study were derived from the Korean Stroke Registry (KSR) database. Established in 1999, the KSR has been operating as a prospective, multicenter, collaborative hospital-based stroke registry (13). To ensure the consistency and accuracy of data, dedicated auditors engaged in monthly reviews, address queries, and made corrections from researchers (14–16).

The KSR database comprehensively encompasses information on demographic characteristics, medical and medication history, stroke subtype, side of stroke involvement, lesion of stroke involvement, stroke outcomes, and treatment details of patients with AIS. The database entails measuring physical parameters such as height, weight, blood pressure, conducting laboratory tests, and surveying lifestyle habits (14–16).



Study population

Between January 2016 and December 2020, a total of 85,499 patients diagnosed with AIS (within 7 days of onset) were enrolled from 39 hospitals across Korea. From this registry, we selected the patients with AF and the documented history of administration of NOACs prior to the index stroke. We excluded the patients with a history involving the use of two or more types of anticoagulants, one or more forms of antiplatelet agents, and those with incomplete data at least one variable required to calculate eGFR. Ultimately, 2,379 patients were included in the analysis.



Definitions and variables

Baseline characteristics were comprehensively assessed, including age, sex, body weight, body mass index, and comorbidities such as hypertension, diabetes mellitus, hyperlipidemia, congestive heart failure, peripheral artery disease, coronary heart disease, transient ischemia attack (TIA), stroke, and active cancer. The assessment was based on the diagnosis and medication record at admission for the index stroke. The side of the stroke involvement was divided into left, right, or multiple, and with regard to the lesion, it was divided into anterior circulation, posterior circulation, or multiple circulation. Smoking status was dichotomized as non-smoker/former smoker or current smoker. The medication history within 7 days preceding the index stroke was collected, including types of NOACs, anti-hypertensive drugs, antidiabetic drugs, and anti-hyperlipidemia agents. The dosages of NOACs or other agents were not recorded as it was determined based on the judgment of the medical professionals. Stroke subtype, the modified Rankin Scale (mRS) prior to admission, initial the National Institutes of Health Stroke Scale (NIHSS) score, and mRS at discharge were recorded in the KSR database (17, 18).

Laboratory assessments in the KSR database were based on the initial blood test results conducted in the emergency department for patients presenting with stroke symptoms, encompassing BUN (blood urea nitrogen), creatinine, leukocyte count, hemoglobin, hematocrit, platelet count, prothrombin time, CRP (C-reactive protein), LDL (low-density lipoprotein), HbA1c (glycated hemoglobin), and D-dimer. The estimated glomerular filtration rate (eGFR) was calculated using the serum creatinine level and Cockcroft–Gault equations (19).

The Cockcroft–Gault equation estimating creatinine clearance (Ccr) was calculated as eGFR (mL/min/1.73 m2):

[image: Equation for estimating eGFR (estimated glomerular filtration rate): eGFR equals (140 minus age) times weight in kilograms, divided by seventy-two times serum creatinine in milligrams per deciliter, with an adjustment for male gender.]

[image: Formula for estimating Glomerular Filtration Rate (eGFR): eGFR equals left parenthesis one hundred forty minus age right parenthesis times weight in kilograms, divided by seventy-two times serum creatinine in milligrams per deciliter, multiplied by 0.85 if female.]

We calculated the CHADS2-VASc score and the anticoagulation and risk factors in atrial fibrillation (ATRIA) bleeding score in order to assess the risk of occurrence of stroke and the bleeding risk in each patient (20, 21). For sensitivity analysis, further evaluation was performed using eGFR levels according to the modification of diet in renal disease (MDRD) study equation (22).

The modification of diet in renal disease (MDRD) study equation was calculated as eGFR (mL/min/1.73 m2):

[image: Estimated glomerular filtration rate (eGFR) is calculated as 186.3 times serum creatinine in milligrams per deciliter raised to the power of negative 1.154, multiplied by age raised to the power of negative 0.203 if male.]

[image: Formula for estimated glomerular filtration rate (eGFR): 186.3 times serum creatinine in milligrams per deciliter raised to the power of negative 1.154, times age raised to the power of negative 0.203, times 0.742 if female.]

The primary outcome was the initial stroke severity at admission, measured by the NIHSS score, with a range from 0 to 42 (23). A mild initial stroke severity was defined as an NIHSS score of 0 to 7 (24). To perform sensitivity analysis, we conducted additional assessments using the mRS scale at discharge. We categorized moderate-to-severe stroke severity as mRS scores ≥3, and death was defined as an mRS score of 6 upon discharge (25).



Statistical analysis

The study presented data in two formats: mean ± standard deviation or as number and percentage. The chi-square test, Fisher's exact test, Cochran–Mantel–Haenszel shift test, Student's t-test, and Wilcoxon rank sum test were employed to compare baseline characteristics between the two severity groups. The relationship between eGFR and initial stroke severity was examined by categorizing patients into ranges of eGFR (< 30, 30–59, 60–89, and ≥90 mL/min/1.73 m2), with the range of >90 mL/min/1.73 m2 serving as the reference group (26).

Multivariable logistic regression models were applied to investigate the factors that affected moderate-to-severe initial stroke severity. These analyses were adjusted for potential confounding variables including age, sex, hypertension, diabetes mellitus, hyperlipidemia, congestive heart failure, coronary heart disease, peripheral arterial disease, previous TIA or stroke, active cancer, current smoking status, history of taking NOACs, stroke subtype, laboratory data, the CHADS2-VASC score, and ATRIA score to identify the independent contributing power of kidney function for the use of NOACs. Potential determinants based on the results of univariate analysis (P < 0.1) and variables that were already known to be related to NOAC therapy were selected for multivariate analysis. Odds ratios (OR) with 95% CI were reported.

Subgroup analyses were conducted based on a stroke subtype or previous stroke history. For sensitivity analysis, we conducted additional assessments which included evaluating eGFR levels using the MDRD study equation and using mRS scores ≥3 or death at discharge as additional indicators of stroke severity.

Statistical analyses were conducted using SAS software (version 9.2, SAS Institute, Cary, NC, USA), with a p < 0.05 considered statistically significant.



Ethical approval statement

The Institutional Review Board of Uijeongbu Eulji Medical Center approved this study and provided a consent waiver (Institutional Review Board approval number: 2022–07–004), as the KSR permitted restricted access to anonymized data for research purposes.




Results

The average age of the patients with AIS was 76.1 ± 8.9 years, and male subjects accounted for 50.0% of the cohort. The prevalence of hypertension, diabetes mellitus, and hyperlipidemia was 85.1, 35.4, and 57.4%, respectively. In this study, we observed that the moderate-to-severe stroke severity group tended to be older, have lower body weight and BMI, and a lesser use of anti-hypertensive drugs and anti-diabetes drugs. Additionally, we found a lower prevalence of male, hyperlipidemia, and a previous TIA history among individuals in the moderate-to-severe stroke severity group. The side of the lesion did not show statistically significant differences, but when considering the location of the lesion, the moderate-to-severe stroke severity of stroke was higher in cases of anterior circulation infarction. Elevated BUN, decreased creatinine levels, higher leukocyte counts, CRP levels, and D-dimer levels were observed as well as lower hemoglobin, prothrombin time, and HbA1c levels compared to the mild severity group. Notably, there was no significant difference in eGFR levels upon comparison by means between the two groups, while lower creatinine levels were evident in the moderate-to-severe stroke severity group. The CHADS2-VASC score and ATRIA score, which determined stroke occurrence or complication risk in patients with atrial fibrillation, were higher in the moderate-to-severe stroke severity group (Table 1).


TABLE 1 Baseline characteristics of study population.

[image: A table compares NOAC users with mild and moderate to severe stroke severity based on NIHSS scores. It includes columns for demographics, comorbidities, stroke involvement, subtype, previous medication, neurological status, kidney function, and laboratory markers. Each row presents data for variables like age, sex, body weight, conditions like hypertension, and stroke characteristics. Statistical significance is indicated with P-values. Results show distinct differences in demographics, health conditions, and treatment histories between the groups. Descriptive statistics such as mean, standard deviation, and percentages are provided. Data on medications and kidney function markers are highlighted.]

With respect to renal function, 21.0% of the patients with mild stroke severity and 25.1% of the patients with moderate-to-severe stroke severity fell into the eGFR≥90 mL/min/1.73 m2 group (reference), exhibiting higher-than-normal eGFR levels. After being adjusted for comorbidities and laboratory results, an eGFR of 60–89 mL/min/1.73 m2 (HR: 0.77, 95% CI [0.61, 0.98], p = 0.031) and eGFR of < 30 mL/min/1.73 m2 (HR: 0.42, 95% CI [0.22, 0.77], p = 0.005) were associated with a decreased risk of moderate-to-severe stroke severity, whereas an eGFR of 30–59 mL/min/1.73 m2 (HR: 0.91, 95% CI [0.69, 1.18], p = 0.466) was not associated with a decreased risk of moderate-to-severe stroke severity (Table 2). The hazard ratio plot demonstrated a bimodal decline in the hazard ratio for stroke severity as GFR decreased (Figure 1).


TABLE 2 Comparison of kidney function according to stroke severity.

[image: Table comparing stroke severity based on NIHSS scores with eGFR values. It includes two groups: mild stroke severity (NIHSS < 8) with 1,438 patients, and moderate to severe stroke severity (NIHSS ≥ 8) with 941 patients. The eGFR ranges are ≥90, 60–89, 30–59, and <30 mL/min/1.73 m². P-values, unadjusted odds ratios (OR), and adjusted OR with confidence intervals are provided. Statistical significance is noted for the <0.001 and 0.005 p-values. Adjustments consider age, sex, and medical history factors.]


[image: Line graph displaying adjusted hazard ratios for side effect severity across different ranges of estimated glomerular filtration rates (eGFR in mL/min/1.73m²). The x-axis shows eGFR ranges: ≥90, 60-89, 30-59, and <30. The y-axis shows hazard ratios ranging from 0.0 to 1.2. A red line with dots indicates decreasing hazard ratios as eGFR decreases, moving downward from ≥90 to <30. Error bars in blue represent variability at each point. A black dashed line at 1.0 marks the baseline.]
FIGURE 1
 Hazard ratios for moderate-to-severe stroke severity based on the ranges of estimated glomerular filtration rate (Cockcroft–Gault equation).


In the multivariate analysis, a 10 unit increase in eGFR (Cockroft-Gault) was marginally associated with an increased risk of moderate-to-severe stroke severity (HR: 1.03, 95% CI [1.00, 1.07], p = 0.054) (Table 3). In addition, higher age, female, and absence of hyperlipidemia were significantly associated with stroke severity. When it comes to the stroke lesion, the side of the stroke did not have a significant correlation. Posterior circulation infarction was negatively associated moderate-to-severe strokes compared to anterior circulation infarction. When considering stroke subtypes, cases of small-vessel occlusion and strokes with an undetermined etiology exhibited a negative association with moderate-to-severe strokes in comparison to those attributed to large artery atherosclerosis.


TABLE 3 Predictors for moderate to severe stroke severity in patients with non-vitamin K antagonist oral anticoagulants.

[image: Table showing variations and their association with stroke using univariate and multivariate models. Categories include kidney function, demographic factors, medical history, and stroke specifics. Key metrics are odds ratios (OR), confidence intervals (CI), and P-values for each factor. Notable findings include significant associations with age, sex (male), hyperlipidemia, and stroke subtype involving posterior circulation. Each factor is comprehensively analyzed for statistical significance in predicting outcomes.]

The scatter plot demonstrated an incline in the NIHSS score which represents stroke severity, as GFR increased (Figure 2).


[image: Scatter plot showing the relationship between the estimated glomerular filtration rate (in milliliters per minute per 1.73 square meters) on the x-axis and the National Institutes of Health Stroke Scale at admission on the y-axis. Data points are represented by blue dots, and there is a red trend line indicating a slightly positive correlation.]
FIGURE 2
 Relationship between renal function and stroke severity in patients with non-vitamin K antagonist oral anticoagulants. The solid red line represents the multivariate-adjusted linear regressions.


Subgroup analysis revealed no significant interactions between eGFR levels and stroke severity based on the stroke subtype. However, there was significant interaction based on previous TIA or stroke history (Table 4). In the presence of previous TIA or stroke history, a 10 unit increase in eGFR was significantly associated with an increased risk of moderate-to-severe stroke severity (HR: 1.07, 95% CI [1.01, 1.13], p = 0.013).


TABLE 4 Subgroup analysis of predictors for moderate to severe stroke severity in patients with non-vitamin K antagonist oral anticoagulants.

[image: Table analyzing stroke subtype variations using univariate and multivariate models for cardiomebolism and other causes. It includes factors like kidney function, age, gender, and medical history, with odds ratios, confidence intervals, and p-values. Key sections reflect stroke history, NOAC history, and lesion side. Results highlight significant predictors, emphasizing complexity in stroke subtypes with varied statistical outcomes.]

Sensitivity analysis consistently showed that an eGFR of 60–89 mL/min/1.73 m2 (HR: 0.75, 95% CI [0.61, 0.93], p = 0.007) and eGFR of <30 mL/min/1.73 m2 (HR: 0.37, 95% CI [0.20, 0.71], p = 0.003) were associated with a decreased risk of moderate-to-severe stroke severity, and the marginal association of eGFR levels and severity of stroke was also observed (HR: 1.03, 95% CI [1.00, 1.06], p = 0.050) even when eGFR levels were assessed using the MDRD method (Supplementary Tables 1, 2). In the sensitivity analysis, where an mRS score ≥3 was used as an indicator of neurological severity, it was found that eGFR of 60–89 mL/min/1.73 m2 (HR: 0.69, 95% CI [0.55, 0.87], p = 0.001) and eGFR of 30–59 mL/min/1.73 m2 (HR: 0.68, 95% CI [0.53, 0.88], p = 0.003) were associated with a decreased risk of moderate-to-severe stroke severity, while there was no association with in-hospital mortality (Supplementary Tables 3–1, 3–2). In the multivariate analysis, a 10 unit increase in eGFR was not associated with an increased risk of moderate-to-severe stroke severity defined as the mRS score of 3 or above (HR: 1.04, 95% CI [1.00, 1.07], p = 0.057) as well as for the patients with in-hospital mortality (Supplementary Tables 4–1, 4–2).



Discussion

Our study revealed that individuals with eGFR ≥ 90 mL/min/1.73 m2 demonstrated an association linked to an increased risk of moderate-or-severe stroke severity, which remains significant in individuals presenting with previous TIA or stroke history.

Numerous studies have investigated the relationship between eGFR and stroke. A multicenter-based prospective cohort-based study which was involving ~500,000 individuals, revealed that the hazard ratio for death at 1 year or severe stroke severity as defined by Barthel index <75, increased in decreased eGFR groups, with a proportional relationship between the extent of renal function impairment and a higher occurrence of death or severe sequelae (27). Contrarily, previous studies have reported “U” or “J”-shaped relationships between eGFR and stroke severity or mortality, suggesting that both low and high eGFR levels are associated with an increased mortality risk. A multicentre population-based stroke registry-based study conducted in Japan, involving ~1,400,000 individuals, revealed that the hazard ratio for all in-hospital death and at-discharge death/disability increased in eGFR < 45 mL/min/1.73 m2 and eGFR ≥ 90 mL/min/1.73 m2 groups (28).

When compared to normal eGFR levels, a relatively high eGFR was linked to an increased risk of cardiovascular diseases and mortality. In a prior study of the chronic kidney disease epidemiology collaboration dataset, participants with a high eGFR, defined as 95th percentiles of the age- and sex-specific eGFR quintile (HR 1.5, 95% CI [1.2–2.1]) exhibited a significantly heightened risk of cardiovascular events compared to those with normal eGFR (29). In a prospective cohort study comprising 16,958 participants without clinically evident vascular disease, an eGFR >90 mL/min/1.73 m2 was associated with a high risk for coronary heart disease and non-vascular mortality compared to the normal eGFR group (5). Furthermore, a retrospective study of roughly 43,500 individuals from a general population health screening cohort with a mean observation period of 12.4 years identified a correlation between high eGFR and increased risk of cardiovascular-associated mortality after adjustment for the age-, sex-, muscle mass-, and history of diabetes and/or hypertension (30). In summary, high eGFR levels may be associated with poor outcomes of cardiovascular events, including stroke, compared to normal eGFR levels.

Generally, although a high eGFR is frequently deemed favorable due to its indication of good kidney function, it can serve as a marker for underlying health conditions such as hypertension, diabetes, and obesity. As these conditions worsen, the risk of cardiovascular events and mortality increases. In our results, the mean eGFR did not differ between the mild and moderate/severe stroke severity groups before adjustment (Table 1). However, the association between high eGFR and increased risk of stroke was significant after adjusting cardiovascular risk factors. Furthermore, even when the criterion for moderate-to-severe stroke severity was changed to a discharge mRS score of 3 or above, a similar pattern was observed although a direct association with mortality was not evident (Supplementary Tables 3–1, 3–2). Since eGFR is the result of combining the effects of complex factors such as hypertension, diabetes, and BMI as well as renal hyperfiltration, the effect of renal function on stroke severity must be judged after controlling for confounding factors.

In our results, high eGFR exhibited a higher risk of moderate-to-severe stroke, as shown in the eGFR ≥ 90 mL /min/1.73 m2 group. High eGFR may be associated with dysfunction of the renin-angiotensin system, low-grade vascular or systemic inflammation, endothelial dysfunction, and increased arterial stiffness. These factors represent the primary mechanisms contributing to the development of cardiovascular/cerebrovascular disease and increased mortality risk (29, 31, 32). Another possible mechanism is that hyperfiltration may lead to enhanced removals, causing suboptimal plasma concentration of NOACs, first doubted by the ENGAGE AF-TIMI 48 study, which reported a higher ischemic stroke rate for edoxaban in patients with creatinine clearance > 95 mL/min (HR 1.45, 95% CI [0.90–2.35]). Similar findings were derived from subanalyses of apixaban and rivaroxaban trials (33, 34). However, pharmacokinetic studies have reported no significant alterations in hyperfiltrated patients with NOACs (35). Therefore, it seems more plausible to consider that poor outcomes of cardiovascular events in hyperfiltration patients could stem from the adverse effects of an early stage of chronic kidney disease as important and independent cardiovascular risk factors, rather than sole alteration of pharmacokinetics. In our subgroup analysis results, the fact that the effect of renal hyperfiltration was more evident in the group with a history of TIA or stroke, regardless of stroke side, lesion, or etiology including cardioembolism, could support the hypothesis that systemic involvement of renal hyperfiltration was the major component, rather than the change of concentration of NOACs induced by hyperfiltration. Other results of Mendelian analysis served as supplementary evidence. A previous Mendelian analysis study, conducted for myocardial infarction which was another type of cardiovascular disease, highlighted renal hyperfiltration as a causal risk factor for poor outcomes (36). Further investigation is necessary to substantiate the hypothesis.

Our research has limitations that should be acknowledged. First, there may have been a potential for ethnic selection bias, which could limit the applicability of our results to other populations. Additional research on diverse races and ethnicities is warranted (16). Second, we only assessed cross-sectional eGFR and did not perform cystatin C measurements, which were not included in the KSR dataset. Third, the dosages of NOACs or other agents were determined based on the medical professionals' discretion. Lastly, a retrospective nature of this study might impede the establishment of a causal relationship.



Conclusion

In summary, this study revealed that individuals with eGFR ≥ 90 mL/min/1.73 m2 demonstrated an association linked to an increased risk of moderate-to-severe stroke severity. Our study suggests that patients taking NOACs with higher-than-normal eGFR levels may have an increased severity of AIS.
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Objectives: General anesthesia (GA) and conscious sedation (CS) are common methods for endovascular thrombectomy (EVT) in acute ischemic stroke (AIS). However, the risks and benefits of each strategy are unclear. This study aimed to summarize the latest RCTs and compare the postoperative effects of the two methods on EVT patients.
Materials and methods: We systematically searched the database for GA and CS in AIS patients during EVT. The retrieval time was from the creation of the database until March 2023. The quality of the studies was evaluated using the Cochrane risk of bias tool. Random-effects or fixed-effects meta-analyses were used to assess all outcomes.
Results: We preliminarily identified 304 studies, of which 8 were included. Based on the pooled estimates, there were no significant differences between the GA group and the CS group in terms of good functional outcomes (mRS0-2) and mortality rate at 3 months (RR = 1.09, 95% CI: 0.95–1.24, p = 0.23) (RR = 0.95, 95% CI: 0.75–1.22, p = 0.70) as well as in NHISS at 24 h after treatment (SMD = −0.01, 95% CI: −0.13 to 0.11, p = 0.89). However, the GA group had better outcomes in terms of achieving successful recanalization of the blood vessel (RR = 1.13, 95% CI: 1.07–1.19, p < 0.0001). The RR value for the risk of hypotension was 1.87 (95% CI: 1.42–2.47, p < 0.00001); for pneumonia, RR was 1.43 (95% CI: 1.07–1.90, p = 0.01); and for symptomatic intracerebral hemorrhage, RR was 0.94 (95% CI: 0.74–1.26, p = 0.68). The pooled RR value for complications after intervention was 1.03 (95% CI, 0.87–1.22, p = 0.76).
Conclusion: In patients undergoing EVT for AIS, GA, and CS are associated with similar rates of functional independence. Further trials of a larger scale are needed to confirm these findings.
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 EVT, AIS, general anesthesia, conscious sedation, meta-analysis


1 Introduction

For centuries, doctors have conducted numerous drug and surgical trials and innovations to seek effective treatments for stroke patients (1). For example, antiplatelet drugs and intravenous thrombolytics have gradually been applied (2). At the same time, the updating of surgical-assisted technologies has also promoted the development of interventional neuroradiology, providing a method of delivering thrombolytic agents to the occlusive site, i.e., endovascular thrombectomy (EVT) for stroke (3). In the past few years, several influential RCTs have demonstrated the efficacy and safety of EVT for AIS (4–6). However, EVT treatment has many factors that affect the prognosis of patients, such as time, the speed of treatment, and hemodynamic status, and some scholars further consider the impact of anesthesia methods on the overall prognosis of AIS patients. Some doctors prefer intubated GA, believing that GA may be associated with spasms, anxiety, excitement, and movement, and reduces inhalation risk. Others tend to use CS to save time, cause less hemodynamic instability, and reduce complications associated with mechanical ventilation (7–14). There is uncertainty about the effect of GA and CS on functional outcomes, and due to the lack of evidence, guidelines do not provide formal recommendations. Both methods have advantages and disadvantages, and the choice of the best anesthesia method for EVT treatment is still controversial.

Summarizing the randomized trials comparing GA and CS for the prognosis of AIS treated with EVT since 2015, numerous scholars have conducted a series of meta-analyses (15–18). Previously, some scholars found that patients receiving GA treatment had certain advantages in functional outcomes compared to the CS group. However, the meta-analysis results of more and more RCTs show that the difference in postoperative functional independence between the GA group and the CS group is gradually narrowing. For example, the meta-analyses of Bai in 2021 and Lee in 2022 found that the p-value of the summarized mRS scores of the two groups of patients showed a trend of close to no difference at 3 months after treatment (17, 18). Combining the latest RCTs by Maurice and Liang in the past 2 years (13, 14), this study summarizes the relevant RCTs in order to provide new clinical evidence for the choice of anesthesia method for AIS patients receiving EVT.



2 Methods

The preferred reporting items for systematic reviews and meta-analyses (PRISMA) declaration is adhered to by the study procedure (19). On international platforms for systematic reviews and meta-analyses, such as the international registry of systematic review protocols, the final protocol has been registered (PROSPERO: CRD42023423369). Given its nature, patient permission and ethical approval are not necessary for this study.


2.1 Eligibility criteria and search strategy

We conducted a systematic search based on the PICOS principles: P, acute ischemic stroke patients; I, general anesthesia; C, conscious sedation; O, mortality rate; S, randomized clinical trials and sequential analysis. Our primary interest lies in the outcome measure of mRS score, with secondary outcomes including mortality rate, NIHSS score, low blood pressure, pneumonia, and SICH. The five electronic databases used in the search technique were PubMed, Cochrane, Embase, Scopus, and Ovid. Studies conducted in languages other than English, letters, comments, and unpublished data were disregarded. Only the most recent publication was taken into account when more than one eligible publication covered the same patient. The references to the articles in other pertinent periodicals were examined, and duplicate articles were eliminated. The retrieval time was from the creation of the database until March 2023. Stroke, anesthesia, endovascular treatment, and other variations of these phrases were utilized as extended search terms. The author’s contributions go into great depth on the whole search process.



2.2 Publication selection

The titles and abstracts of the articles received were examined separately by two writers (WL and ZP). The article was included for full-text review if the reviewer thought it related to the research question. The same two writers individually assessed each full-text article. The senior research fellow (HZ) settled any disagreements between the two reviewers. For articles that matched the qualifying requirements, data were extracted.



2.3 Data extraction

Two reviewers, WL and ZP, independently extracted the data using the study’s pre-built data extraction form. HZ, a third reviewer, was consulted to resolve disagreements in such instances. When possible, assessors made an effort to get in touch with the study’s lead author to collect any missing information and have it verified.



2.4 Risk of bias evaluation

Along with other research data, the name of the trial, publication year, nation, data source, inclusion and exclusion criteria, results, and sample size for each group were all retrieved. The baseline patients’ gender, admission NIHSS score (ranging from 0 to 42, with higher scores indicating more severe functional impairment), and admission mRS score (ranging from 0 to 6, with lower values suggesting independent living) were also retrieved.



2.5 Quality assessment and bias

The studies examined the risk of deviation and application using the Revman5.4 program and the Cochrane Collaboration’s method for measuring bias risk. Depending on specified standards, the risk of bias was graded as low, uncertain, or high. If a study had two or more high-risk elements, we classed it as having a medium risk of bias. Studies with a high risk of bias were defined as having more than four high-risk components, whereas studies with a low risk of bias were defined as having 0 to 2 high-risk components (20).

In systematic reviews, meta-analyses that compile data from several trials frequently serve as the primary source of evidence. Re-analyzing the data with fresh experiment results, however, can result in an increase in random error. The TSA viewer version 0.9.5.10 Beta was used to perform TSA in order to reduce the possibility of false-positive results as a result of multiple tests and sparse data (21). By analyzing the relationship between the cumulative Z-curve and the TSA bounds, the robustness of the cumulative evidence previously presented was put to the test. The trial sequential monitoring boundaries and the needed information size (RIS) were computed previously. A two-sided test was performed to determine the relative risk of the binary outcomes; type I error, power, and relative risk reduction were set at 5%, 80%, and 20%, respectively (22).



2.6 Data analysis

Based on original data, each outcome measure of patients receiving GA and CS was evaluated in each RCT. The main result was satisfactory functional status at 90 days (measured as mRS score ≤2). Short-term postoperative neurological function (NIHSS score), 90 days mortality, effective recanalization, vascular complications, pneumonia, SICH, and intervention-associated complications were all considered secondary outcomes. When comparing GA to CS, the connection between the two variables was evaluated using RR and 95% CIs. If significant heterogeneity exists (p < 0.1 or I2 > 50%), it is recommended by Cochrane reviews to choose the random-effects model; otherwise, the fixed-effect model is employed. For cross-trial synthesis, random-effects or fixed-effects meta-analysis models were used, and the equivalent Z-test was used to assess the statistical significance of the combined RRs and 95% CIs. Analyzing continuous outcomes that were given as mean and standard deviation required the use of standardized mean difference (SMD) and 95% confidence intervals (CIs). We utilized the R software to conduct further meta-regression on the included literature. Based on the information available from the included studies, we selected three groups of factors: (1) study location, categorized as either Europe or China; (2) sample size, distinguishing between trial and control groups with a population size greater than or less than 100; (3) stroke type, categorized as either anterior circulation or posterior circulation. The output results are documented in the article and Supplementary material. Statistical computations were performed using the Cochrane Collaboration’s Review Manager software and R software (23, 24).




3 Results


3.1 Study selection and characteristics

The search method described above resulted in the first identification of 304 relevant studies. After removing 207 of the duplicates, 97 studies were left for additional evaluation. Thirty-six articles that did not fit the inclusion requirements were disqualified after titles and abstracts were examined. The final eight English language articles were chosen after 53 more studies were eliminated based on exclusion criteria (Figure 1).

[image: Flowchart diagram illustrating the PRISMA selection process for a study. Identification stage shows 300 records from databases like PubMed and Cochrane. After removing duplicates, 97 records are screened. Eligibility assessment narrows it to 61 full-text articles. Eight records are included in qualitative synthesis, and the same number are included in quantitative synthesis. Exclusions include irrelevant research and lack of raw data.]

FIGURE 1
 Flow diagram (selection strategy) of included studies.


The traits of the patients and trials that were considered are shown in Table 1. Five research were done in Europe, and three studies were conducted in China. All studies were randomized controlled trials published after 2015. All included patients’ ischemic stroke locations were confirmed by CT/MRI scans to be within the pre-circulation distribution range. One publication (13) covered acute posterior circulation cerebral infarction, whereas the other seven publications (7–12, 14) focused on acute anterior circulation cerebral infarction. The maximum follow-up time for each of the included randomized controlled studies was 90 days following surgery. The primary outcome was an mRS of 0–2 at 90 days, while secondary outcomes were the mortality rate at 90 days, the rate of postoperative reperfusion, the incidence of postoperative complications, etc. Two studies (7, 9) reported that patients in the GA group had better functional independence at 90 days (an mRS of 0–2) than those in the CS group, while six RCTs (8, 10–14) reported no significant difference. The influence of the two anesthetic procedures on the outcome of EVT therapy for AIS was further examined using the summarized indicators.



TABLE 1 Characteristics of the 8 articles included in the meta-analysis.
[image: Table comparing various studies on EVT treatment across different countries from 2016 to 2023. Categories include study year, location, number of participants, mean age, gender distribution, pre-mRS0-2 scores, ASPECTS, types of EVT, outcomes, and risks. Data annotations and notes describe specific considerations like conversion of sedation and interventional complications. Variables include stent use, aspiration, thrombolysis, and timings, offering insights into treatment effectiveness and risks in each study.]



3.2 Study quality

Using the Revman 5.4 software and the bias risk measuring technique created by the Cochrane Collaboration, and bias risk and applicability were investigated in eight studies (Figure 2). Each study gave a thorough explanation of its goals, demographic makeup, methods, and conclusions. The accompanying literature was of a high caliber overall.

[image: Grid showing risk of bias for studies from 2016 to 2023, with categories like random sequence generation and blinding of participants. Each category is color-coded: green for low risk, yellow for unclear risk, and red for high risk. The adjacent bar graph summarizes overall bias, with horizontal bars reflecting the proportion of each risk level.]

FIGURE 2
 Risk of bias graph. The studies assessed the risk of deviation and its application using the Revman 5.4 software and the Cochrane Collaboration’s bias risk measurement method (red indicates high risk, yellow represents unclear risk, and green signifies low risk). Low deviation (0–2 indicates high risk), moderate deviation (2–4 indicates high risk), and high deviation (more than 4 indicates high risk).




3.3 Meta-analysis


3.3.1 Primary outcome

Functional independence after 90 days did not significantly vary between the GA and CS groups (7–14) according to the pooled analysis (n = 598 vs. 592) (RR = 1.09, 95% CI: 0.95–1.24, p = 0.23). A fixed-effect model was used because of the low heterogeneity (I2 < 50%) (Figure 3A). Further research is necessary to confirm the possibility that there is no statistically significant difference in treatment effect between the GA and CS groups as the cumulative Z-curve on TSA with the required information size (RIS) did not cross (Figure 3B).

[image: Panel A shows a forest plot from various studies comparing GA and GS, with risk ratios, confidence intervals, and weights for each study. The overall risk ratio is 1.09, indicating no significant risk difference. Panel B is a cumulative Z-score graph, illustrating sequential analysis with Z-curves and significance boundaries, indicating whether the data supports GA or GS. The RIS is 2048, and the graph includes TAS boundaries and Z-curves, showing the number of patients needed for precise results.]

FIGURE 3
 (A) Forest plot of functional independence (mRS of 0–2) at 90 days for GA and CS groups. (B) Trial sequential analysis of risk of functional independence. The meta-analysis yielded a Z-value greater than 1.96, then there was a significant difference between the two interventions studied. RIS refers to the number of cases required for meta-analysis to obtain statistically significant differences. TSA forms a boundary value curve by correcting random error, that is, TSA boundary. Failure to cross the TSA threshold indicates a potentially questionable outcome.




3.3.2 Secondary outcome

The meta-analysis of all (7–14) included literature revealed no significant difference in 90 days mortality rate between the GA group and the CS group (n = 598 vs. 592) (RR = 0.95, 95% CI: 0.75–1.22, p = 0.70) (Figure 4A), and six studies (7–10, 12, 14) showed no significant difference in NIHSS score between the two groups 24 h after EVT intervention (n = 507 vs. 519) (SMD = −0.01, 95% CI: −0.13 to 0.11, p = 0.89) (Figure 4B). Low heterogeneity (I2 < 50%) necessitated the use of a fixed-effect model. More trials (90 days mortality) are required to confirm this according to the cumulative Z-curve on the TSA and the non-crossing of the RIS (Figure 4C). The TSA for the difference in NIHSS score was disregarded since there was no enough data to build the TSA border.

[image: Panel A depicts a forest plot comparing risk ratios for GA and CS groups across multiple studies, showing a combined effect size. Panel B presents a forest plot of standard mean differences for GA and CS groups, indicating a combined effect size. Panel C displays a trial sequential analysis graph with a cumulative Z-score, indicating favorability towards GA or CS, featuring RIS and Z-curve annotations.]

FIGURE 4
 (A) Forest plot of mortality at 90 days for GA and CS groups. (B) Forest plot of function evaluation (NIHSS score) after 24 h for GA and CS groups. (C) Trial sequential analysis of risk of mortality.


Incorporating all the literature (7–14), a meta-analysis demonstrated that compared with the CS groups, the GA groups had a higher recanalization rate after EVT (n = 598 vs. 590) (RR = 1.13, 95% CI: 1.07–1.19, p < 0.0001) (Figure 5A). However, the literature summarized in this analysis reported a higher risk of hypotension (8–11, 13, 14) (n = 356 vs. 339) (RR = 1.87, 95% CI: 1.42–2.47, p < 0.00001) (Figure 5B) and pneumonia (7, 8, 10, 11, 13, 14) (n = 364 vs. 353) (RR = 1.43, 95% CI: 1.07–1.90, p = 0.01) (Figure 5C) in the GA groups compared to the CS groups.

[image: Three forest plots labeled A, B, and C display risk ratios for different studies comparing GA and CS. Each plot includes studies with their risk ratios, weights, and confidence intervals. Plot A shows a total risk ratio of 1.13, plot B shows 1.87, and plot C shows 1.43. Diamonds indicate the overall effect size. Heterogeneity statistics and p-values accompany each plot, showing variability among the studies.]

FIGURE 5
 (A) Forest plot of recanalization for GA and CS groups. (B) Forest plot of hypotension for GA and CS groups. (C) Forest plot of pneumonia for GA and CS groups.


There was no significant difference between the two groups in terms of SICH (7–14) (n = 598 vs. 592) (RR = 0.94, 95% CI: 0.74–1.26, p = 0.68) (Figure 6A) and other intervention-associated complications (n = 533 vs. 529) (RR = 1.03, 95% CI: 0.87–1.22, p = 0.76) (Figure 6B) (7, 8, 10–14). Only the hypotension risk group showed high heterogeneity using a random effects model and the remaining outcomes using a fixed effects model. The cumulative Z-curve of the reperfusion rate group in TSA crossed the boundary of the trial sequential monitoring, indicating sufficient evidence to draw a conclusive conclusion. However, the meta-analysis of the low blood pressure risk group and the pneumonia group may have obtained false-positive conclusions, which actually require more trials to confirm the efficacy. The cumulative information did not exceed the anticipated information volume, and neither the SICH group nor the intervention-associated complications group met the conventional threshold or the TSA threshold. More tests are required to determine whether there is a statistically significant difference between the GA group and the CS group (Figure 7).

[image: Meta-analysis forest plots titled "A" and "B" presenting study data and risk ratios with confidence intervals for GA versus CS. Study names, events, totals, weights, and risk ratios are shown. Both plots display risk ratios with confidence intervals on a log scale with a diamond summarizing overall effect. Plot A shows a total risk ratio of 0.94, while Plot B has a total risk ratio of 1.03. Heterogeneity statistics are provided for both plots.]

FIGURE 6
 (A) Forest plot of SICH for GA and CS groups. (B) Forest plot of intervention-associated complications for GA and CS groups.


[image: Five two-sided graphs labeled A to E, each displaying cumulative Z-scores and the number of patients or events on a linear scale. Each graph includes lines plotting Z-values, cumulative data, and RES values, highlighted in red. The graphs show distinct patterns and intersections of curves with key RES values marked for each.]

FIGURE 7
 Trial sequential analysis for (A) recanalization group, (B) hypotension group, (C) pneumonia group, (D) SICH group, (E) intervention-associated complications group.




3.3.3 Subgroup analysis and sensitivity analysis

We conducted a subgroup analysis based on onset-to-door time and infarction type (anterior or posterior circulation) and found that, under the same conditions of onset and treatment, patients who received treatment within 180 min of onset may achieve better functional independence and reperfusion rates (Figures 8A,B). Liang’s study (13) was the only relevant research on posterior circulation infarction. After excluding this literature and analyzing it again, we found no significant difference in pneumonia incidence between the GA group and the CS group (RR = 1.35, 95% CI: 0.96–1.91, p = 0.09) (Figure 8C). Sensitivity analysis was performed by sequentially removing individual studies to evaluate their impact on the combined RR value. The results indicate instability in the sensitivity analysis of the pneumonia group. Upon sequential exclusion of studies by Schönenberger, Ren, and Liang, the aggregated outcomes suggest no significant difference in pneumonia risk between the GA and CS groups (7, 11, 13). Particularly noteworthy is the pronounced reduction in result disparity, especially following the exclusion of Liang’s study (Supplementary Table 1).

[image: Forest plots titled A, B, and C display meta-analysis results comparing two groups (GA and GS or CS) with risk ratios and confidence intervals. Each plot includes multiple studies, subgroup analyses, and overall effects. Blue squares represent individual study weights, and diamonds indicate pooled estimates. Heterogeneity statistics and total event counts are also provided. Plots illustrate comparisons at different time intervals and anatomical locations, showing variability across studies.]

FIGURE 8
 Subgroup analysis. (A) The influence of on-site door opening time (time ≤ 180 min or > 180 min) on mRS. (B) The influence of on-site door opening time (time ≤ 180 min or > 180 min) on recanalization. (C) The influence of subgroup analysis (anterior or posterior circulation infarction) on pneumonia.


We conducted further meta-regression on the included literature, grouping studies based on three criteria [(a) study location in Europe or China; (b) sample size less than or greater than 100 in the experimental and control groups; (c) stroke type classified as anterior or posterior circulation]. However, no evidence was found indicating significant heterogeneity among the results (Supplementary Table 2).





4 Discussion

A meta-analysis of eight randomized controlled trials (RCTs) conducted for this study found no evidence of a significant difference between the GA and CS groups in terms of functional independence (an mRS of 0–2) or 90 days mortality when EVT was used for AIS patients. Additionally, the short-term functional evaluation (NIHSS score) showed no obvious difference 24 h following surgery. The GA group had a greater incidence of reperfusion than the CS group, but they also had a higher risk of hypotension and pneumonia. There was no obvious distinction between the two groups in terms of SICH or the effects of the intervention.

Compared with previous meta-analyses reporting higher functional independence of the GA group than the CS group at 90 days, a trend of decreasing differences between the GA group and CS group in the analysis of the final mRS0-2 was observed in the included literature (15–18). Combining with the latest relevant research, we reached a conclusion inconsistent with the previous meta-analyses, that is, the GA group has similar functional independence outcomes to the CS group for AIS patients undergoing EVT (13, 14). The major factors in determining the effectiveness of EVT are successful vascular recanalization and functional independence, and successful recanalization may be closely associated with functional independence 3 months later (25). Due to the better procedural circumstances given by patient immobilization and controlled apnea during GA, the GA group saw a greater rate of recanalization. Additionally, the benefits of GA, such as the monitoring of physiological parameters for oxygenation and hemodynamics, may help improve EVT recanalization rates (26). However, some scholars further proposed that the prognosis evaluation factors of EVT for AIS are more complex, and intraoperative arterial hypotension recurrence is associated with changes in neurologic prognosis after acute ischemic stroke. The patients in the general anesthesia group in the RCTs that were part of our analysis experienced more episodes of hypotension and hypertension despite the fact that both patient groups had standardized hemodynamic control. However, the cumulative duration of hypotension and the outcomes at 3 months were comparable for both groups. During general anesthesia, hyperventilation and hypocapnia may happen. This can lead to cerebral vasoconstriction, which lowers cerebral blood flow and has negative effects on the ischemic penumbra (27). Large fluctuations in blood pressure during anesthesia, combined with comprehensive effects of complications such as general anesthesia tracheal intubation, may be the reason why general anesthesia achieved higher recanalization rates during EVT, and achieved similar outcomes to the CS group for functional independence at 90 days. Therefore, standard circulatory management may play a critical role in reducing adverse outcomes caused by hemodynamic fluctuations.

After performing a subgroup analysis, this study found that patients who were admitted within 180 min of stroke onset in the GA group had higher rates of reperfusion and functional independence compared to the CS group. This is because the shorter time to thrombus formation and vascular occlusion resulted in less neurofunctional damage, which was reflected in better functional recovery after EVT treatment. The latest American Stroke Association (ASA) guidelines recommend limiting the target time from onset to endovascular therapy to within 120 min. The three Chinese studies included in this article all had longer arrival times (more than 180 min), which may result in greater burden for both patients and hospitals (28). The quick identification of patients with probable ischemic stroke and intracranial occlusion and the mobilization of professionals for endovascular intervention are priorities after the beginning of acute stroke. Pre-hospital transportation services are needed for these procedures, and patients’ families, neurologists, nurses, radiologists, interventionalists, and hospital administration departments must all be involved. In combination with the global pandemic during COVID-19, healthcare workers and pre-hospital transportation services require streamlined steps and actions to address challenges (29).

In addition, Liang’s study significantly affected the outcome of pneumonia groups according to subgroup and sensitivity analyses. This is due to the fact that, in contrast to anterior circulation stroke, brainstem involvement predominates in posterior circulation occlusions. Numerous essential physiological processes, including breathing, heart rate, and blood pressure, are controlled by the brainstem. AIS causes directional abnormalities, reduced awareness or coma, and the loss of defensive reflexes by decreasing blood circulation to these vital areas (30). These patients are more likely to experience procedural sedation turning into general anesthesia, have worse general health overall, spend more time unconscious, require tracheal intubation more frequently, and are more likely to develop lung infections. Therefore, it is important to emphasize intraoperative respiratory and circulatory management. Sensitivity analyses suggested instability in the outcome of pneumonia, which may be due to bias from the small sample size. Larger central trials are needed for further identification.

The limitations of the meta-analysis proposed are as follows: (1) only eight studies were included in the meta-analysis, and the sample size was small. Further subgroup analysis is challenging. (2) As most participants in the study were from Europe and China, the results may not accurately reflect their global applicability. (3) Procedural sedation requires an individualized approach, as factors such as the patient’s condition and level of agitation can affect the use of anesthesia drugs. (4) Different anesthesia drugs may have varying effects on outcomes. It may lack universality, particularly requiring high-level interdisciplinary cooperation between neuro-interventionists and anesthesiologists.



5 Conclusion

Compared with the CS group, the GA group demonstrated similar functional independence at 90 days after EVT treatment in patients with acute ischemic stroke. The GA group achieved higher rates of reperfusion but also had higher risks of hypotension and pneumonia. The benefits and risks of the GA group compared with the CS group, as confirmed by the TAS analysis, require further validation through additional trials.
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Introduction: Direct oral anticoagulants (DOACs) have become widely used in clinical practice for preventing thromboembolic events. Point-of-care testing methods, particularly those based on urine samples, offer a promising approach for rapid and accurate assessment of DOAC presence. This pilot study aims to evaluate the utility of a urine-based DOAC dipstick test as a point-of-care tool for identifying DOAB presence in acute ischemic stroke (AIS) or transient ischemic attack (TIA) patients.
Patients and methods: This prospective pilot study included patients with AIS/TIA eligible for DOAC-measurement. After exclusion of 3 patients, 23 patients with DOAC-intake (DOAC group; factor-Xa-inhibitors; n = 23) and 21 patients without DOAC-intake (control-group) remained for analyses. The urine-based DOAC dipstick test and parallel blood-based specific DOAC-level assessment were performed in all patients. Time-intervals of sampling urine/blood sampling and result of DOAC-test were recorded to analyze a potential time benefit based on dipstick evaluation.
Results: The urine-based DOAC dipstick test demonstrated high sensitivity (100%) and specificity (100%), correctly identifying all patients with anticoagulatory activity due to DOAC intake (i.e., anti-Xalevel ≥30 ng/mL). Moreover, the visual readout of the test provided semiquantitative information on drug-specific anti-Xa levels, showing a sensitivity of 83% and specificity of 93% to detect anti-Xa levels ≥120 ng/mL. The dipstick test exhibited a median time-benefit of 2:25 h compared to standard blood-based DOAC-level testing.
Discussion: The results of this pilot study underline the efficacy of urine-based point-of-care testing as a rapid and reliable method for assessing DOAC presence in patients with acute ischemic stroke.
Conclusion: The value of this tool for clinical decision-making in stroke management needs to be established in future trials.
Clinical Trial Registration: Clinicaltrails.org identifier [NCT06037200].
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Introduction

Direct oral anticoagulants (DOAC) have emerged as the preferred choice for oral anticoagulation (OAC), primarily attributed to their by half reduced risk for intracranial bleeding compared to vitamin-K antagonists (VKA) (1–4). The widespread utilization of DOACs presents a challenge in emergency care, as standard coagulation assessment methods do not accurately reflect the anticoagulatory effect of these agents (5–7).

In patients with acute ischemic stroke (AIS), the use of DOACs remains a contraindication for intravenous thrombolysis according to international guidelines, owing to the increased risk of bleeding complications in these patients (8, 9). However, drug-specific DOAC-levels were reported to guide decision-making for recanalizing therapies in these patients (3, 8, 10–13). Yet, the availability of specialized tests for DOAC monitoring is currently limited, and their prolonged turnaround times may lead to critical delays in time-sensitive treatments, such as hemostatic reversal in patients with intracerebral hemorrhage or intravenous thrombolysis in acute ischemic stroke (9, 14).

Several studies have shown the time-saving benefit of point-of-care (POC) testing in the setting of acute stroke (15–17). For patients with VKA, POC is already available and offers safe identification of patients with relevant anticoagulatory activity in order to guide clinical decision-making (16). In the case of DOAC patients, a urine-based dipstick test has shown promising results in detecting and excluding anticoagulatory activity of DOACs in an unspecific population of emergency care unit patients (18). Hence, data on stroke patients are scarce.

In this context, we present the results of a pilot study investigating the utility of a urine-based DOAC dipstick test as a POC tool in patients with AIS or transient ischemic attack admitted to a certified stroke unit of a university hospital in Germany. The primary objectives of this pilot study were to evaluate the sensitivity and specificity of the urine-based dipstick test in detecting DOAC presence and to explore its potential for quantitative analysis of drug-specific DOAC levels. Additionally, we sought to investigate the potential time-saving benefit of POC testing using the DOAC dipstick compared to traditional blood-based specific DOAC level assessment.



Materials and methods


Patient selection

In this prospective study, we recruited patients treated for acute ischemic stroke or transient ischemic attack at the certified stroke-unit of the Department of Neurology, University Hospital Giessen, Germany, over a period of 7 months from January to July 2023. Patients were eligible for inclusion if either they had a safe intake of DOACs certified by their electronic patient chart and treating nurse within the last 24 h, or if they had not reported taking any DOAC within the last 7 days (control group). All patients who participated in the study provided informed consent. Patients below the age of 18 or those who lacked the ability to provide informed consent were excluded from the study. The study was approved by the local ethics committee and institutional review board at Justus-Liebig University, Giessen, Germany, with the reference number AZ 194/22.



Clinical parameters

We collected data on various clinical parameters, including demographic information (age, sex), prior medical history (such as arterial hypertension, renal impairment, and use of platelet function inhibitors or statins), clinical presentation on admission (measured using the National Institutes of Health Stroke Scale), length of stay at the stroke-unit, and stroke characteristics [including the rate of intravenous thrombolysis (IVT), endovascular therapy (EVT), and stroke location]. The clinical status of patients at discharge was assessed using the modified Rankin scale (mRS) (19). For patients taking DOACs, we also recorded the specific DOAC agent, dosage, and time since the last intake. We documented cases where patients received a reduced dose of DOAC, defined as less than 300 mg dabigatran, 20 mg rivaroxaban, 10 mg apixaban, or 60 mg edoxaban per day (20). Additionally, we assessed the indication for oral anticoagulant therapy (OAC).



Coagulation assessment

Coagulation assessment was performed in all patients using both blood and urine tests. For blood coagulation assessment, venous blood samples were collected from each patient and processed following standard laboratory protocols. Hemostatic parameters were measured, including international normalized ratio (INR), platelet count, and activated partial thromboplastin time (aPTT) using automated coagulation analyzers. All DOAC and control patients underwent additional testing for drug-specific anti-Xa levels, as there was no patient with intake of the thrombin-inhibitor Dabigatran.

Additionally, coagulation assessment was carried out using the Doasense™ dipstick, a novel POC device designed for the detection of Direct Oral Anticoagulants (DOACs) in urine and approved in the European union, as reported elsewhere (18, 21). The dipstick is designed for detection of DOACs at a level ≥ 30 ng/mL, providing a visual semi-quantitative result of either negative, single positive (+ or ++), or double positive (++) based on the concentration of DOACs in the sample. Furthermore, semi-automatic readout of the Dipstick was conducted by the Doasense Reader, for further details please see (22). The dipstick results were acquired by physicians who had undergone online training (provided by Doasense™, available under www.doasense-training.com) in coagulation assessment utilizing the DOAC dipstick and were blinded to the patient’s history of DOAC-intake. Results of coagulation testing, time-points of blood and urine sampling as well as time-point of the test-result were recorded.



Outcome measures

Primary endpoint was the sensitivity of the Doasense dipstick to detect relevant anticoagulatory activity, defined as drug-specific anti-Xa level of ≥30 ng/mL, in patients with factor-Xa inhibitors (7, 23).

Secondary endpoints comprised the specificity of the Doasense dipstick to rule out relevant anticoagulatory activity, as well as time-intervals between sampling of blood or urine and testing result, i.e., anti-Xa activity or Doasense Dipstick (visual and automatic result), respectively.



Statistical analyses and predefined subgroups

The study outcomes were analyzed using statistical software (SPSS, IBM SPSS Statistics 28.0), and graphical illustrations were created using Adobe Illustrator (Adobe, Adobe Illustrator 2023). Baseline characteristics were analyzed by dividing patients into two groups: those with recorded DOAC intake and those without DOAC intake. Descriptive statistics, including mean (standard deviation) for normally distributed data, median (interquartile range) for non-normally distributed data, and absolute numbers (percentage) for nominal data, were provided.

We performed graphical analyses of predefined subgroups, i.e., DOAC-patients categorized into (i) normal versus reduced dose of DOAC and (ii) time since the last DOAC-intake (<3 h, 3–12 h, and > 12 h). Furthermore, we conducted receiver operating characteristics (ROC) analysis to investigate the association between specific anti-Xa levels and the visual result of the DOAC dipstick test (24). The optimal drug-specific anti-Xa cut-off value was identified to distinguish between (i) negative results and at least single positive results (i.e., negative versus + or ++) on the DOAC dipstick and (ii) between negative or single positive results and double positive results (i.e., negative or + versus ++) on the DOAC dipstick. Sensitivity, specificity, and Youden index with 95% confidence intervals were calculated for each identified anti-Xa threshold level (23, 25).




Results

Overall, 47 patients with treated acute ischemic stroke or transient ischemic attack at a certified stroke-unit were recruited over 10 weeks of active enrollment between 01 and 07/2023. After excluding three patients (two with missing urine samples and one with a missing blood sample), the final analysis was conducted on 44 patients. Among them, 23 AIS-patients had intake of DOAC (all factor-Xa inhibitors), whereas 21 patients did not have DOAC intake in the last 7 days and served as the control group.


Patients’ and DOAC characteristics

The clinical characteristics of DOAC- and control patients are provided in Table 1. Mean age was 78.5 years in the DOAC group and 67.6 years in the control group, respectively. Prior renal impairment was present in 4 (17.4%) patients in the DOAC group but none in the control group. More than half of the patients in both groups experienced transient symptoms, with a median NIHSS score of 1 (interquartile range: 0–3) at presentation.



TABLE 1 Characteristics of included patients.
[image: Table showing baseline characteristics of patients with acute ischemic stroke, divided into DOAC (n=23) and control (n=21) groups. Key data include age, sex, medical history, comedications, stroke characteristics, NIHSS scores, and length of stay in the stroke unit. Median scores and percentages are provided for various parameters.]

Among the patients with DOAC intake (n = 23; see Table 2), Apixaban was the most frequently used DOAC agent (n = 17, 73.9%), followed by Rivaroxaban (n = 4; 17.4%) and Edoxaban (n = 2; 8.7%). The primary indication for DOAC use was the prevention of thromboembolism due to atrial fibrillation (91.3%). Reduced DOAC dosage was used in 6 of the 23 patients (26.1%).



TABLE 2 Characteristics of DOAC intake.
[image: Table detailing patients with DOAC intake. DOAC agents include Rivaroxaban (17.4%), Apixaban (73.9%), and Edoxaban (8.7%). Reduced dose occurs in 26.1% of patients. Median last intake is 4 hours (IQR 3–7). Indications are primarily atrial fibrillation (91.3%), with no cases of thrombosis or thromboembolism, and 8.7% other indications.]



Coagulation testing and dipstick results

Standard coagulation parameters were not significantly altered in both groups, as presented in Table 3. The median drug-specific anti-Xa level in the DOAC group was 120 (interquartile range: 60–170) ng/mL, with 21 patients (91.3%) showing relevant anticoagulatory activity.



TABLE 3 Coagulation assessment and procedural times.
[image: Table showing laboratory measurements, specific anti-Xa levels, dipstick results, and time intervals for patients with AIS divided into two groups: DOAC (n=23) and Control (n=21). Data includes median values with interquartile range (IQR) for INR, aPTT, thrombocyte count, estimated GFR, and blood and urine sample times. Specific anti-Xa activity is noted for DOAC group (120 ng/mL, IQR 60–170) and Control (0 ng/mL). Dipstick sensitivity and specificity are both one hundred percent for the DOAC group.]

Urine collected by catheterization was used in 15/44 patients (34.1%) and spontaneous urine was provided by 29/44 (65.9%) patients. The DOAC dipstick test correctly identified all patients with relevant anticoagulatory activity (21 out of 44 patients in total), both through automatic and visual readouts (9/12 with a single/double positive result), resulting in a sensitivity of 100%. The DOAC dipstick test also showed a specificity of 100%, as all patients with anti-Xa levels below 30 ng/mL tested negative. The result of urine-based DOAC testing was available median 15 min (interquartile’s range: 14–17 min) after begin of urine sampling in the overall cohort. Compared to standard blood-based anti-Xa level testing, which results were available after 160 min (interquartile’s range: 87–290 min), we observed a potential median time benefit of 145 min by urine based urine-based testing.



Subanalyses of visual dipstick results and DOAC characteristics

In addition to the automated and dichotomized read-out of dipstick we explored if the visual analysis harbors add-on value in clinical routine. The distribution of drug-specific anti-Xa levels according to the visual dipstick result is illustrated in Figure 1. No false-negative or false-positive results were observed during our study. Median drug-specific anti-Xa levels were 100 (IQR 55–115) ng/mL in single positive and 170 (IQR 120–245) ng/mL in double positive tested patients. Subanalyses according to reduced versus normal DOAC-dosage (Figure 2A) and to time of last intake of DOAC (Figure 2B) revealed no concerns regarding the sensitivity of the urine-based testing in these subgroups.

[image: Scatter plot displaying specific Anti-Xa activity in nanograms per milliliter versus visual results. Data points represent different treatments: Apixaban, Rivaroxaban, Edoxaban, and Control. The axes are marked for true-negative, false-negative, true-positive, and false-positive outcomes, with separating dashed lines.]

FIGURE 1
 Distribution of drug-specific anti-Xa levels according to dipstick result. The distribution of drug-specific anti-Xa levels is depicted for all included patients, categorized based on the visual dipstick result. Circles represent a positive result obtained from the DOAC dipstick, while squares indicate a negative result. To improve clarity, only a subset of control patients is depicted in this figure for illustrative purposes (control patients not illustrated in this figure had all anti-Xa levels of 0 mg/mL). Additionally, dotted lines demarcate the area corresponding to true positive, false positive, true negative, and false negative results. DOAC, direct oral anticoagulant.


[image: Two scatter plots show specific anti-Xa activity in nanograms per milliliter. Plot A compares reduced and normal doses of Apixaban, Rivaroxaban, and Edoxaban, with varying activity levels. Plot B shows activity levels based on time since last intake: less than three hours, three to twelve hours, and more than twelve hours. Apixaban is represented by green, Rivaroxaban by blue, and Edoxaban by orange dots.]

FIGURE 2
 Distribution of specific anti-Xa levels according to (A) DOAC dosing and (B) time since last intake of DOAC. The distribution of drug-specific anti-Xa levels is depicted based on the dosing of DOAC (A) and the time since the last DOAC intake (B). Circles represent a positive result by the DOAC dipstick, while squares indicate a negative result. Abbreviation: DOAC indicates direct oral anticoagulant.




Quantitative assessment of anti-Xa levels via visual dipstick readout

The ROC-analysis of anti-Xa levels (Figure 3) with the visual dipstick result demonstrated a true positive association, with an area under the curve (AUC) of 1.00 for at least single positive visual results and an AUC of 0.96 for double positive results by DOAC dipstick. The optimal threshold for detecting at least a single positive visual result was identified at anti-Xa levels of 30 ng/mL, and for detecting double positive results on the dipstick, the threshold was 120 ng/mL. The double positive dipstick results had a sensitivity of 83% and a specificity of 93% in detecting anti-Xa levels of at least 120 ng/mL (Figure 3).

[image: ROC curve showing sensitivity versus 1-specificity for two tests: "Visual dipstick result + or ++" and "Visual dipstick result ++". The blue line represents a perfect AUC of 1.00, and the green line shows an AUC of 0.96. The black line is the reference. Details on cutoffs and sensitivities are included on the right side.]

FIGURE 3
 Association of drug-specific anti-Xa-levels and visual dipstick results. The receiver operating characteristic (ROC) analysis was conducted to assess the relationship between drug-specific anti-Xa levels and the visual result of the DOAC dipstick (+/++ illustrated as blue line, ++ illustrated as green line). The area under the curve (AUC) with the corresponding 95% confidence interval is presented. The Youden-Index, sensitivity, and specificity were calculated for both identified anti-Xa thresholds.





Discussion

In the present mono-center prospective pilot study, POC testing via urine dipstick enabled reliable and rapid identification and exclusion of relevant anticoagulatory activity in acute ischemic stroke patients with factor-Xa-inhibitor intake. In line, visual readout of the dipstick results permitted quantitative assessment of anti-Xa levels. Some aspects deserve special attention.

First, this study revealed a remarkable accuracy of the urine-based dipstick, achieving a 100% discrimination rate between relevant (≥30 mg/nL) anticoagulant activity and no anticoagulant activity, among patients taking factor Xa inhibitors. This finding is consistent with previous research exploring Point-of-Care (POC) testing using the DOAC dipstick. Previous investigations into the DOAC dipstick have reported sensitivities of 97% for detecting relevant anticoagulatory activity (≥30 ng/mL) in both outpatient clinic settings and emergency department patients (18, 26). Additionally, a separate study focusing on acute stroke patients presenting in the emergency room (n = 17) demonstrated that the DOAC-dipstick correctly identified 95% of patients with DOAC plasma levels >30 ng/mL (27), however, data on clinical and DOAC characteristics were not available for this cohort. Given the potential time-saving advantages of this approach in the context of acute stroke, it appears justifiable to extend the investigations to acute stroke patients presenting in the early-time window to determine whether this time-saving benefit may lead to improved outcomes (28, 29). Moreover, it is essential to recognize that many hospitals lack access to round-the-clock testing of specific DOAC levels, particularly with rapid turnaround times. In such settings, the DOAC dipstick could present a convenient and time-effective alternative in patients with suspected DOAC intake and may help for clinical-decision making regarding recanalizing therapies (11).

Second, the visual results obtained from the dipstick have demonstrated a promising potential for semi-quantitatively analyzing DOAC concentrations in urine, thus correlating with blood-based drug-specific anti-Xa levels. This aspect is of significant importance as it has the potential to improve decision-making for acute treatment of stroke patients. In contrast to the EHRA-recommended threshold of 30 ng/mL for anti-Xa levels in overall DOAC patients (7), studies focusing exclusively on DOAC patients with ischemic stroke or intracerebral hemorrhage have reported different thresholds (13). Notably, one study indicated that intravenous thrombolysis may also be feasible in patients with rivaroxaban intake that display a specific anti-Xa levels up to 100 ng/mL, considering the individual benefit–risk ratio (12). For patients with intracerebral hemorrhage (ICH), a cut-off value of 118 ng/mL was reported to be associated with an increased risk of hematoma enlargement (30). Consequently, the visual readout from the dipstick may offer valuable supplementary information to assist in clinical decision-making during these challenging scenarios including the detection of patients at high risk for recurrence of stroke (31).

Third, in the context of AIS, time plays a critical role (28). Prompt and accurate identification of DOAC usage is crucial to avoid delays in administering appropriate recanalizing therapies, particularly intravenous thrombolysis (28, 29, 32). Our study revealed that the urine-based dipstick test provided results within a median time of 17 min, leading to a significant time-benefit of over 2 h when compared to standard blood-based anti-Xa level testing. This rapid turnaround time has the potential to expedite decision-making in time-sensitive situations, thereby contributing to improved patient outcomes. Subanalyses based on visual dipstick results and DOAC characteristics further validated the reliability of this urine-based testing method in stroke patients. Furthermore, the dipstick test remained effective in detecting DOAC presence, irrespective of reduced versus normal dosage or the time since the last DOAC intake. These findings underscore the robustness of the dipstick test across various patient profiles and treatment scenarios (4, 33).

Despite these promising results, it is essential to acknowledge several limitations in this study. Notably, the sample size was relatively small, necessitating larger-scale studies to validate and extrapolate our findings to a more diverse patient population. Besides, while the urine-based dipstick test shows promise as a reliable DOAC detection tool, its performance in specific subgroups, such as patients with renal impairment, requires further investigation to ensure its applicability across various clinical scenarios. It is also important to note that our study was conducted in a stroke unit setting, and as such, the translation of our findings to the acute setting in an emergency room may be subject to certain limitations and would require additional evaluation. Moreover, this study did not routinely assess the duration until urine sampling or the percentage of patients unable to promptly provide urine samples. Consequently, the feasibility of urine-based POCT in the acute setting remains unknown.



Conclusion

In conclusion, the results of this study underscore the efficacy of urine-based point-of-care testing in rapidly and accurately assessing the presence or absence of factor-Xa-inhibitor activity. Its potential for quantitative analysis needs to be validated by further research and larger-scale studies. Additionally, it is imperative to ascertain whether these results can be applied to acute stroke care to guide subsequent acute therapeutic interventions.
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Introduction: Detection of atrial fibrillation (AF) is crucial for preventing recurrence in patients with ischemic stroke. We aimed to examine whether the left atrial volume index (LAVI) and global longitudinal peak strain (GLPS) are associated with AF in patients with ischemic stroke.
Methods: We prospectively analyzed 678 consecutive patients with ischemic stroke. LAVI and GLPS were assessed using three-dimensional transthoracic echocardiography with speckle-tracking imaging. Multiple logistic regression was used to evaluate the association of AF with LAVI and GLPS. To evaluate the predictive value of LAVI and GLPS for the presence of AF, we used optimism-corrected c-statistics calculated by 100 bootstrap repetitions and the net reclassification improvement (NRI).
Results: The mean patient age was 68 ± 13 years (men, 60%). Patients with AF (18%) were a higher LAVI (41.7 ml/m2 vs. 74.9 ml/m2, P < 0.001) and a higher GLPS than those without AF (−14.0 vs. −17.3, P < 0.001). Among the 89 patients classified with embolic stroke of unknown source, the probable cardioembolic group had higher GLPS (n= 17, −14.6 vs. −18.6, respectively; P= 0.014) than the other groups (n= 72). Adding GLPS to age, hypertension, and the LAVI significantly improved the NRI, with an overall NRI improvement of 6.1% (P= 0.03).
Discussion: The LAVI andGLPS with speckle-tracking imaging echocardiography may help identify patients with AF.

KEYWORDS
atrial fibrillation, left atrial volume index, global longitudinal peak strain, embolic stroke of undetermined source, ischemic stroke, speckle-tracking imaging echocardiography


1 Introduction

Approximately 10–40% of patients with ischemic stroke are classified as having cryptogenic stroke despite thorough investigations (1, 2). Undetected atrial fibrillation (AF) is considered the major cause of cryptogenic stroke (3), leading to clinical trials evaluating the efficacy of anticoagulation drugs compared with antiplatelet agents in patients with embolic stroke of undetermined source. However, recent trials have failed to show the superiority of direct oral anticoagulant agents over antiplatelet agents in patients with embolic stroke of undetermined source (4, 5). In addition, a long-term follow-up study using an implantable cardiac monitor in patients with embolic stroke of undetermined source reported that the annual AF detection rate was only 12% (2, 6). Hence, targeting patients at risk of AF is necessary for efficient screening of AF in future clinical trials (7, 8).

Several clinical factors, including age and hypertension, are associated with AF. In particular, an enlarged left atrium has been consistently associated with the presence and future risk of AF (9–11). Speckle-tracking echocardiography evaluates the effect of left ventricular (LV) strain during the cardiac cycle on left atrium performance (12–14). Two studies have reported that LV strain is associated with the presence of AF, and these findings warrant further study (11, 15).

Speckle tracking echocardiography is a valuable technique to evaluate myocardial deformation and assess myocardial function (16). Among parameters of LV speckle tracking, the global peak longitudinal peak strain (GLPS) is the most widely investigated for systolic function (16). GLPS can detect compromised systolic function early despite complementing the LVEF (17). It might additionally assist as a sensitive marker of adverse events, including AF. Therefore, we sought to assess whether GLS predicts AF in stroke patients.

We hypothesized that left atrial (LA) volume and GLPS of the left ventricle were associated with AF. Furthermore, we evaluated the efficacy of GLPS in classifying patients at high risk of AF.



2 Materials and methods


2.1 Study population

This study is an observational and cross-sectional study. We prospectively enrolled 904 consecutive patients with ischemic stroke who had been admitted to our hospital within seven days after symptom onset between January 2014 and December 2016. Patients who had not undergone speckle-tracking echocardiography due to poor patient cooperation and severe neurological deficits were excluded (n = 220). In addition, six patients who did not have essential echocardiographic data, including LA volume and GLPS, were excluded. Finally, 678 patients were included in the analysis. All patients underwent standard evaluation, treatment, and rehabilitation in line with pre-specified guidelines for ischemic stroke (18). The Institutional Review Board of Dongguk University Ilsan Hospital approved this study. All patients or their legally authorized representatives provided written informed consent for participation in the study. The present study protocol was reviewed and approved by the Institutional Review Board of Dongguk University Ilsan Hospital (approval No. 2011-01-098). Informed consent was submitted by all subjects when they were enrolled.



2.2 Clinical data and stroke subtypes

We collected demographic data, prior medication history, laboratory data, and data on risk factors (hypertension, diabetes mellitus, hyperlipidemia, coronary artery disease, AF, and smoking history). Stroke subtypes were determined according to the consensus of experienced neurologists in the center, using a validated magnetic resonance imaging (MRI)-based algorithm, based on the Trial of Org 10172 in Acute Stroke Treatment (TOAST) criteria: large artery atherosclerosis, small vessel occlusion, cardioembolism, other determined, or undetermined stroke (19). Further, patients who had an undetermined stroke with a negative etiology (cryptogenic stroke) were categorized according to an evidence-based causative classification system (CSS) to differentiate probable cardioembolic stroke, large artery atherosclerosis, cardio-aortic embolism, small artery occlusion, other uncommon causes, and undetermined causes (19, 20). The CSS includes a category of probable cardioembolic stroke based on brain imaging, despite no evidence of a high-risk cardiac source of cerebral embolism (20–24).



2.3 Echocardiographic data

Three-dimensional (3D) transthoracic echocardiography was performed by an experienced cardiac sonographer using Vivid E9 Ultrasound (General Electric Medical Systems, Milwaukee, WI, USA) and a 4V-D ultrasound probe (General Electric Medical Systems, Milwaukee, WI, USA) following the standardized protocols recommended by the American Society of Echocardiography and European Association of Cardiovascular Imaging (25, 26). The echocardiographic variables were analyzed offline within the EchoPac platform (GE Medical Systems, Milwaukee, WI, USA). The time interval between the QRS onset on the electrocardiogram and aortic and mitral valve opening and closure was measured using pulsed-wave Doppler from the LV outflow and inflow. During the measurements, three cycles of sinus rhythm and five cycles of atrial fibrillation were averaged. The parameters (LV volume, LV ejection fraction [LVEF], peak early velocity [E], peak early diastolic velocity [e'] of the lateral and septal mitral annulus, E/e' ratio, LV end-diastolic diameter [LVED], LV end-systolic diameter [LVESD], and LV mass) were evaluated in accordance with recommendations using the modified biplane Simpson's rule and calculated using the 3D data set, which was validated by a specialized independent cardiologist who was blinded to the clinical data (27, 28). LA volume was measured using a biplane Simpson's method in apical four- and two-chamber views and indexed to the body surface area (ml/m2) (24, 29–31).



2.4 Speckle-tracking imaging echocardiography

We used 3D speckle-tracking echocardiography to assess LV GLPS and to evaluate the endocardium and epicardium for myocardial deformation using 3D wall motion tracking software (General Electric Medical Systems, Milwaukee, WI, USA) automatically, according to the guidelines of the American Society of Echocardiography and European Association of Cardiovascular Imaging (25, 26, 32). The cardiac cycle was marked off, indicating the QRS onset, and the QRS complex was used as the first reference frame. At least two cardiac cycles were recorded and averaged, and the frame rates were set to 60–80 frames/s. LV GLPS was measured using speckle-tracking imaging echocardiography from four-chamber, two-chamber, and apical longitudinal long-axis view with a breath-hold during the echocardiogram recording. An inspector could specify the area of interest. After 16, 17, or 18 segmental tracking analyses and a final manual analysis of the area of interest or automatically designed area, longitudinal strain curves were constructed using the software for each ventricular segment. According to each segment, LV GLPS was measured to average the negative peak of longitudinal strain (movement of the base toward the apex), with more negative values expressing better systolic function.



2.5 Statistical analysis

Data are presented as mean (standard deviation [SD]), median (interquartile range [IQR]), and number (percentage), as appropriate. A Kolmogorov-Smirnov test was used to assess the normality distribution of continuous variables. Parametric data were assessed using either the student's t-test or analysis of variance (ANOVA) for continuous variables. For non-parametric data, either the Wilcoxon rank-sum or Kruskal-Wallis tests were used. χ2 or Fisher's exact tests examined the association between categorical variables. Multiple logistic regression analysis was used to examine the association between AF and the variables while adjusting for covariates. Variables with a P-value < 0.1 in the univariate analysis were entered into the multivariable model. Binary logistic regression analysis was used to investigate the effect of the left atrial volume index (LAVI) and GLPS in CSS-categorized patients with cardioembolic stroke. To evaluate the predictability of the LAVI and GLPS for the presence of AF, we used optimism-corrected c-statistics calculated using 100 bootstrap repetitions and net reclassification improvement (NRI) (31, 32). The c-statistic is a measure of stratification, and the NRI specifies the amount of correct reclassification of an estimated AF presence (8). The NRI estimates were based on reclassification tables classifying patients into prespecified AF risk categories, namely, low (10%), intermediate (10% to 30%), and high (≥30%). The receiver operating characteristic (ROC) curve was used to examine the discriminatory capacity of LAVI and GLPS for the prediction of AF. ROC analyses were expressed as curve plots and calculated area under the curve (AUC) with confidence interval (CI). Data were analyzed using STATA (version 14.0; STATA Corp., College Station, Texas, USA), R 3.5.3, and GraphPad Prism (Version 9.0, GraphPad Software, San Diego, CA, USA) software, and two-tailed P-values < 0.05 were considered statistically significant.




3 Results

The mean patient age was 68 (SD, 13) years, 407 (60%) patients were men, and 122 (18%) patients had AF. Patients with AF were older (75 vs. 66 years, P < 0.001), high NIHSS (5 vs. 4, P < 0.001), and had a more frequent prior history of stroke than those without AF (25% vs. 17%, respectively, P = 0.03; Table 1). Echocardiography data indicated that those with AF had a lower LVEF (58% vs. 62%, P < 0.001) and a higher LAVI (75 ml/m2 vs. 42 ml/m2, P < 0.001) and E/e' (14.2 vs. 12.3, P < 0.001) than those without AF. In addition, GLPS (−14.0 vs. −17.3, P < 0.001) was higher in patients with AF than those without AF.


TABLE 1 Baseline characteristics stratified according to the presence of atrial fibrillation.

[image: Table comparing characteristics of individuals with and without atrial fibrillation, showing sample sizes and percentages across variables like age, gender, hypertension, diabetes, smoking, and stroke subtype. Significant differences are noted between groups in areas such as age, smoking, previous stroke history, and stroke subtype, with p-values provided.]

Multivariable logistic regression analysis showed that age (per year, adjusted odds ratio [OR] 1.05, 95% confidence interval [CI] 1.02–1.08) and hypertension (OR 0.44, 95% CI 0.21–0.93) were independently associated with the presence of AF (Table 2). In addition, GLPS (per 1% increase, OR 1.07, 95% CI 1.00–1.12) and the LAVI (OR 1.11, 95% CI 1.08–1.13) were also associated with AF.


TABLE 2 Multivariable logistic regression for the presence of atrial fibrillation.

[image: Table displaying odds ratios with 95% confidence intervals and P values for various factors. Significant values (P < 0.05) include age (1.05, P=0.003), hypertension (0.44, P=0.031), ejection fraction (0.95, P=0.014), GLPS (1.07, P=0.023), and left atrial volume index (1.11, P<0.001). Definitions: E/e', peak early velocity (E)/peak early diastolic velocity (e') of the lateral and septal mitral annulus; GLPS, global longitudinal peak strain.]

Of 89 patients who had been categorized as having an undetermined stroke with a negative etiology, 17 (19%) patients were reclassified as having probable cardio-aortic embolism (CE), 25 with large artery atherosclerosis, 10 with small vessel occlusion, 2 with other uncommon causes, and 35 with undetermined causes. In particular, GLPS and LAVI were higher in patients with CE than in patients with other causes (Figures 1A, B, P < 0.001). In addition, there was a significant correlation between the LAVI and GLPS in patients with CE (R2 = 0.146, P < 0.001; Figure 2).


[image: Two dot plots labeled A and B display data for different cardiovascular conditions. Plot A shows global longitudinal peak strain percentages across categories, with most values between -20% and -5%. Plot B shows the left atrial volume index, with most values ranging from 30 to 70. Red horizontal lines indicate mean values for each category. Categories include cardiotoxicity, large artery atherosclerosis, small vessel occlusion, other uncommon causes, and undetermined causes.]
FIGURE 1
 Global longitudinal peak strain (GLPS) and left atrial volume index (LAVI) according to causative classification system (CCS) subtype. According to the CCS subtype, the GLPS value (A) and LAVI (B) were the highest for cardioembolism.



[image: Scatter plot showing a positive correlation between GLPS (%) and LAVI. Blue and black dots represent AF and Non-AF, respectively. The trend line is in blue with a shaded confidence interval.]
FIGURE 2
 The relationship between global longitudinal peak strain (GLPS) and left atrial volume index (LAVI). The scatterplot shows the relationship between LAVI and GLPS. LAVI = 84.06 + 2 X LPS, R2 = 0.146; P < 0.001.


When we dichotomized the patients into two groups, namely, the CSS CE group and CSS non-CE group, no statistically significant differences in terms of age (mean 67 vs. 69 years, respectively; P = 0.44) and prevalence of hypertension (94% vs. 78%, respectively; P = 0.11) was observed between the two groups. However, GLPS (−16.3 vs. −18.2, respectively; P = 0.014) and LAVI (45 vs. 41 ml/m2, respectively, P = 0.068) were both found to be higher when comparing patients in the CSS CE group with those in the CSS non-CE group.

A receiver operating characteristic curve showed that the addition of GLPS to the baseline model for AF that included age, hypertension, and LAVI significantly increased the area under the receiver operating curve (P = 0.028, Figure 3). The C-index for the baseline AF model based on age, hypertension, and LAVI was 0.892 (0.857–0.928, P < 0.001). Adding GLPS to this model improved the C-index to 0.902 (0.869–0.935, P < 0.001). Although there was a slight difference, it improved the result with the addition of GLPS statistically significantly.


[image: Receiver operating characteristic (ROC) curve comparing two models: one with GLPS (red line) showing sensitivity of eighty-four point one percent and specificity of eighty-four point nine percent, and another without GLPS (blue line) with sensitivity of seventy-nine point six percent and specificity of eighty-six point five percent. A reference line is shown in green.]
FIGURE 3
 Receiver operating curve analysis with or without global longitudinal peak strain (GLPS). The baseline model includes age, hypertension, and left atrial volume index. The C-index for the model without GLPS (red line) was 0.8938 (95% CI 0.8594–0.9281). The C-index for the model with GLPS (blue line) was 0.9039 (95% CI 0.8717–0.9361, P = 0.028).


Table 3 shows the patients' classification into categories of predicted risk (<10%, 10– <30%, and ≥30%) in terms of age, hypertension, and LAVI and when they were combined with GLPS. Of the 122 patients with AF, seven were correctly reclassified into a higher-risk category, and two were reclassified into a lower-risk category. Of 556 patients without AF, 35 were correctly reclassified into a higher-risk category, and 24 were reclassified into a lower-risk category. The overall NRI was 6.1% (P = 0.03), and the Integrated Discrimination Index (IDI) was 0.011 (P = 0.039).


TABLE 3 Net reclassification improvement based on global longitudinal peak strain (GLPS).

[image: Table comparing patients with and without atrial fibrillation using GLPS reclassification. Patients with atrial fibrillation: 14 in the <10% category, 20 in 10–30%, and 88 in ≥30%. Total is 122. Patients without atrial fibrillation: 383 in <10%, 134 in 10–30%, and 39 in ≥30%. Total is 556. GLPS stands for global longitudinal peak strain.]



4 Discussion

This study showed that the LAVI and GLPS with speckle-tracking imaging echocardiography could effectively discriminate between patients with AF and ischemic stroke. To the best of our knowledge, this study is the first to report GLPS and LAVI's clinical implications in the risk stratification of AF in patients with ischemic stroke. In addition, abnormal GLPS and LAVI facilitate risk prediction of AF in patients with suspected cardioembolic stroke and enhance the possibility of using routine clinical examination findings to determine the mechanism of ischemic stroke (33–36).

Acute stroke guidelines recommend that echocardiography, transthoracic echocardiography (TTE), or transesophageal echocardiography (TEE) are routine diagnostic methods for acute stroke (18, 37–39). There is controversy about performing TEE when finding sources of cardioembolic stroke. Because TEE strain assessment is superior to TTE strain, the correlation between TTE and TEE strain needs to be clarified, as evidenced by the conflicting reports. TEE can be used to detect embolic cardiac sources, including the aortic arch, left atrium, and atrial septum, as it is superior for evaluation to TTE (37). It can evaluate patent foramen ovale (PFO), which may recommend closure in younger patients with cryptogenic stroke (40–42). However, even TEE findings are often not well reflected or changed treatment with therapeutic decision-making. TEE is a relatively invasive method, more resource-intensive and expensive than TTE, which further adds to the expense (43). TTE has the advantage of being used widely, handily, timely, and portable, with a lower risk of procedural complications than TEE (44). To evaluate the LV, 3D TTE is equally effective as 3D TEE (45, 46). Therefore, we chose and used the 3D TTE for this study.

LA volume represents the end of the LV systolic contraction. LV dysfunction is related to reducing passive LA emptying during the cardiac cycle, leading to high atrial pressure during the LA diastolic phase (34, 47). Therefore, enlarged LA volume can result from hypertension, LV dysfunction, LV hypertrophy, and increased LA filling pressure (48). LA volume is considered a predictable marker of cardiovascular risk. Increased LA pressure stretches the atrial structures and may potentiate LA cellular remodeling, resulting in AF (10, 48). Previous studies have also reported that LA enlargement is related to the high prevalence of ischemic stroke and AF (7, 9, 15, 30, 49). In addition, increased LA volumes are associated with silent cerebrovascular lesions due to undetected AF (7, 36). In particular, cryptogenic stroke in patients with LA enlargement is more closely linked to AF than in those without LA enlargement (50–55).

There are various methods for assessing LA volumes (47). An increased LAVI is significantly associated with cardioembolic stroke and recurrent stroke in patients with AF (48, 53, 54). In line with previous reports, we found that the LAVI was an essential predictor of AF in patients with ischemic stroke, with a 1 mL/m2 increase associated with a 10% increase in the risk of AF. This key finding provides critical evidence concerning the risk of cardioembolic stroke and the need for additional evaluations for cryptogenic stroke (10, 55–57). Standardization and consistent use of the LAVI may help detect AF effectively due to LAVI assessment reproducibility (47).

Recent advances in imaging to non-invasively quantify LV function (58, 59) 3D with speckle tracking imaging echocardiography allow an objective evaluation of global and regional myocardial function. Reasonable spatial and temporal resolutions of 3D data are available to estimate exact myocardial motion. In contrast to the previous echocardiography, speckle-tracking imaging echocardiography has the advantage of evaluating an accurate presentation of active and passive myocardial motion (60, 61). If there is a deformed part of the systolic function, the longitudinal peak strain (GLPS) value may change (62).

GLPS detects LV functions more sensitively than LVEF as it assesses myocardial dysfunction (48, 63, 64). One study found abnormal GLPS values despite preserving the LVEF (65). Another study showed that GLPS effectively detected LA remodeling and independent predictors of AF. Because hemodynamic LA function strongly correlates with LV filling, assessing LA kinetics could provide practical information regarding the degree of ventricular dysfunction (65, 66).

In our study, as LAVI and GLPS are correlated with AF, we also showed that patients with cardioembolic stroke had significantly higher GLPS and LAVI values than other stroke mechanisms. Based on our results of increased NRI and C-index, GLPS may improve the detection of AF when combined with LAVI (67). Moreover, GLPS showed a stronger association with the LAVI, and these two variables can be used to predict AF. These findings have potential clinical implications in identifying other echocardiographic markers for assessing patients at high risk of stroke due to a cardioembolic source.

One strength of our study is the large sample size consisting of patients who had undergone speckle-tracking imaging echocardiography. A wide range of acute ischemic stroke profiles were observed in our study population. CCS classification was used in addition to stroke category classification. Moreover, advanced cardiologic parameters were linked to stroke subtypes, and our study results can assist in understanding the stroke mechanisms. However, this study had several limitations. First, the study sample included many Korean patients from a single center, which might limit the generalization of our results to populations with a different demographic distribution. Second, GLPS reflects intrinsic LV function. However, factors affecting extrinsic cardiac performance, such as preload, afterload, and medications, may interfere with cardiac function. Therefore, additional evaluation of GLPS after the acute period of ischemic stroke may need to be undertaken and compared with the GLPS in the acute phase. Third, the accuracy of GLPS may be affected by AF. Although our study measurements were averaged from five cardiac cycles in AF as proposed in the guidelines, the LV variable cycle with selected index beats in AF can be inaccurate. Fourth, we did not evaluate stroke patients with TTE. As we previously described, TEE has various advantages. However, because 3D TTE is known to be as effective as 3D TEE, our study was designed to ensure that it is convenient to use in actual clinical practice. Further research will be conducted using TEE and TTE. Finally, we conducted multivariate analyses adjusted for variable risk factors for acute ischemic stroke. However, unmeasured factors may have been involved in our study.

This study suggests the possible application of GLPS in clinical practice. Our study findings show that the LAVI and GLPS were significantly associated with the risk of cardioembolic stroke. In particular, the LAVI had a higher correlation with GLPS, and these results can help improve AF (21). GLPS may be used as an additional parameter for evaluating the mechanism of ischemic stroke. Further studies are recommended to determine the correlation between ischemic stroke volume or patterns and GLPS using the brain MRI, which represents the burden of acute ischemic stroke.

Our study is the first prospective study to show the potential clinical implications of the LAVI and GLPS for evaluating patients with suspected AF. Using speckle-tracking imaging echocardiography to assess the correlation between GLPS and LAVI is an effective method for identifying novel markers for classifying ischemic stroke.
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Purpose: To evaluate the prognostic value of the cerebral blood volume (CBV) index for 90-day functional outcomes in patients with acute ischemic stroke (AIS) treated within a late therapeutic window.
Methods: We retrospectively reviewed patients who underwent pre-treatment computed tomography perfusion (CTP) and endovascular thrombectomy (EVT) for large-vessel occlusion (LVO) of the anterior circulation within the late therapeutic window between January 2021 and February 2023. Clinical data, the Alberta Stroke Program Early Computed Tomography Score (ASPECTS) based on unenhanced computed tomography (CT), and perfusion parameters, including ischemic core, hypoperfusion volume, mismatch volume between the core and penumbra, and CBV index, were assessed and compared between patients who achieved favorable outcomes (defined as a modified Rankin Scale score of 0–2).
Results: Of the 118 patients, 56 (47.5%) had favorable outcomes. In the univariate analysis, age, National Institutes of Health Stroke Scale (NIHSS) score at admission, ASPECTS score, CBV index, and ischemic core volume were significantly associated with functional outcomes (P < 0.05). In multivariate analyses, age (odds ratio [OR], 1.060; 95% confidence interval [CI] 1.013–1.110, P = 0.012), NIHSS score at admission (OR, 1.126; 95% CI 1.031–1.229, P = 0.009), and CBV index (OR, 0.001; 95% CI 0.000–0.240, P = 0.014) were independent predictors of a 90-day favorable outcome.
Conclusion: A high CBV index was independently associated with favorable outcomes in patients who underwent mechanical thrombectomy within the late therapeutic window. In addition, a higher CBV index reflects improved blood flow and favorable digital subtraction angiography collateral status.
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1 Introduction

Recently, several randomized controlled trials have provided evidence supporting the efficacy and safety of endovascular thrombectomy (EVT) for the treatment of stroke due to large-vessel occlusion (LVO) in the anterior circulation (1). At present, the therapeutic window for stroke treatment has been extended to 24 h (2). However, despite strict eligibility criteria based on neuroimaging or a combination of National Institutes of Health Stroke Scale (NIHSS) scores for patient selection, the overall functional outcome indicated by modified Rankin Scores (mRS) of 0–2 at 90 days in these treatment groups was <50% (1). The clinical outcomes of patients treated within the late therapeutic window may be more difficult because of the longer ischemic time as opposed to patients treated within the early therapeutic window.

Although some predictors can be used to predict treatment outcomes, the presence of favorable collateral circulation is still considered one of the most reliable predictors of favorable long-term clinical outcomes. Computed tomography angiography (CTA) is frequently used for collateral assessment; however, the DEFUSE 3 study revealed that the collateral score derived from CTA could not accurately predict outcomes in patients treated in the late therapeutic window (3). Computed tomography perfusion (CTP) is currently recommended for clinical decision-making in patients with acute ischemic stroke (AIS). Some traditional CTP parameters including volume of ischaemic core and penumbra have been used to select AIS patients eligible for EVT, but yield discrepancy performance for outcome prediction (4, 5). The cerebral blood volume (CBV) index is derived from perfusion imaging and is defined as the average CBV in the Tmax > 6 s region compared with the average CBV in normal brain tissue. Subsequently, one study reported that the CBV index is related to the collateral status and could predict infarct growth after EVT (6, 7). However, this parameter has not been assessed in patients presenting with LVO over extended time windows.

The present study aimed to investigate the performance of the CBV index compared with traditional CTP parameters as an imaging biomarker to predict 90-day functional outcomes in patients with AIS who underwent EVT within the late therapeutic window.



2 Materials and methods


2.1 Patients

Patients presenting with LVOs within the anterior circulation on CTA who underwent EVT between January 2021 and February 2023 were retrospectively analyzed. The inclusion criteria for the study were as follows: (a) stroke onset time to groin puncture ≥6 h, or last witnessed normal to groin puncture ≥6 h; (b) AIS with occlusion of an anterior circulation artery (intracranial internal carotid artery [ICA], middle cerebral artery segment 1 [M1] and/or middle cerebral artery segment 2 [M2]) confirmed by CTA; (c) age >18 years old; (d) those who met the eligibility criteria of DEFUSE 3, including an ischemic core volume <70 ml, mismatch ratio 1.8, and mismatch volume >15 ml; (e) National Institutes of Health Stroke Scale (NIHSS) scores >6 on admission; and (f) the image quality of CTP was good without significant motion artifacts. The exclusion criteria were as follows: (a) incomplete clinical and imaging data; (b) baseline modified Rankin Scale (mRS) scores >2; and (d) previous intracranial hemorrhage.



2.2 Clinical information

Clinical data were collected from the stroke database of the stroke center, including demographic information (age and sex), stroke risk (hypertension, diabetes, coronary artery disease, atrial fibrillation, smoking, and history of ischemic stroke), and relevant information on stroke (National Institutes of NIHSS score at admission, use of intravenous thrombolysis [recombinant tissue plasminogen activator (rt-PA)], and stroke onset-to-groin puncture time). Functional outcomes were assessed at 90 days using the mRS. During face-to-face visits or structured telephone interviews, board-certified stroke neurologists prospectively evaluated the mRS score. These assessments were carried out while the neurologists blinded to all imaging or clinical details. A favorable functional outcome was defined as an mRS of 0–2 at 90 days.

Non-contrast computed tomography (NCCT), CTA, and CTP scans were performed using a 256-slice multidetector computed tomography (CT) scanner (Optima CT 660; GE Medical Systems, Chicago, IL, USA) according to our institutional stroke imaging protocol for patients with AIS. CTP was post-processed using rapid processing of Perfusion and Diffusion (RAPID) software (iSchemaView, Menlo Park, California, USA). The CTP parameters derived from RAPID included the Alberta stroke program early CT score (ASPECTS), cerebral blood flow (CBF), cerebral blood volume (CBV), and time to maximum residue function (Tmax). The volume of the infarction core was defined as the volume of brain tissue with CBF <30%. Parametric maps were generated automatically. The CBV index was defined as the average CBV in the Tmax >6 s region compared to the average CBV in normal brain tissue (6).

On the ASITN scale, we classified levels 0 and 1 as poor, level 2 as fair, and levels 3 and 4 as good collaterals for DSA. Successful angiographic reperfusion was defined as a modified Thrombolysis in Cerebral Infarction (mTICI) score of 2b or 3. A favorable outcome at 90 days was defined as a modified Rankin Scale score of 0–2.



2.3 Statistical analysis

The χ2 test or Fisher exact test was used to compare categorical clinical and imaging characteristics and the Mann Whitney U test was used to compare continuous variables. We used ANOVA statistic to compare three different groups. Differences were considered statistically significant at P < 0.05. All statistical analyses were performed using IBM SPSS (version 20.0; IBM).




3 Results

Between January 2021 and February 2023, 118 patients with AIS who were admitted within the late therapeutic window and met all inclusion criteria were enrolled. The median age of these patients was 71 years (interquartile range [IQR], presented as the 25th and 75th percentiles, 62–78), and 35.6% were women. These patients had occlusions of the ICA (n = 31), MCA-M1 (n = 81), and MCA-M2 (n = 6) segments. The median NIHSS score at admission was 15 (IQR, 10–20). The stroke onset-to-groin puncture time ranged from 362 to 1,406 min (median, 549, IQR 422–742). On the CTP parameter maps, the median lesion volume of the ischemic core and the hypoperfusion volume defined by Tmax >6 were 13 ml (IQR, 0–27), and 145 ml (IQR, 95–186), respectively. The median CBV index was 0.7 (IQR, 0.6–0.8). Favorable outcomes were achieved in 56 (47.5%) patients after 90 days.

Table 1 shows a comparison of the demographic and clinical factors in patients with good, fair, and poor DSA collateral statuses. Overall, there were no significant differences in sex among the three groups. Significant differences were observed across the three groups (good, fair, and poor) for age (63.2, 70.4, 72.2, P = 0.001), baseline NIHSS score (11.0, 17.0, 20.0, P < 0.001), atrial fibrillation (34.0%, 52.4%, 63.8%, P = 0.013), baseline core infarct volume (3.0, 11.0, 27.0, P < 0.001), baseline ASPECTS score (8.0, 7.0, 5.0, P < 0.001), final mTICI score of 2b+ (94.0%, 90.4%, 74.5%, P = 0.018), 90-day mRS of 0 to 2 (78.0%, 61.9%, 19.1%, P < 0.001), and CBV index (0.8, 0.7, 0.6, P < 0.001). The specifications of the pairwise contrasts are listed in Table 2.


TABLE 1 Comparison of demographic and clinical end points in subjects with good, fair, and poor collaterals.

[image: A table comparing patient data based on collateral status is shown. It includes three groups: good (n=50), fair (n=21), and poor (n=47) collaterals, with various variables listed such as age, gender, medical history, occlusion site, treatment data, and outcomes. Statistical significance is indicated with p-values for each variable, highlighting differences in age, NIHSS scores, ASPECTS scores, and outcome measurements across collateral groups.]


TABLE 2 Comparison of clinical variables and neuroimaging characteristics in patients with favorable vs. unfavorable outcomes at 90 days.

[image: Table comparing variables between favorable and unfavorable outcomes in a study. It shows patient data, history, occlusion sites, etiology, timing, and CTP parameters with associated P-values. Significant differences (P < 0.05) include age, baseline NIHSS, baseline ASPECTS, onset to puncture, and CBF <30% volume in milliliters.]

In the univariate analyses, patients with good functional outcomes were younger (P < 0.001), had lower NIHSS scores at admission (P < 0.001), had higher ASPECTS scores (P = 0.001), had smaller CBF perfusion deficits (P < 0.001), and had a higher CBV index (P < 0.001). There were no statistically significant differences between the two groups in terms of risk factors, stroke onset-to-groin puncture time, or vessel occlusion site. Detailed patient characteristics and univariate analyses of outcomes are shown in Table 2.

A multivariate logistic regression was performed using the statistically significant variables in univariate analysis as predictor variables and clinical outcomes as the dependent variable, including age, baseline NIHSS score, baseline ASPECTS, ischemic core volume and CBV index. Old age (odds ratio [OR], 1.060; 95% confidence interval [CI] 1.013–1.110, P = 0.012) and high NIHSS score at admission (OR, 1.126; 95% CI 1.031–1.229, P = 0.009) were independent predictors for a 90-day unfavorable outcome. Low CBV index (OR, 0.001; 95% CI 0.000–0.240, P = 0.014; Table 3) was independent predictors for a 90-day unfavorable outcome.


TABLE 3 Multivariable analyses for predicting a unfavorable outcome.

[image: Table displaying variables with odds ratios, confidence intervals, and p-values. Age has an OR of 1.060 (CI: 1.013–1.111), p=0.012. Baseline NIHSS: OR 1.126 (CI: 1.031–1.229), p=0.009. Baseline ASPECTS: OR 0.901 (CI: 0.680–1.192), p=0.465. CBF <30% volume: OR 1.016 (CI: 0.974–1.060), p=0.460. CBV index: OR 0.001 (CI: 0.000–0.240), p=0.014. The table notes explain terms like OR, CI, ASPECTS, CBF, CBV, Tmax, and NIHSS.]



4 Discussion

Forecasting the clinical outcomes of EVT in patients with AIS in the late therapeutic window remains challenging. The results of this study suggest that the CTP parameter, the CBV index, which can be calculated rapidly with automated software, could be a valuable marker for predicting the 90-day clinical outcome in AIS patients within the late therapeutic window after EVT. Our study indicated that a higher CBV index was associated with a favorable outcome, suggesting that the CBV index may be employed as a screening indicator. In addition, our study suggests that a higher CBV index reflects improved blood flow and favorable DSA collaterals.

A previous study indicated that the CBV index, defined as the relative CBV in the Tmax > 6 s region, is correlated with collateral circulation (6). The CBV index is a sign of collateral blood flow on CTA in patients with occlusion of the internal carotid artery or proximal middle cerebral artery (6). In our analysis, we observed that good DSA collaterals were associated with a higher CBV index in patients with AIS in the late therapeutic window when treated with EVT. A recent study reported that the CBV index was independently correlated with a favorable 90-day outcome in patients with acute basilar artery occlusion after EVT and that a low CBV index was associated with higher infarct growth rates (6, 8). In our adjusted multivariable logistic regression model, the CBV index was independently associated with the 90-day outcomes, which is a novel finding in this patient population. Thus, patients in the good functional outcome group had an increased ratio of average CBV in the hypoperfused brain or average CBV in the normal brain compared with patients with poor functional outcomes. Emphasizing the importance of this finding will provide a basis for obtaining a software-derived measure of collateral status rather than calculating an imaging score. Our results further strengthened the correlation between collateral circulation and post-stroke outcomes after EVT.

Our results are consistent with an extensive body of literature that has demonstrated correlations between favorable collateral status and good imaging and neurological outcomes following AIS in early time windows (9–11). In our analysis of patients treated in the late therapeutic window, no significant connection was found between the collateral scales and baseline demographic characteristics, such as age and sex. The robustness of collateral perfusion is a reliable predictor of recanalization after intravenous or endovascular therapy for acute ischemic stroke. Previous studies have indicated a connection between post-IVT recanalization and good collateral circulation in individuals with LVO (12, 13). Studies on the treatment of LVO in the early window have suggested that EVT may be most effective for patients with good collateral status, including post hoc analyses of the Multicenter Randomized Clinical Trial of Endovascular Treatment for Acute Ischemic Stroke in the Netherlands (MR CLEAN) and SOLITAIRE FR With the Intention for Thrombectomy (SWIFT) trials (11, 14, 15). Our findings are consistent with those of the SWIFT trial, which showed that better collaterals were associated with a higher likelihood of successful revascularization and improved clinical outcomes in cases of AIS of the anterior circulation during the late therapeutic window.

The DAWN and DEFUSE 3 studies both utilized perfusion imaging to determine those with a positive imaging profile, and the benefits of EVT for ischemic stroke when performed in the early window were greatest when perfusion imaging criteria were used to select patients (1). Our study, along with several others, identified younger age and low NIHSS scores as independent predictors for favorable clinical outcomes at the 3-month follow-up (mRS 90 d of 0–2) (16). An early assessment of the severity and prognosis of a condition is essential for successful long-term treatment (17, 18). The clinical relevance of a high CBV index in patients undergoing EVT may provide prognostic information after treatment. It is important that patients and their families receive precise prognostic information to assist clinicians in their treatment (19, 20). In patients with a higher CBV index, a closer follow-up after hospital discharge and/or more intensive therapies to reduce disability are warranted. Commercial CTP software platforms can quickly calculate the CBV index and present the results, which can save time and facilitate faster decision-making.

This study has a few limitations. First, this study was retrospective and was conducted in a single center with a small sample size; all patients with AIS underwent EVT, thus limiting the generalizability of the results. Second, Tmax at a single time point cannot accurately predict the tissue fate of an individual patient because it is subject to changes owing to factors such as blood pressure and collateral flow. We recognize that the margin of error from the automated perfusion software may cause differences between the observed and predicted infarct volumes. Automated perfusion software is not available in all hospitals, limiting the applicability of the CBV Index.



5 Conclusion

The CBV index is an independent neuroimaging predictor of the 90 day clinical outcomes in AIS patients treated within the late therapeutic window. Patients with a high CBV index were more likely to have favorable outcomes after EVT within the late therapeutic window. In addition, a higher CBV index reflects improved blood flow and a favorable collateral status on DSA.
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Objective: The causal association between chronic rhinosinusitis (CRS) and stroke remains uncertain due to the susceptibility of observational studies to confounding and the possibility of reverse causality. This study aims to examine the potential causal relationship between CRS and the risk of stroke, encompassing various subtypes.
Methods: In this research, we utilized genome-wide association study (GWAS) data for CRS from FinnGen. We identified significant single-nucleotide polymorphisms (SNPs) associated with CRS and used them as instrumental variables (IVs). GWAS data for any ischemic stroke (AIS), ischemic stroke (IS), large-artery atherosclerotic stroke (LAS), small-vessel strokes (SVS), cardioembolic strokes (CES), intracerebral hemorrhage (ICH), lobar ICH, and non-lobar ICH came from multi-ancestry GWAS datasets. We conducted two-sample Mendelian randomization (MR) analyses using inverse variance weighting (IVW), weighted median, and MR-Egger regression methods to investigate potential causal relationships between CRS and stroke. Both heterogeneity and pleiotropy were evaluated by sensitivity analyses.
Result: The IVW analysis revealed no significant associations between CRS and AIS (OR = 0.99, 95% CI [0.93–1.05], p = 0.73), IS (OR = 0.97, 95% CI [0.81–1.17], p = 0.09), SVS (OR = 0.96, 95% CI [0.82–1.12], p = 0.58), LAS (OR = 0.91, 95% CI [0.77–1.08], p = 0.09), CES (OR = 0.97, 95% CI [0.81–1.17], p = 0.79), ICH (OR = 1.28, 95% CI [0.74–2.22], p = 0.28), lobar ICH (OR = 1.22, 95% CI [0.60–2.50], p = 0.28), and non-lobar ICH (OR = 1.25, 95% CI [0.65–2.40], p = 0.79). Sensitivity analysis found no evidence of horizontal pleiotropy.
Conclusion: According to genetic evidence, this Mendelian randomization (MR) study does not indicate a causal relationship between CRS and stroke in European populations. However, further studies are necessary to comprehensively evaluate the potential association between CRS and stroke.
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 stroke, ischemic stroke, intracerebral hemorrhage, Mendelian randomization, rhinosinusitis


Introduction

Chronic rhinosinusitis (CRS) is a common inflammation of the upper airways, posing a significant health concern for 5–12% of the general population (1). Linked to epithelial barrier damage and tissue remodeling, CRS encompasses three distinct inflammatory patterns, according to the EPOS 2020 Guidelines. These include type 1 inflammation targeting viruses, type 2 inflammation targeting parasites, and type 3 inflammation focusing on extracellular bacteria and fungi (2). Ordinarily, the clearance of pathogens restores mucosal barrier integrity. However, in CRS, the compromised mucosa allows the persistent infiltration of external agents, triggering a refractory and unresolved inflammatory response (1). CRS has the potential to give rise to severe intracranial complications, including subdural empyema, cavernous sinus thrombophlebitis, meningitis, and brain abscess (3).

Epidemiological research has revealed robust connections between the incidence of CRS and other inflammatory ailments affecting both the upper and lower respiratory tracts (4–6). Furthermore, a notable link exists between chronic inflammatory diseases and stroke (7, 8). The mechanism between CRS and stroke remains complex and not entirely understood. Several potential explanations have been suggested to contribute to this association. First, close anatomical proximity exists between the sinuses and the intracranial cavity, separated only by a thin bony wall (9). The sphenoid sinus’s lateral wall is mere 0.1 mm thick, and the internal carotid artery lies adjacent to it (10). Such proximity allows for perivascular inflammatory reactions, whether infectious or non-infectious, which could contribute to stroke. Second, CRS can induce vascular issues directly via exposure to inflammatory cytokines and alterations in the coagulation pathway. Elevated levels of proinflammatory cytokines found in sinus fluids have adverse effects on endothelial cell function, promoting atherosclerosis and thrombus formation (11). In immune response and subendothelial smooth muscle cell activation, the responsibility lies with several inflammatory cytokines, such as interleukin-1, interleukin-6, interleukin-17, and C-reactive protein, ultimately expediting the atherogenic process. This leads to premature atherosclerosis, resulting in decreased cerebral blood flow and impaired neural tissue perfusion. Cross-activation of the coagulation pathway may also occur through these inflammatory cytokines, as they can trigger the thrombin coagulation system and enhance the expression of fibrinolytic inhibitory proteins, increasing the likelihood of thrombus formation and thromboembolic events (12, 13). Third, common risk factors shared between CRS and stroke, such as allergies, gastroesophageal reflux, and sleep difficulties, may also contribute to their association. Additionally, treatments for CRS, including corticosteroids and decongestants, may increase cardiovascular and cerebrovascular disease risk. Observational research provides evidence of a connection between CRS and the risk of stroke. Certain investigations have indicated that individuals with CRS may be more prone to experiencing strokes (7, 14, 15). Nevertheless, these observational studies could be constrained by limitations in sample size and the presence of potential confounding factors.

Increasingly popular is Mendelian randomization (MR), a method employing instrumental variable (IV) techniques to estimate causal relationships between genetic risk factors and complex human traits (16). Since exposed IVs are randomly assigned at conception and unaffected by disease status, MR studies can investigate causality between exposure and illness outcomes, mitigating the impact of unobserved confounders and reverse causality (17, 18). In this study, we conducted a comprehensive MR analysis to infer the causality of CRS on stroke based on exposure (CRS) and eight outcomes [any ischemic stroke (AIS), ischemic stroke (IS), large-artery atherosclerotic strokes (LAS), small-vessel strokes (SVS), cardioembolic strokes (CES), intracerebral hemorrhage (ICH), lobar ICH, and non-lobar ICH].



Methods


Study design

Based on the Strengthening the Reporting of Observational Studies in Epidemiology (STROBE-MR) guidelines, this MR study was conducted (16) to obtain reliable results, as shown in Figure 1. The MR analyses were conducted based on the three core assumptions of instrumental variables (IVs) (11): First that the IVs were linked to the risk factor of CRS; second that the IVs were unrelated to any potential confounders; and third that the IVs were connected to stroke solely through exposures, excluding alternative pathways. All data utilized in this MR analysis were derived from publicly available summary data from the GWAS, with no requirement for additional ethical approval or participant consent as they were previously obtained for each of the original GWAS.

[image: Flowchart illustrating the relationship between instrumental variables, exposures, and outcomes. Instrumental variables influence chronic rhinosinusitis exposure, which in turn affects outcomes like ischemic stroke and intracerebral hemorrhage. Confounders such as blood pressure and diabetes are noted. Assumptions specify relevance or irrelevance between components.]

FIGURE 1
 Mendelian randomization model of chronic rhinosinusitis and risk of stroke.




Data sources

For the exposure dataset, we obtained GWAS data for CRS (finn-b-J10_CHRONSINUSITIS) from FinnGen,1 comprising over 260,000 Finnish individuals and nearly 17 million gene variants. FinnGen, initiated in 2017 in Finland, is a public–private research project that integrates imputed genotype data from Finnish biobanks and digital health registries. Detailed information on study design, participants, genotyping, imputation, and quality control methods can be found elsewhere (19).

Stroke data were sourced from a multi-ancestry GWAS, including 67,162 cases and 454,450 controls (20). The majority of individuals were of European descent, comprising 40,585 cases and 406,111 controls. Subtypes of IS included 4,373 LAS, 5,386 SVS, and 7,193 CES. ICH data were sourced from a meta-analysis of six studies that enrolled individuals of European ancestry (21). It included a case cohort of 1,545 individuals (664 lobar and 881 non-lobar cases) and a control cohort of 1,481 individuals. GWAS details are summarized in Table 1.



TABLE 1 Details of the GWASs included in the Mendelian randomization.
[image: Table displaying traits, data sources, population, sample sizes, PMIDs, and phenotypic codes. Traits include CRS, Stroke, IS, LAS, SVS, CES, ICH, Lobar ICH, and Non-lobar ICH. Populations are European, with varying sample sizes. PMIDs and phenotypic codes differ across entries, with some noting specific databases or resources.]



Genetic instrument selection

Chosen with meticulous care in this study were instrumental variables (IVs), in accordance with rigorous criteria, where SNPs significantly associated with the exposure (p < 5e-8) constituted valid IVs. To identify independent instrumental variables (IVs), linkage disequilibrium LD-based SNP clumping was employed, with a clumping r2 cutoff of 0.001 and a clumping window of 10,000 kb, utilizing the LD reference panel from the 1,000 Genomes Project. The SNP with the lowest p-value was retained (22). The F statistics of the instrumental variables were computed to evaluate the degree of weak instrumental bias. The formula used to compute the F value was F = beta^2/se^2, with beta representing the SNP’s effect size and se indicating the standard error of the effect size (23, 24).



Statistical analysis

We harmonized the exposure and outcome data to ensure that the effect alleles were consistent across exposure and outcome data. The associations between CRS and stroke were ascertained through a two-sample MR analysis employing inverse variance weighted (IVW), weighted median, and MR-Egger regression methods. The primary causal effect estimates were based on the results of IVW; however, it depends on the assumption that all genetic variants serve as valid instrumental variables. The weighted median affords consistent MR estimates if >50% of the weight is from valid SNPs (25). The MR-Egger can detect pleiotropy through its intercept and generate pleiotropy-corrected estimates. However, this method typically has less statistical power (26). To enhance the resulting robustness, we conducted multiple sensitivity analysis studies. The MR-Egger regression has the capability to identify potential pleiotropy and furnish estimates post-correction for pleiotropic effects (26). The MR-PRESSO method is capable of identifying potential outliers and calculating causal estimates after the removal of the identified outliers (27). Cochrane’s Q-derived p-value was computed to assess the level of heterogeneity, with p < 0.05 indicating the presence of horizontal pleiotropy (28). To detect the directional pleiotropic effect, the value of p for the intercept in MR-Egger was utilized (26). All the analyses mentioned were performed with R software (v4.1.3). We used the TwoSampleMR and MRPRESSO packages (v0.5.6) to perform the MR analysis.




Results


Instrumental variable selection

IVs significantly associated with CRS (p < 5 × 10–8) were extracted from the GWAS data, and LD (r2 < 0.001, 10,000-kb) was subsequently removed. Following this, SNPs associated with stroke were obtained from the PhenoScanner database.2 We excluded five SNPs (rs1391371, rs1015166, rs3184504, rs4402589, and rs281379) due to their associations with confounding factors (blood pressure, diabetes, body mass index, dyslipidemia, atrial fibrillation, and coronary heart disease). Additionally, palindromic SNPs with a moderate allele frequency were eliminated. The screened SNPs were included in further analyses (Supplementary Data S1–S10). In the IV strength test, no evidence of weak-tool bias was identified (F-statistic >10).



Causal associations between CRS and stroke

The results in the IVW showed no causal correlation between CRS and stroke subtypes (p > 0.05). There was no significant difference in the prevalence of stroke (OR = 0.99, 95% CI [0.93–1.05], p = 0.73), SVS (OR = 0.96, 95% CI [0.82.1.12], p = 0.58), LAA (OR = 0.91, 95% CI [0.77.1.08], p = 0.09), IS (OR = 0.97, 95% CI [0.81.1.17], p = 0.09), CES (OR = 0.97, 95% CI [0.81.1.17], p = 0.79), ICH (OR = 1.28, 95% CI [0.74–2.22], p = 0.28), lobar ICH (OR = 1.22, 95% CI [0.60–2.50], p = 0.28), and non-lobar ICH (OR = 1.25, 95% CI [0.65–2.40], p = 0.79) between CRS patients and controls. Consistent results were obtained through IVW, MR Egger, and weighted median causal association analyses (Table 2; Figure 2).



TABLE 2 Mendelian randomization assessment of the association between chronic rhinosinusitis and stroke.
[image: Table showing results of a Mendelian randomized analysis with outcomes such as stroke, SVS, LAA, IS, CES, and ICH. It includes methods like MR Egger, Weighted median, and IVW, with columns for p-value, OR (95% CI), Cochrane's Q test p-value, MR-Egger intercept derived p-value, MRPRESSO, and SNPs. Each outcome lists multiple results for different methods. Footnotes define acronyms: IS (ischemic stroke), LAS (large-artery atherosclerotic strokes), SVS (small-vessel strokes), CES (cardioembolic strokes), ICH (intracerebral hemorrhage).]
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FIGURE 2
 Mendelian randomization assessment of the association between chronic rhinosinusitis and stroke.




Sensitivity analyses

In the heterogeneity test, all p-values from Cochrane’s Q statistics exceeded 0.05, implying the absence of heterogeneity among the SNPs (Table 2). Furthermore, limited evidence of pleiotropy was indicated by the MR-Egger regression intercept in the IVs of CRS with any subtype of stroke. Furthermore, the leave-one-out analysis indicated that a single SNP did not drive the potential causal association between CRS and stroke risk. Forest and funnel plots are shown in Supplementary Figures S1-S5.




Discussion

This two-sample MR study explored the causal relationship between CRS and IS. This provides evidence that there is no association between stroke and CRS in European populations. To the best of our knowledge, this represents the first Mendelian randomization study on the relationship between CRS and stroke.

Stroke ranks as the second leading cause of disability and mortality worldwide (29). CRS, a recognized chronic disease, is often associated with chronic inflammatory conditions, which are linked to stroke. The mechanism behind this relationship remains complex and not entirely understood. The prevailing hypothesis suggests that the proximity of the paranasal sinuses to the internal carotid artery or the brain could enable the spread of sinus inflammation to the intracranial vasculature. Other hypotheses include cerebral artery spasms, adverse reactions to medications, inflammation-mediated emboli, common risk factors, the side effects of CRS drugs, or complications arising from sinus surgery (30, 31).

Observational studies have indeed supported a link between CRS and IS risk. Lee et al. observed an augmented susceptibility to hemorrhagic stroke (HR = 2.43, 95% CI: 2.10–2.80) and ischemic stroke (HR = 1.76, 95% CI: 1.61–1.92) within the Korean population affected by CRS (7). In a distinct investigation, Jeon et al. discerned a notably heightened prevalence of stroke among individuals with CRS in Korea, as denoted by an adjusted odds ratio of 1.27 (95% CI = 1.15–1.39) (32). Additionally, Kim et al. established a correlation between chronic rhinosinusitis and an elevated incidence of stroke (HR = 1.16, 95% CI: 1.08–1.24) in the Korean population (33). Similar findings were also noted in studies conducted within Taiwan. Kang et al. documented that over a 5-year follow-up period, individuals with CRS exhibited a significantly higher prevalence of ischemic and unspecified stroke (HR = 1.52, 95% CI = 0.94–2.47). Notably, they also found no discernible difference was observed in the prevalence of intracerebral hemorrhage among CRS patients (HR = 0.96, 95% CI = 0.71–1.31) (14). Concurrently, Wu et al. ascertained that patients diagnosed with CRS in Taiwan faced a 1.39-fold increased risk of stroke compared to controls over a 3-year follow-up period (15). However, these studies were retrospective and may have been influenced by urban vs. rural differences, comorbidities, and confounding factors (34). Furthermore, these studies focused on Asian populations, and there may be differences between different populations. Our MR study, which mitigates these issues, may provide more reliable findings. In contrast to their conclusion, our MR study, based on GWAS data from European populations, did not reveal any significant correlation between CRS and stroke. Nevertheless, limitations remain, including the specific population (European) and generalizability to other ethnic groups. Therefore, larger prospective studies and trials based on different ethnicities are required to figure out further issues, such as whether this relationship is causal and the physiopathological of this association. The durations and severities of sinusitis and their impact on stroke should also be taken into consideration. Furthermore, it is necessary to consider whether sinusitis has an impact on the treatment and recovery of stroke.

There are several limitations to this study. First, similar to all MR studies, our findings rely on MR assumptions, which may have inherent limitations. While we performed numerous sensitivity analyses to gage the resilience of our results, we cannot entirely dismiss the potential impact of unmeasured confounding factors on our findings. Second, our study solely utilized a dataset related to CRS, without classified types of CRS. Additional research exploring the impacts of distinct subtypes of CRS would enhance our comprehension of the association between CRS and stroke. Third, our study utilized data from individuals of European ancestry, thus limiting the generalizability of our findings to other ethnic populations. To broaden our conclusion, future research should encompass mixed populations or other ethnic groups.



Conclusion

Previous retrospective studies based on Asian populations have found a causal relationship between CRS and stroke. Treatments for CRS, including corticosteroids and decongestants, may increase stroke risk. This may have a certain impact on the prescribing tendencies of clinical physicians, especially in the high-risk population for stroke. However, in the MR study, this causal relationship was not observed within the European population. This provides some guidance for clinical medication in CRS. In conclusion, this MR study suggests, at the genetic level, that there is no causal relationship between CRS and stroke in European populations. However, interpreting this result requires caution, and large-scale prospective cohort studies are still needed to confirm it.
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Background: ApoB/ApoA-I ratio is a reliable indicator of cholesterol balance, particularly in the prediction of ischemic events risk. The aim of this study was to investigate the prognostic value of ApoB/ApoA-I for stroke recurrence within 1 year after the first incident.
Methods: We retrospectively included patients who were first diagnosed with acute (<7 days after onset) ischemic stroke. Blood samples were collected on admission, and serum ApoB and ApoA-I concentrations were measured. We analyzed the relationship between ApoB/ApoA-I ratio and ischemic stroke recurrence within 1 year.
Results: A total of 722 patients with acute ischemic stroke were included, of whom 102 experienced stroke recurrence within 1 year, with a recurrence rate of 14.1%. Serum ApoB/ApoA-I concentrations on admission were higher in patients with stroke recurrence at 1 year compared with those with a good prognosis (P < 0.001). The Kaplan-Meier survival curve revealed a significant difference in cumulative stroke recurrence rates across ApoB/ApoA-I tertiles (log-rank P-value < 0.001). A positive correlation between the ApoB/ApoA-I ratio and the risk of stroke recurrence within 1 year was demonstrated using Cox regression analysis, which remained significant after adjusting for traditional risk factors [hazard ratio (HR) 4.007, 95% confidence interval (CI) 1.661–9.666]. This relationship was particularly strong in patients with LAA stroke (HR 4.955, 95% CI 1.591–15.434). Subgroup analysis further revealed that a high ApoB/ApoA-I ratio was strongly associated with stroke recurrence regardless of whether patients had high or low LDL-C levels.
Discussion: ApoB/ApoA-I ratio, measured during the acute phase of the first stroke, was positively correlated with the risk of stroke recurrence within 1 year.
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Background

The proportion of human deaths and disabilities caused by stroke remains unacceptably high worldwide. In high-income countries, the incidence, mortality, and disability rates of stroke have significantly declined due to aggressive primary and secondary prevention efforts for stroke. However, people in low- and middle-income countries have continued to bear a significant economic and health burden as a result of stroke over the past few decades due to population explosions, aging populations, and growing incidences of intervenable risk factors for stroke (1, 2). Acute ischemic stroke (AIS) which is prevalent in China's cerebrovascular disease is at an increasing stage, and after the onset of AIS, ~17.7% of the population will experience a recurrence of cerebral infarction (3). Aggressive treatment and prevention efforts for stroke are of great value in reducing the economic and health burden on a nation and its people.

Stroke is a complex condition with a multitude of underlying pathogenic mechanisms, among which large-artery atherosclerotic (LAA) stroke stands as the most prevalent subtype (4). Dyslipidemia is a key and adjustable risk factor for atherosclerosis and has long been a subject of great interest. Among them, the connection between low-density lipoprotein cholesterol (LDL-C), a traditional lipid marker, and atherosclerotic disease has been extensively studied. Unfortunately, according to available research, clinical interventions targeting solely the traditional indicator of LDL-C have failed to curb atherosclerotic lesion progression, even when LDL-C levels are reduced to within the target range (5, 6). Therefore, exploring the relationship between new lipid markers and atherosclerosis risk is of great interest to researchers. Low-density lipoprotein (LDL), very low-density lipoprotein (VLDL), intermediate density lipoprotein (IDL), lipoprotein a, and celiac particles all contain a single apolipoprotein B (ApoB) molecule, and quantification of ApoB provides a direct measure of the number of atherogenic particles in the plasma (7). One of the primary components of high-density lipoprotein (HDL) is ApoA-I, which maintains the structural integrity of HDL particles, a finding that was recognized as early as the 1870s (8). The ApoB/ApoA-I ratio indicates the balance between LDL-C and HDL-C, an imbalance of which accelerates the development of atherosclerosis and thereby increases the risk of ischemic stroke (9, 10). The ApoB test is standardized and relatively inexpensive, and fasting is not required for its measurement (11). However, there is a lack of research into the correlation between ApoB/ApoA1 and stroke recurrence after the first episode. The purpose of this study was to clarify the prognostic value of ApoB/ApoA1 for stroke recurrence and alleviate future cerebrovascular disease.



Materials and methods


Participants

Clinical data of 783 patients with first diagnosis of acute (<7 days after onset) ischemic stroke and relatively complete hospitalization data were retrospectively collected from the Department of Neurology, The First Affiliated Hospital of Shandong First Medical University, between September 2020 and June 2022. The study was approved by the ethical review committee of the First Affiliated Hospital of Shandong First Medical University [Reference No. (S402)], and informed consent was obtained from the patients and their families. All methods were performed in accordance with the relevant guidelines and regulations. Inclusion criteria were as follows: (1) first diagnosis of acute (<7 days after onset) ischemic stroke; (2) complete prior history, laboratory tests for lipid indexes, and imaging data; (3) acute infarction was diagnosed with reference to the China Acute Ischemic Stroke Diagnosis and Treatment Guidelines 2018, and all diagnoses were confirmed by cranial MRI examination (12). Exclusion criteria were as follows: (1) age of onset < 18 years; (2) patients who underwent thrombolysis or vascular intervention because thrombolysis and vascular interventions have a significant prognostic impact on patients with large-artery atherosclerosis stroke and are an important confounding factor for this study; (3) those with serious systemic comorbidities before hospitalization, such as severe pneumonia, hepatic insufficiency, renal failure, respiratory failure, and heart failure; (4) patients with stroke caused by coagulation disorders, blood composition alterations, vasculitis of varying origins, vascular malformations, and unknown reasons; (5) patients had taken statin lipid-lowering drugs 1 month prior to hospitalization.



Data collection

All study patients had morning fasting venous blood drawn within 24 h of admission, and laboratory indices were measured including triglyceride (TG), total cholesterol (TC), high-density lipoprotein cholesterol (HDL-C), low-density lipoprotein cholesterol (LDL-C), apolipoprotein B, and apolipoprotein A-I. General clinical information of patients was collected by electronic medical records, including history of hypertension, diabetes mellitus, smoking, and alcohol drinking; and large-artery atherosclerosis (LAA) stroke, cardioembolic (CE) stroke, and small-vessel occlusive (SVO) stroke were evaluated using the Trial of Org 10172 in Acute Stroke Treatment (TOAST) classification (13), with the latter two collectively referred to as non-large-artery atherosclerotic stroke.



Outcome measures

Patients were followed up by telephone at the 3rd and 12th months after discharge for a total of 1 year, beginning with the time of discharge and ending with ischemic stroke recurrence. The follow-up included (1) the occurrence of stroke recurrence and diagnosis of acute cerebral infarction by professionals or institutions within 1 year after discharge, with neurological impairment caused by cerebral hemorrhage, intracranial tumor, cerebral cell edema, brain herniation resulting in tissue displacement, post-infarction hemorrhage, etc. and excluded (2) duration from discharge to recurrent ischemic cerebrovascular events; (3) medication compliance: whether oral medications including antiplatelet drugs, lipid-lowering drugs, hypoglycemic drugs, and antihypertensive drugs were taken as prescribed by the discharge physician; if medications were interrupted, the reasons for discontinuation were to be investigated. If the medication is discontinued for more than 1 month without any reason, it is regarded as poor adherence to medication.



Statistical analysis

All data were statistically analyzed using SPSS software version 25.0 and R4.1.1 (R Foundation). Based on the follow-up outcomes, the study subjects were divided into recurrence and non-recurrence groups. Demographic characteristics, previous history, and laboratory tests were compared between the two groups, using different statistical methods to compare the demographic characteristics, previous history, and laboratory tests of the two groups. Measurement data were first tested for normality, and they were expressed as mean ± standard deviation (X ± SD) if they obeyed normal distribution; Student's t-test was used for comparison between two groups; if they were not normally distributed, they were expressed as M(P25, P75), and Mann–Whitney U-test was used. Count data were displayed as percentages (%), using the χ2 test, with Kaplan–Meier curves used to estimate cumulative stroke recurrence rates for ApoB/ApoA-I categories (dichotomized by median). The restricted cubic spline function with four nodes (5th, 35th, 65th, and 95th percentiles) was used to explore the potential non-linear relationship between serum ApoB/ApoA-I ratio and stroke recurrence. Univariate and multivariate Cox regression analyses were used to examine the relationship between ApoB/ApoA-I and stroke recurrence. The following factors were adjusted for in the multivariate Cox regression: demographic variables (age and sex) and established vascular risk factors (hypertension, diabetes mellitus, dyslipidemia, active smoking, and medication compliance), regardless of their significance. The results were shown as adjusted hazard ratios (HRs) and their 95% confidence intervals (CIs). To further assess the predictive value of ApoB/ApoA-I for ischemic stroke recurrence, the area under the receiver operating characteristic curve (AUROC) was calculated for the models with and without ApoB/ApoA-I.

To investigate the potential heterogeneity of the relationship between ApoB/ApoA-I and stroke recurrence in subgroups, we performed stratified analyses. The stratification was based on age (cutoff at 60 years), sex, history of hypertension, history of diabetes mellitus, LDL cholesterol (cutoff at 2.65 mmol/L), and TOAST classification. Interaction analysis by stratification factors in multivariate Cox regression was conducted to assess the effect of ApoB/ApoA-I on outcomes. All P-values were two-tailed with a significance level of 0.05.




Results

We screened a total of 783 patients with a first diagnosis of acute cerebral infarction who were hospitalized within 7 days after the development of symptoms of neurological impairment and excluded 13 patients with other serious systemic diseases at the time of admission. During follow-up, we excluded 21 patients who were lost to follow-up, 12 patients who died of non-cerebrovascular diseases, and 15 patients who developed neurological impairment due to cerebral hemorrhage, intracranial tumor, post-infarction hemorrhage, etc. Ultimately, 722 patients with acute cerebral infarction were enrolled, including 299 patients with large-artery atherosclerotic stroke, 265 with small-vessel occlusive stroke, and 158 with cardioembolic stroke. Among them, 102 patients had stroke recurrence within 1 year, with a recurrence rate of 14.1%. The serum ApoB/ApoA-I concentrations on admission were significantly higher in patients with stroke recurrence at 1 year compared to those with good prognosis (median 1.01 mmol/L vs. 0.84 mmol/L, P < 0.001). The proportion of patients with ApoB/ApoA-I > median was significantly higher in the recurrence group (18.3 vs. 9.9%, P < 0.001) compared to the non-recurrence group. Additionally, patients with stroke recurrence had higher plasma LDL-C levels, higher ApoA-I and ApoB concentrations, higher incidence of hypertension, higher incidence of diabetes mellitus, and poorer medication compliance compared to patients without stroke recurrence. The above results are shown in Table 1.


TABLE 1 Baseline characteristics of patients with and without stroke recurrence.

[image: Table comparing stroke recurrence characteristics in two groups: no recurrence (n=620) and recurrence (n=102). Factors include gender, age, hypertension, diabetes, smoking, alcohol, medication adherence, lipid profiles, apolipoproteins, TOAST classification, with statistical values and p-values. Key differences show in diabetes, poor medication adherence, and apolipoproteins with significant p-values.]

When tested as a linear variable, the ApoB/ApoA-I ratio was higher in younger patients, current or former smokers, and those with a history of hypertension, high levels of LDL-C and TG, low levels of HDL-C, and large-artery atherosclerosis (LAA) strokes (Table 2). Dividing acute-phase serum concentrations of ApoB/ApoA-I into two groups, the cumulative stroke recurrence rate at the end of the 1-year follow-up was 18.3% for ApoB/ApoA-I > median and 9.9% for ApoB/ApoA-I < median, with significantly different cumulative stroke recurrence rates between the two groups (log-rank P-value = 0.001; Figure 1).


TABLE 2 ApoB/ApoA-I by patient characteristics.
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[image: Cumulative incidence curve comparing recurrent event risk based on ApoB/ApoA-I levels greater than or equal to 0.85 and less than 0.85. The blue line (greater than or equal to 0.85) shows an 18.3% incidence, while the red line (less than 0.85) shows a 9.9% incidence over 12 months. Log rank equals 0.001. Number at risk is indicated below the graph.]
FIGURE 1
 Kaplan–Meier curves estimate cumulative stroke recurrence rates for ApoB/ApoA-I categories (dichotomized by median) during 12-month follow-up.


The relationship between Apo B/Apo A-I and stroke recurrence was analyzed using univariate and multivariate Cox regression models, the results of which are shown in Table 3 and Supplementary Tables 1, 2. The ApoB/ApoA-I ratio, as well as age, diabetes, and poor medication adherence, were independently associated with 1-year stroke recurrence. In univariate Cox regression, the risk of stroke recurrence in patients with ApoB/ApoA-I above the median was nearly twice as high as in patients below the median (HR 1.975, 95% CI 1.312–2.973, P < 0.001). However, this association attenuated after mutual adjustment (HR 1.636, 95% CI 0.979–2.732, P = 0.060). In multivariate Cox regression, the ApoB/ApoA-I ratio as a continuous variable was an independent risk factor for stroke recurrence (HR 4.007, 95% CI 1.661–9.666, P < 0.001). The restricted cubic spline plot did not reveal a non-linear relationship between serum ApoB/ApoA-I and 1-year stroke recurrence (P = 0.402 for non-linear trend, Figure 2).


TABLE 3 Univariate and multivariate cox regression analyses for the association of ApoB/ApoA-I with stroke recurrence.

[image: Table comparing univariate and multivariate analyses of ApoB/ApoA-I. Univariate shows β: 0.681, SE: 0.209, Wald χ²: 10.650, P-value: 0.001, HR: 1.975, 95% CI: 1.312-2.973 for category; β: 1.551, SE: 0.321, Wald χ²: 23.276, P-value: <0.001, HR: 4.717, 95% CI: 2.512-8.857 for ApoA-I. Multivariate shows β: 0.492, SE: 0.262, Wald χ²: 3.533, P-value: 0.060, HR: 1.636, 95% CI: 0.979-2.732 for category; β: 1.388, SE: 0.449, Wald χ²: 9.543, P-value: 0.002, HR: 4.007, 95% CI: 1.661-9.666 for ApoA-I. Adjusted for various risk factors.]
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FIGURE 2
 Non-linear associations between stroke recurrence and ApoB/ApoA-I ratio. HR where the revalue for the ApoB/ApoA-I ratio is 0.853. P-overall < 0.001, P-non-linear = 0.408.


Subgroup analysis showed that ApoB/ApoA-I was independently associated with stroke recurrence regardless of the age of patients, the presence of hypertension, and the level of LDL-C. Additionally, ApoB/ApoA-I was significantly correlated with stroke recurrence in the no-diabetes and LAA subgroups. However, the hazard ratios of ApoB/ApoA-I were not significant in the subgroups of female individuals, history of diabetes, and non-LAA stroke (Table 4). The interaction analysis showed that stratified subgroups (including LDL cholesterol) did not have an interaction effect with ApoB/ApoA-I on stroke recurrence. The analysis of ROCs for stroke recurrence is shown in the Supplementary Table 3. The addition of the ApoB/ApoA-I category to the model including age, sex, and other risk factors increased the AUC from 0.688 to 0.708 and the sensitivity from 0.627 to 0.755 but decreased the specificity from 0.716 to 0.602.


TABLE 4 Subgroup analysis of odd ratios of ApoB/ApoA-I for stroke recurrence.

[image: Table displaying hazard ratios, confidence intervals, p-values, and p-interaction values for various factors. Factors include sex, age, hypertension, diabetes, LDL cholesterol levels, and stroke type. Values indicate statistical analysis for risk factors adjusted for several variables including age, sex, and cholesterol levels.]



Discussion

Based on current studies, we found that elevated ApoB/ApoA-I levels were associated with stroke recurrence within 1 year after the first acute cerebral infarction, and this association remained statistically significant after adjusting for potential risk factors. Additionally, patients with acute cerebral infarction who were older than 60 years, suffering from hypertensive disorders, chronic smokers, and dyslipidemia, had higher levels of ApoB/ApoA-I. The addition of ApoB/ApoA-I to the traditional risk model improved the predictive power of the model, implying that ApoB/ApoA-I is a good indicator in predicting stroke recurrence.

A significant positive correlation was found between dyslipidemia, including elevated levels of LDL-C and TC, and the incidence of ischemic stroke (14). However, some studies have shown that ApoB/ApoA-I is a better indicator of cholesterol balance than traditional lipid markers, especially in predicting the risk of ischemic events such as coronary heart disease, myocardial infarction, and ischemic stroke (15–17). Donnell et al. in an international multicenter case–control study found that non-HDL-C/HDL-C ratios and ApoB/ApoA1 ratios were significantly correlated with ischemic stroke. Multivariate regression analysis adjusting for multiple ischemic stroke risk factors showed that the ApoB/ApoA1 ratio had a higher predictive value for ischemic stroke (OR: 2.33, 95% CI 1.80–3.00) than the non-HDL-C/HDL-C ratio (OR: 1.47, 95% CI 1.17–1.86) (18). Kostapanos et al. investigated the predictive value of ApoB/ApoA1 in relation to acute ischemic non-embolic stroke in the elderly. A total of 163 patients aged 70 years were included, and an elevated ApoB/ApoA1 ratio was shown to be an independent predictor of ischemic stroke in people aged 70 years and older in a multivariate regression analysis (19). In this study, we recruited a cohort with a first diagnosis of ischemic stroke and found that ApoB/ApoA-I was an independent risk factor for stroke recurrence and showed good predictive value.

The prognosis and risk factors for stroke recurrence vary among different ischemic stroke subtypes. Patients with recurrent multiple lacunar infarcts are more susceptible to cognitive dysfunction and have a higher prevalence of hypertension compared to other subtypes (20). The prevalence of atrial fibrillation and early recurrence rates are higher in patients with cardioembolic stroke compared to other subtypes, playing an important role in predicting in-hospital mortality (21, 22). Plasma LDL-c levels are now recognized as an independent risk factor for LAA, while the relationship with other stroke types is unclear (21). Therefore, it is necessary to explore the relationship between ApoB/ApoA-I and different stroke subtypes. It has been suggested that there is an association between the ApoB/ApoA-I ratio and intracranial atherosclerotic stenosis (23, 24). Kalani et al. found no significant difference in ApoB and ApoA-I levels in populations with different ischemic stroke subtypes (25). The evidence provided by a Mendelian randomization study supports the suggestion that apolipoprotein B is a major feature of the etiologic basis of ischemic stroke, particularly in large-artery and small-vessel stroke (26). In the subgroup analysis of the present study, the ApoB/ApoA-I ratio was found to be independently associated with LAA stroke recurrence compared to non-LAA strokes. This phenomenon may be explained by the pathogenic mechanisms of apolipoprotein B and apolipoprotein A-I. The pathogenesis of atherosclerosis is complex and involves subendothelial retention of lipoproteins, aggregation, and oxidation of the retained lipoproteins, endothelial damage and inflammation, macrophage chemotaxis and foam cell formation, and smooth muscle cell migration and alterations. Because each atherogenic particle has only one ApoB molecule, the amount of ApoB more accurately reflects the number of atherogenic particles in the circulation (27). The concentration of ApoB in the arterial lumen is the main determinant of the entry of ApoB particles into the arterial wall and their retention under the endothelium. The more ApoB particles in the arterial lumen, the more lipoproteins are retained in the arterial wall. After retention in the arterial intima, the aggregated ApoB particles are phagocytosed by macrophages and converted to foam cells (28). LDL contains ApoB-100, and ApoB causes LDL to be recognized and trapped by LDL receptors on arterial wall cells, leading to impaired endothelial lipid peroxidation and endothelium-dependent vasodilation in the artery, increasing vasoconstriction and promoting the development of ischemic vascular disease (29). ApoA-I is the major apolipoprotein associated with HDL, and the main mechanism by which HDL is protective against atherosclerosis is reverse cholesterol transport. ApoA-I, as a major structural component, is intimately involved in the synthesis and reverse transport of HDL, with anti-atherosclerotic properties that inhibit oxidative modification of lipoproteins and protect endothelial cell function (30). The pathogenic mechanisms of ApoB and ApoA-I suggest that the ratio represents a balance between pro- and anti-atherosclerotic, pro- and anti-inflammatory, and thrombotic and antithrombotic lipoprotein particles and has great clinical application in stroke risk assessment and targeted therapy. Due to the fact that the pathophysiology, prognosis, and clinical features of small-vessel ischemic strokes are different from other stroke subtypes (31), the association of ApoB/ApoA-I with small-vessel stroke is uncertain. The pathophysiology of small-vessel stroke is highly diverse and can lead to lacunar infarction due to vascular occlusion, disrupted cerebral autoregulation, or augmented vascular permeability (32). Additionally, small-vessel occlusion may be attributed to a thrombogenic mechanism resembling that of large-artery atherosclerosis. A future line of research on the discussed topic would be to study the relationship and relevance of the predictive value of ApoB/ApoA-I for recurrence within 1 year after the first incident stroke in ischemic small-vessel disease vs. other ischemic stroke subtypes.

According to the subgroup analyses in this study, we also found that a high ApoB/ApoA-I ratio was strongly associated with an increased risk of stroke recurrence regardless of whether the patients had high or low LDL-C levels. Similar to the results of a study on ApoB and coronary artery disease, Kim et al. found in 14,205 patients without cardiovascular disease, including 2,773 patients with mild coronary artery disease, followed for 5 years, indicating that high plasma ApoB levels were closely related to the prevalence and progression of coronary artery calcium and were not affected by LDL-C levels (33). The abovementioned study confirmed that ApoB is a predictor of cardiovascular and cerebrovascular disease within the target range of LDL-C. Therefore, simultaneous measurement of traditional lipid markers (including TG, TC, LDL-C, and HDL-C), ApoB, and ApoA-I is more conducive to risk assessment of cardiovascular and cerebrovascular diseases. However, due to the limited sample size, the results of other subgroup analyses must be interpreted with prudence. Future multicenter and large sample size studies are needed to further confirm these findings.

Currently, dyslipidemia remains one of the major challenges in the management of patients with cerebrovascular disease. The reduction of plasma LDL levels through inhibition of hydroxymethylglutaryl coenzyme A reductase (statin therapy) is central to the guidelines for the treatment of dyslipidemia (12), but there is still a significant residual risk in patients with stroke after statin therapy. The next most promising alternative therapy for the treatment of atherosclerosis is the direct reduction of ApoB levels. Lomitapide and mipomersen sodium were recently approved by the US Food and Drug Administration for the adjuvant treatment of patients aged ≥18 and ≥12 years, respectively, with pure-sibling familial hypercholesterolemia (HoFH) (34, 35). Lomitapide is an oral inhibitor of microsomal triglyceride transport protein (MTP), which reduces hepatic production of apoB-containing lipoproteins by inhibiting MTP (36). Mipomersen is a second-generation antisense nucleotide targeting ApoB mRNA that reduces ApoB synthesis, resulting in reduced production of atherosclerotic lipoproteins (37). The current drugs commonly used in clinical practice only raise HDL-C by 35%, prompting researchers to search for new compounds to raise HDL (38). One approach is to directly administer HDL or its components, so investigating ApoA-I mimetic compounds or recombinant HDL particles is a promising treatment strategy, and a representative drug is ApoA-I Milan (39, 40). ApoA-I Milan exhibits multiple beneficial effects on lipid metabolism and cardiovascular health. Specifically, it enhances cholesterol efflux from cells, thereby promoting its elimination from the body. Furthermore, ApoA-I Milan exerts a protective effect on LDL particles, shielding them from oxidative damage that can lead to the development of atherosclerotic plaques. Additionally, this protein induces lipolysis, a process that breaks down fats, which may contribute to weight loss. Finally, ApoA-I Milan has been observed to reduce inflammatory markers and plaque vulnerability, suggesting a potential role in mitigating the risk of cardiovascular events (41, 42).



Limitations

This study has several limitations. First, the clinical endpoints at follow-up were assessed by telephone interview rather than clinical consultation, which increases the risk of missing potentially relevant endpoints, especially TIA. Second, the follow-up and documentation of the issue of patient adherence to medication were not detailed enough. We only recorded the presence or absence of discontinuation, which would have been more complete if the type of discontinuation had been included in the prediction model. Third, as a single-center retrospective analysis, our study included only the patients tested with ApoB/ApoA-I, and selection bias definitely exists. The severity of stroke is related to the risk of stroke recurrence. However, this study did not collect patients' National Institute of Health stroke scale (NIHSS) scores at admission, which is one of the limitations. Finally, this study only analyzed the relationship between stroke recurrence and ApoB/ApoA-I during the first year in patients with first acute ischemic stroke but did not analyze the correlation at other time points (at 3 months, 6 months, etc.) between ApoB/ApoA-I and stroke recurrence; otherwise, the findings would have been more complete. The strength of this study lies in its pioneering discovery of a positive correlation between ApoB/ApoA-I levels and the risk of recurrence of first ischemic stroke, a correlation that is particularly significant in LAA stroke patients. These findings suggest that ApoB and ApoA-I may serve as novel therapeutic targets for stroke patients in the future.



Conclusion

The findings of the current study suggest an association between the ratio of ApoB to ApoA-I measured during the acute phase of the first stroke and the risk of stroke recurrence within 1 year. After adjusting for traditional prognostic factors, this association remained significant, particularly in the LAA stroke subgroup and independently of LDL-C levels. Elevated plasma levels of ApoB/ApoA-I are an independent risk factor for stroke recurrence within 1 year of acute ischemic stroke. Targeted lowering of both LDL-C levels and ApoB/ApoA-I may provide additional benefits for patients with cerebral infarction. Future studies are needed to determine whether ApoB/ApoA-I can be used as a target for secondary prevention of cerebrovascular disease.
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Background: Although some studies have shown that exercise has a good effect on improving the cardiopulmonary function of stroke patients, it still needs to be determined which exercise method does this more effectively. We, therefore, aimed to evaluate the effectiveness of different exercise methods in improving cardiovascular function in stroke patients through a network meta-analysis (NMA), providing a basis to select the best treatment plan for stroke patients.
Methods: We systematically searched CNKI, WanFang, VIP, CBM, PubMed, Embase, Web of Science, and The Cochrane Library databases from establishment to 30 April 2023. Randomized controlled trials (RCTS) on exercise improving cardiopulmonary function in stroke patients were included, and we screened the included articles and extracted the relevant data. RevMan (version 5.4) and Stata (version 17.0) were used for data analysis.
Results: We included 35 RCTs and a total of 2,008 subjects. Intervention measures included high-intensity interval training (HIIT), aerobic training (AT), resistance training (RT), combined aerobic and resistance exercise (CE), and conventional therapy (CT). In the network meta-analysis, the surface under the cumulative ranking area (SUCRA) ranking result indicated that HIIT improved peak oxygen uptake (VO2peak) and 6 mins walking distance (6MWD) optimally, with rankings of HIIT (100.0%) > CE (70.5%) > AT (50.2%) > RT (27.7%) > CT (1.6%), and HIIT (90.9%) > RT (60.6%) > AT (48.9%) > RT (48.1%) > CT (1.5%), respectively. The SUCRA ranking result showed that CE improved systolic blood pressure (SBP) and diastolic blood pressure (DBP) optimally, with rankings of CE (82.1%) > HIIT (49.8%) > AT (35.3%) > CT (32.8%), and CE (86.7%) > AT (45.0%) > HIIT (39.5%) > CT (28.8%), respectively.
Conclusion: We showed that exercise can effectively improve the cardiopulmonary function of stroke patients. HIIT was the most effective in improving VO2peak and 6MWD in stroke patients. CE was the most effective in improving SBP and DBP in stroke patients. However, due to the limitations of existing clinical studies and evidence, larger sample size, multi-center, and high-quality RCTs are needed to verify the above conclusions in the future.
Systematic review registration: https://www.crd.york.ac.uk/prospero/, identifier [CRD42023436773].
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1 Introduction

Stroke, also known as a cerebrovascular accident, is an acute cerebrovascular disease characterized by focal neurological deficits caused by various vascular causes (such as ischemia or hemorrhage) (1). The absolute number of incident strokes globally increased by 70.0% from 1990 to 2019, whereas prevalent strokes increased by 85.0% and deaths from stroke increased by 43.0% (2). Stroke has become the second leading cause of death globally after ischemic heart disease (3). The common functional disorders in stroke patients include motor, sensory, cardiopulmonary, speech, and swallowing (4).

Stroke patients typically exhibit varying degrees of impaired cardiopulmonary function. Peak aerobic capacity (VO2peak) is the highest level of oxygen consumption (VO2) attained during a graded exercise test (5). VO2peak levels in stroke patients may drop 8–22 mL/kg/min, approximately 53% compared to the average age and sex-matched population (6). VO2peak levels required for independent living in healthy people is 15–18 mL/kg/min (7), and very low VO2peak levels after stroke may prohibit patients from performing higher levels of ADL and limit the sustainability of lower levels of ADL (8). In addition, maintaining cardiovascular health is essential to reduce the risk of recurrent stroke (9). Therefore, improving the cardiopulmonary function of stroke patients as soon as possible has important clinical significance for functional recovery and quality of life improvement.

After the stroke, exercise is an essential component in reducing the risk of future cardiovascular events and stroke recurrence (10), and there is increasing evidence that exercise has substantial benefits in improving cardiopulmonary function and musculoskeletal health in stroke patients. The Chinese Stroke Association guidelines for clinical management of cerebrovascular disorders recommend individualized exercise rehabilitation training for stroke survivors to improve cardiopulmonary function (Class I recommendation, Level B evidence) (11). The current exercise methods applied to stroke patients mainly include high-intensity interval training (HIIT), aerobic training (AT), resistance training (RT), and combined aerobic and resistance exercise (CE). HIIT is an efficient method of exercise that involves performing a high-intensity workout in a short period and actively recovering or resting during exercise (12). AT refers to the exercise carried out by the body with sufficient oxygen supply, mainly focused on aerobic metabolism (13). RT is an active movement of muscles relying on their strength to overcome external resistance (14), whereas CE refers to the combination of aerobic exercise and strength training. Conventional therapy (CT) refers to routine treatment and care, and the patient does not perform any regular exercise.

Scholars worldwide have explored different interventions, but the most effective and safe interventions to improve the cardiopulmonary function of stroke patients have yet to be concluded. Pairwise meta-analysis uses CT as the control, which cannot compare the treatment effects of multiple interventions. Network meta-analysis (NMA) was developed from the pairwise meta-analysis, from comparing two standard treatment factors to comparing numerous treatment factors simultaneously. The primary function of NMA is to evaluate and rank multiple interventions simultaneously (15). Therefore, we aimed to use NMA to assess and compare the effects of different exercise methods on improving cardiopulmonary function in stroke patients to provide sufficient evidence for future clinical practice.



2 Materials and methods


2.1 Study enrollment and reporting

This study was conducted following the recommendations of the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) statement (16). PRISMA extension statements were used to ensure that all aspects of methods and results were reported (17). The protocol is registered in PROSPERO (registration number: CRD42023436773).



2.2 Search strategy

Two authors separately searched for randomized controlled trials (RCTs) regarding exercise improving cardiopulmonary function in stroke patients from the China National Knowledge Infrastructure (CNKI), WanFang Knowledge Service Platform (WanFang), Chinese Scientific Journals Database (VIP), Chinese Biomedical Literature Service System (CBM), PubMed, Embase, Web of Science, and The Cochrane Library databases. The retrieval period started from the establishment of the database to 30 April 2023. By combining medical subject headings with free words using Boolean logic operators, we integrated the following terms for a comprehensive search: “stroke,” “apoplexy,” “hemiplegia,” “cerebrovascular disease,” “cerebral infarction,” “cerebral hemorrhage,” “sport,” “exercise,” “train,” “physical activity,” “resistance exercise,” “aerobic exercise,” “high-intensity interval training,” “random,” “randomized controlled trial,” and “RCT.” In addition, we manually screened the list of references in the relevant meta-analysis and reviews to minimize the omission of literature that meets the inclusion criteria. Taking PubMed search as an example, the details of the search strategy are shown in Supplementary Table S1.



2.3 Selection and exclusion criteria

The inclusion criteria were formulated according to the principles of Population, Intervention, Comparison, Outcome, and Study design (PICOS) (18). Eligible studies had to meet the following criteria: (1) population: adult stroke patients with stable vital signs, no cognitive impairment and movement contraindication, and with the consent of the patient and his family members; (2) intervention: HIIT, AT, RT, and CE; (3) comparison: the control group only received CT or any of the above interventions; (4) outcome: in the included article, at least one of the following results must be reported: peak oxygen uptake (VO2peak), 6 min walking distance (6MWD), systolic blood pressure (SBP), and diastolic blood pressure (DBP); (5) study design: randomized controlled trial. The exclusion criteria were as follows: (1) studies that do not specify the type of exercise intervention; (2) studies with unclear descriptions of participant age; (3) conference articles, reviews, dissertations, and non-RCTS (e.g., case reports, observational studies, cross-sectional studies, and studies without a control group); (4) studies with more patients withdrawing midway; (5) studies that could not be downloaded; and (6) studies with incomplete outcome data and contacting the authors three times without response.



2.4 Study selection

Two authors (CW and YX) independently screened the article using EndNote X9 software. If there was any disagreement during the process, the decision was made through consultation or jointly with the third author (LZ). During article screening, we first used the duplicate check function of the software to eliminate any of the same articles. The title, abstract, and body of the literature were then read sequentially, and those that did not meet the inclusion criteria were eliminated. In case of missing important information, we contacted the corresponding authors of the literature by email or other means to ensure the completeness of the data.



2.5 Data extraction and quality assessment

Two authors (WF and ZL) independently reviewed all the articles and extracted the data. The extracted data includes basic publication information (first author’s name and country of origin), participant characteristics (age and sample size), intervention characteristics (type, intensity, duration, and period), and outcome measures (VO2peak, 6MWD, SBP, and DBP) at baseline and last observation, to observe their change scores. When there were disagreements during data extraction, the third author (MY) was involved in the discussion and decision-making. Two authors (WF and ZL) used the Cochrane Risk of Bias Tool to evaluate the included article in the following aspects: (I) random sequence generation; (ii) allocation concealment; (iii) blinding of participants and personnel; (iv) blinding of outcome assessment; (v) incomplete outcome data; (vi) selective reporting; (vii) other bias (19). The risk assessment was divided into three levels: “low risk,” “high risk,” and “unclear.” The evaluation process was carried out by two authors independently, and if there were any disputes in the process, the third author (MY) was consulted and a decision made together.



2.6 Statistical analysis

Odds ratio for binary variables and mean difference (MD) for continuous variable were used as the effect indicators, and the 95% confidence interval (CI) was provided for each effect size. For continuous variable indicators, we calculated the difference before and after treatment and the standard deviation according to the method provided in 16.1.3.2 of Cochrane Handbook 5.0.2 for statistical analysis. We used RevMan (version 5.4) for pairwise meta-analysis. The p-value of the chi-square test and the I2 index from the heterogeneity test were used to express the level of statistical heterogeneity. Different effect models were selected according to the level of heterogeneity of the test data. When the level of heterogeneity was low (p ≥ 0.1, I2 ≤ 50%), we selected the fixed effect model for analysis. Otherwise, a random effect model (p < 0.1, I2 > 50%) was used (20).

We used Stata (version 17.0) for all statistical analysis and various charts, such as network meta-analysis diagrams of eligible comparisons, the surface under the cumulative ranking area (SUCRA), funnel plot of publication bias, and so on (21). When there are closed loops between interventions, we first need to assess global inconsistency. When p > 0.05, the inconsistent model was not significant, and the consistent model was selected (22). We used a node-splitting approach to assess local inconsistency (23). At the same time, it is also necessary to evaluate the loop inconsistency and calculate the inconsistency factors (IF) and 95% confidence interval (CI) for each closed loop. If the lower limit of 95% CI included or was close to 0, the consistency between the direct comparison results and the indirect comparison results was good; otherwise, the closed loop was considered to have obvious inconsistency. If no closed loop was formed between the interventions, the consistency model was used for analysis directly. Intervention outcomes were ranked using the SUCRA. The closer SUCRA was to 100%, the better the effect of the intervention. Finally, the publication bias of the included articles was evaluated by drawing the funnel plot of publication bias and Egger’s test. Publication bias was indicated when there was asymmetry in the funnel plot of publication bias and p < 0.05 in Egger’s test (24).




3 Results


3.1 Study identification and selection

We strictly searched the above eight databases according to the inclusion and exclusion criteria and preliminarily obtained 8,692 articles. After eliminating duplicates, 6,297 articles remained. By reading the titles and abstracts of the articles, those that did not meet the inclusion criteria were excluded, leaving 226 articles. By reading the full text, we excluded a further 191 articles, including non-RCTs (n = 91), articles with unrelated intervention (n = 17), articles with irrelevant outcomes (n = 58), articles with unavailable full text (n = 14), and articles with incomplete data (n = 11). Ultimately, 35 articles met our study requirements (Figure 1).

[image: Flowchart detailing the study selection process for a meta-analysis. Identification from English and Chinese databases yielded 6,297 records. Following the removal of duplicates and a screening process focusing on titles and abstracts, 6,071 irrelevant studies were excluded. Full-text screening of 226 records resulted in the exclusion of 191 studies for reasons including non-randomized controlled trials and unrelated interventions. Finally, 35 studies were included in both qualitative and quantitative synthesis.]

FIGURE 1
 Flow diagram of eligible studies selection process. CNKI, China national knowledge infrastructure; WanFang, WanFang knowledge service platform; VIP, Chinese scientific journals database; CBM, Chinese biomedical literature service system; n, number of publications.




3.2 Characteristics of the included studies

We finally included 35 RCTs with 1,075 patients in the intervention group and 933 patients in the control group, ranging in age from 55 to 78 years. The RCTs were from China (n = 9), the United States (n = 7), Canada (n = 4), South Korea (n = 4), Norway (n = 2), Ireland (n = 1), Denmark (n = 1), Switzerland (n = 1), Sweden (n = 1), Australia (n = 1), Italy (n = 1), Belgium (n = 1), Germany (n = 1), and Israel (n = 1). Among the 35 articles, one was a four-arm trial, three were three-arm trials, and 31 articles were two-arm trials. Twenty-nine articles used VO2peak as the outcome measure; 21 used 6MWD as the outcome measure; and seven used SBP and DBP as the outcome measure. Table 1 shows the key characteristics of the patients and interventions included in this study.



TABLE 1 Characteristics of included studies.
[image: A detailed table compares multiple studies on exercise interventions. It includes columns for Study ID, Country, Age, Sample, Type of Intervention, Intensity of Intervention, Duration, Intervention Period, and Outcomes. Each row provides specific information about various interventions, such as HIIT, AT, CT, or CE, with different intensity levels and durations. Outcomes like VO₂max and 6MWD are also listed, with studies conducted in diverse countries including Italy, Norway, America, Korea, China, and more.]



3.3 Quality evaluation

All 35 articles included were RCTs. Twenty-one articles reported random sequence generation, rated as a low risk of bias; 14 did not adequately report how randomization was performed and were rated as uncertain risk of bias; 12 described allocation concealment and were rated as having a low risk of bias; 22 did not fully report blinding of researchers and subjects, rated as an uncertain risk of bias; 13 did not blind the investigators and subjects and were rated as a high risk of bias; and eight articles described the blinding of outcome measures and were rated as having a low risk of bias. None of the remaining articles were reported and rated as having an uncertain risk of bias. All 35 articles showed good data integrity and did not report the study results selectively. Furthermore, all articles did not describe any other bias. Figure 2 shows the details of the bias risk assessment results.

[image: Chart panel A shows types of bias across various studies, with green for low risk, yellow for unclear risk, and red for high risk of bias. Panel B displays a detailed table with individual studies listed by authors and year, using colored circles to indicate risk levels for specific bias types such as selection, performance, and detection bias.]

FIGURE 2
 Quality assessment of selected studies by the cochrane risk of bias tool. (A) Risk of bias graph: review authors judgments about each risk of bias item presents as percentages across all included studies. (B) Risk of bias summary: review authors judgements about each risk of bias item for each included study.




3.4 Pairwise meta-analysis

In this study, we used a pairwise meta-analysis to comprehensively compare two interventions. We carried out eight pairwise meta-analyses to compare VO2peak, 8 to compare 6MWD, 5 to compare SBP, and 5 to compare DBP, respectively, which can be summarily seen in Table 2. The detailed forest plots of the pairwise meta-analysis results were shown in Supplementary Figures S1–S4.



TABLE 2 Pairwise meta-analysis.
[image: A table compares various training methods on different health markers, showing the number of studies, mean differences (MD) with 95% confidence intervals (CI), heterogeneity percentage (\( I^2 \)), and p-values. Significant results are highlighted in red and bold. Comparisons include VO2peak, 6MWD, SBP, and DBP across HIIT, AT, RT, and CE against CT or each other. Notable significant MDs are in VO2peak and 6MWD with p-values less than 0.05. Symbols indicate unreported data, and some values are non-significant. Definitions for abbreviations are provided.]



3.5 Network analysis results


3.5.1 VO2peak

VO2peak was reported in 29 articles involving five interventions: HIIT, AT, RT, CE, and CT with a total of 1,534 patients. Figure 3A shows the NMA diagrams of eligible comparisons, and the blue dots represent different interventions. The size of the dots represents the sample size; the straight line between two dots represents a direct comparison between two various interventions; and the thicker the solid line indicates the more significant number of studies in that pairwise comparison.

[image: Network diagrams labeled A, B, C, D, showing relationships among four nodes: AT, RT, CE, and HIIT. Diagrams A and B have a central CT node with thick lines indicating strong connections to AT. Diagrams C and D form a diamond shape with AT at the top and CT at the bottom, linked to CE and HIIT on the sides. Line thickness varies to show connection strength.]

FIGURE 3
 Network meta-analysis diagrams of eligible comparisons. Width of the lines is proportional to the number of trial. Size of every circle is proportional to the number of randomly assigned participants (sample size). (A) VO2peak; (B) 6WMD; (C) SBP; (D) DBP. HIIT, high-intensity interval training; AT, aerobic training; RT, resistance training; CE, combined aerobic and resistance exercise; CT, conventional therapy.


The inconsistency model evaluated global inconsistency, which showed p = 0.069 (>0.05) (Supplementary Figure S5A). The inconsistency test was not significant, so we used the consistency model. We used the node-splitting approach to assess local inconsistency and only measured p < 0.05 for HIIT compared with CT (Supplementary Table S2). Nine closed loops were formed for the five interventions, and we assessed loop inconsistency for all closed loops. The results showed that all the 95% CI included 0, and all the IF were close to 0, indicating that the statistical results of NMA were highly credible (Supplementary Figure S6A).

The NMA results showed that VO2peak generated a total of 10 pairwise comparisons. HIIT significantly improved VO2peak compared to CE (MD = 2.55, 95% CI [0.96, 4.19]), AT (MD = 3.29, 95% CI [2.21, 4.37]), and RT (MD = 4.12, 95% CI [2.41, 5.83]). Compared with CT, HIIT (MD = 5.15, 95% CI [3.97, 6.32]), CE (MD = 2.59, 95% CI [1.31, 3.88]), and AT (MD = 1.86, 95% CI [1.22, 2.49]) significantly improved VO2peak in stroke patients. There was no statistically significant difference between the other two interventions (p > 0.05) (Figure 4A). Table 3 showed the SUCRA ranking for all interventions. According to the analysis, HIIT (SUCRA, 100.0%) may be the most effective intervention to improve VO2peak in stroke patients, followed by CE (SUCRA, 70.5%), AT (SUCRA, 50.2%), RT (SUCRA, 27.7%), and CT (SUCRA, 1.6%).

[image: Table with four sections labeled A, B, C, and D. Each section compares figures in different columns labeled HIIT, CE, AT, RT, and CT. Values with confidence intervals are shown, and some numbers are highlighted in red.]

FIGURE 4
 Network meta-analysis of head-to-head comparisons. (A) VO2peak; (B) 6WMD; (C) SBP; (D) DBP. Red and bold numbers are statistically significant. HIIT, high-intensity interval training; AT, aerobic training; RT, resistance training; CE, combined aerobic and resistance exercise; CT, conventional therapy.




TABLE 3 SUCRA ranking of different interventions of outcomes.
[image: Table comparing intervention effects on various health metrics with SUCRA percentages, ranks, and mean ranks for HIIT, AT, RT, CE, and CT. Metrics include VO2peak, 6MWD, SBP, and DBP. Higher SUCRA and lower mean rank indicate a better effect. HIIT ranks highest for VO2peak and 6MWD. CE is notable for SBP and DBP. Definitions are provided for exercise types.]



3.5.2 6MWD

6MWD was reported in 21 articles involving five interventions: HIIT, AT, RT, CE, and CT, with a total of 1,156 patients. Figure 3B shows the NMA diagrams of eligible comparisons. The inconsistency model evaluated global inconsistency, which showed p = 0.6592 (>0.05) (Supplementary Figure S5B). The inconsistency test was not significant, so the consistency model was used.

The node-splitting approach was used to evaluate local inconsistency. The measured p-values were all >0.05, indicating good local consistency (Supplementary Table S3). Nine closed loops were formed for the five interventions, and we assessed loop inconsistency for all closed loops. The results showed that all the 95% CI included 0, and all the IF were close to 0, indicating that the statistical results of NMA were highly credible (Supplementary Figure S6B). The NMA results showed that 6MWD generated a total of 10 pairwise comparisons. Compared with CT, HIIT (MD = 67.89, 95% CI [25.72, 110.06]), RT (MD = 42.81, 95% CI [110.31, 75.31]), and AT (MD = 36.42, 95% CI [12.76, 60.07]) can significantly improve 6MWD in stroke patients. There was no statistically significant difference between the other two interventions (p > 0.05) (Figure 4B). Table 3 showed the SUCRA ranking for all interventions. According to the results of the SUCRA analysis, HIIT (SUCRA, 90.9%) may be the most effective intervention to improve 6MWD in stroke patients, followed by RT (SUCRA, 60.6%), AT (SUCRA, 48.9%), CE (SUCRA, 48.1%), and CT (SUCRA, 1.5%).



3.5.3 Systolic blood pressure

SBP was reported in seven articles involving four interventions: HIIT, AT, CE, and CT with a total of 394 patients. Figure 3C shows the NMA diagrams of eligible comparisons. The inconsistency model evaluated global inconsistency, which showed p = 0.9259 (>0.05) (Supplementary Figure S5C). The inconsistency test was not significant, so the consistency model was used.

The node-splitting approach was used to evaluate local inconsistency. The measured p-values were all >0.05, indicating good local consistency (Supplementary Table S4). Three closed loops were formed for the four interventions, and we assessed loop inconsistency for all closed loops. The results showed that all the 95% CI included 0, and all the IF were close to 0, indicating that the statistical results of NMA were highly credible (Supplementary Figure S6C). The NMA results showed that SBP generated a total of six pairwise comparisons and there was no statistically significant difference between the pairwise comparisons (p > 0.05) (Figure 4C). Table 3 showed the SUCRA ranking for all interventions. According to the results of the SUCRA analysis, CE (SUCRA, 82.1%) may be the most effective intervention to improve SBP in stroke patients, followed by HIIT (SUCRA, 49.8%), AT (SUCRA, 35.3%), and CT (SUCRA, 32.8%).



3.5.4 Diastolic blood pressure

DBP was reported in seven articles involving four interventions: HIIT, AT, CE, and CT with a total of 394 patients. Figure 3D shows the NMA diagrams of eligible comparisons. The inconsistency model evaluated global inconsistency, which showed p = 0.5571 (>0.05) (Supplementary Figure S5D). The inconsistency test was not significant, so the consistency model was used.

The node-splitting approach was used to evaluate local inconsistency. The measured p-values were all greater than 0.05, indicating good local consistency (Supplementary Table S5). Three closed loops were formed for the four interventions, and we assessed loop inconsistency for all closed loops. The results showed that all the 95% CI included 0, and all the IF were close to 0, indicating that the statistical results of NMA were highly credible (Supplementary Figure S6D). The NMA results showed that SBP generated a total of six pairwise comparisons, and there was no statistically significant difference between the pairwise comparisons (p > 0.05) (Figure 4D). Table 3 showed the SUCRA ranking for all interventions. According to the results of the SUCRA analysis, CE (SUCRA, 86.7%) may be the most effective intervention to improve DBP in stroke patients, followed by AT (SUCRA, 45.0%), HIIT (SUCRA, 39.5%), and CT (SUCRA, 28.8%).




3.6 Publication bias

We evaluated publication bias for VO2peak, 6MWD, SBP, and DBP using the funnel plot of publication bias (Figure 5) and Egger’s test. The colored dots in the funnel plot of publication bias represent pairwise comparisons between two different interventions. The greater the number of dots, the greater the number of pairwise comparisons. The dots in our funnel plot of publication bias were generally symmetrically distributed and concentrated at the top of the funnel. However, a few dots were allocated on the outside of the funnel in Figure 5A, and a few dots were distributed below and outside the funnel in Figure 5B, indicating a possible publication bias. In addition, we used Egger’s test for secondary validation of publication bias. The results showed VO2peak (Egger’s test p = 0.819) (Supplementary Figure S7A), 6MWD (Egger’s test p = 0.384) (Supplementary Figure S7B), SBP (Egger’s test p = 0.268) (Supplementary Figure S7C), and DBP (Egger’s test p = 0.812) (Supplementary Figure S7D), indicating that there was no publication bias in this study.

[image: Four funnel plots labeled A, B, C, and D display the standard error of effect size against effect size centered at pooled effect for various exercise comparisons. Each plot features different colored dots representing studies with a key for comparisons: HIIT vs AT, HIIT vs CT, AT vs RT, AT vs CE, AT vs CT, RT vs CE, RT vs CT, and CE vs CT. Diagonal dashed lines indicate a symmetrical funnel shape with a central red line reflecting no effect.]

FIGURE 5
 Funnel plot of publication bias. (A) VO2peak; (B) 6WMD; (C) SBP; (D) DBP. HIIT, high-intensity interval training; AT, aerobic training; RT, resistance training; CE, combined aerobic and resistance exercise; CT, conventional therapy.




3.7 Safety assessment of exercise training

In most of the included studies, investigators strictly implemented safety measures to ensure patient safety. Fifteen studies reported no adverse events during the exercise intervention period. Nine studies reported adverse events during the intervention period (Supplementary Table S6), involving 60 patients and four interventions (HIIT, AT, RT, and CT). The main adverse events included falls, fractures after falls, pneumonia, seizures, recurrent stroke, lower limb deep vein thrombosis, joint or muscle pain, dizziness, unstable blood pressure, brain tumors, concussions, aortic aneurysms, hernias, traumatic bleeding, and death. No adverse events were reported in the remaining 11 studies. Because there was no significant difference in the incidence of adverse events between the intervention group and the control group (p > 0.05), we believe exercise intervention is feasible for stroke patients. Still, it should be noted that exercise intervention must be carried out under the guidance and supervision of professionals.




4 Discussion

After stroke, the decline of nervous system function, prolonged bed rest, and decreased exercise will seriously affect the cardiopulmonary circulation system of patients. Girard et al. (60) found that stroke patients were inactive for 21 to 80% of their time during inpatient rehabilitation. In addition, it is difficult for patients to achieve 40% HRR in routine rehabilitation treatment. Conventional rehabilitation therapy is not sufficient to produce the effect of cardiopulmonary training, which hinders the recovery of functional independence of patients and may increase the risk of future stroke and other cardiovascular events. Therefore, for stroke patients, additional exercise to improve cardiopulmonary function is critical and necessary throughout the rehabilitation process. Our NMA evaluated the relative effectiveness of different exercise methods in improving VO2peak, 6MWD, SBP, and DBP in stroke patients by analyzing data from RCTs. This NMA was based on 35 studies, including a total of 2,008 patients. Twenty-nine RCTs assessed the effectiveness of four exercise methods and CT in improving VO2peak in stroke patients; 21 RCTs assessed the effects of four exercise methods and CT on 6MWD; seven RCTs assessed the effects of three exercise methods and CT on SBP and DBP. To our knowledge, this is the first NMA to compare the effects of different exercise methods on improving cardiopulmonary function in stroke patients. The NMA showed that HIIT was the most effective in improving VO2peak, followed by CE. HIIT was the most effective in improving 6MWD, followed by RT. CE was the most effective in improving SBP and DBP in stroke patients. HIIT and AT also improved blood pressure in stroke patients to varying degrees.

In published studies, VO2peak is one of the most commonly used measures to assess cardiopulmonary function in stroke patients, is the gold standard to evaluate an individual’s cardiopulmonary fitness, and is negatively correlated with cardiovascular risk and all-cause mortality (61). 6MWD, which refers to the maximum distance a participant can walk in 6 min, is also a commonly used indicator to assess an individual’s aerobic capacity and exercise endurance and is reliable and valid for evaluating cardiopulmonary function in stroke patients (62). This study shows that HIIT is the most potential exercise method to improve VO2peak and 6MWD in stroke patients. We summarized the following four advantages of HIIT. First, HIIT can improve the cardiopulmonary function of stroke patients by increasing the stroke volume, myocardial contractility, and the number and volume of mitochondria in cells (63). Second, the exercise intensity of HIIT is high enough to stimulate both aerobic and anaerobic metabolic areas, so that the plasma volume and red blood cell volume are increased, and the venous return is improved. Ultimately, the stroke volume of the subjects increased (64, 65), the blood flow resistance decreased (66), the cardiopulmonary function was improved, and the effect was sustainable (67). Third, decreased neuromuscular recruitment after stroke can lead to decreased skeletal muscle oxidative capacity. HIIT can increase neuromuscular recruitment, reduce the proportion of fast-twitch (type II) muscle fibers, and change the corresponding aerobic oxidation substrates to increase aerobic endurance. Therefore, HIIT can reduce exercise fatigue in stroke patients (68, 69). Fourth, HIIT has significant advantages in terms of time efficiency. Meanwhile, the personalization of HIIT may enhance the enjoyment of exercise, thereby enhancing patients’ adherence to exercise (70).

Although HIIT is a highly effective exercise modality, the optimal exercise intensity, frequency, and duration are still controversial. Crozier et al. (69) recommended that the duration of high-intensity exercise should range from 30 s to 4 min, the interval recovery phase should range from 30 s to 3 min, and the total duration of a single intervention should be 25 to 30 min, which provides a valuable reference for the formulation of individualized plans for HIIT. Meanwhile, the recovery time after the end of HIIT is also critical. Because evidence suggests that older adults (mean age, 63.0 ± 3.4 years) train at least 3 days intervals to reduce the risk of fatigue and achieve optimal recovery (71). Therefore, HIIT can be performed twice a week at the beginning of training and then gradually increase the frequency of exercise as tolerated. In clinical practice, clinicians or rehabilitation therapists have the flexibility to formulate the best exercise prescription according to the specific condition of patients and the above-recommended programs.

In addition, whether HIIT increases the risk of acute cardiovascular events is still uncertain. Rognmo et al. (72) found the following in their analysis of 4,846 patients with coronary artery disease who underwent HIIT and MICT, “Of the total exercise time of 175,820 h, one fatal cardiac arrest was reported during MICT (129,456 h of exercise), and two nonfatal cardiac arrests were reported during HIIT (46,364 h of exercise), with no myocardial infarction.” The results showed that the risk of cardiovascular events was low for both types of exercise, but HIIT produced significant cardiovascular adaptations. Wewege et al. (73) conducted a systematic review study on the safety of HIIT in patients with cardiovascular disease, which included 23 studies involving 1,117 patients. Among the 23 studies, 14 used the classical 4 × 4 min long interval protocol for HIIT, and the rest lasted from 30 s to 3 min. The systematic review reported one adverse event for every 3,417 HIIT sessions (2,227 training hours); one adverse event occurred every 7,134 MICT sessions (5,606 training hours). There was no difference in the risk of adverse events between the two exercise methods. We, therefore, conclude that HIIT can be used as an additional option to traditional aerobic exercise to improve cardiopulmonary function in stroke patients with stable clinical symptoms, recent regular exercise, correct exercise risk screening before exercise intervention, and motor function monitoring during exercise. Finally, it should be noted that few patients with severe stroke or more comorbidities were included in these studies. Therefore, the existing research results cannot be directly generalized to all stroke patients, and cardiopulmonary rehabilitation programs for stroke patients with severe or more comorbidities should be further explored in the future.

We also assessed two indirect measures of cardiopulmonary function (SBP and DBP). Hypertension is the most important modifiable risk factor for stroke, and about 64% of stroke patients have a history of hypertension before onset (74). When SBP is >115 mmHg or DBP >75 mmHg, the likelihood of cardiovascular events increases with blood pressure (75). The risk of fatal cardiovascular events doubles with each increase in SBP (20 mmHg) or DBP (10 mmHg) (76). Therefore, optimizing the management of blood pressure is of great significance to improve the prognosis of stroke. Taking antihypertensive drugs to rapidly lower blood pressure, even to lower levels within the hypertensive range, can affect patients to varying degrees. Therefore, blood pressure management through exercise is undoubtedly a suitable rehabilitation method for stroke patients. CE is known internationally as “concurrent training” or “concurrent strength and endurance training” (77). Wilson et al. (78) believe that concurrent training is a method to obtain strength, muscle hypertrophy, and muscle endurance in the same training phase. Davis et al. (79) suggest that concurrent training can maintain physical strength levels, improve endurance and other essential physical qualities, and be more beneficial than traditional rehabilitation training. This NMA showed that CE was the most effective in improving SBP and DBP in stroke patients, and HIIT and AT also improved blood pressure in stroke patients to varying degrees. However, there was no significant difference in the effect of each intervention on blood pressure improvement (p > 0.05). Although exercise positively affects blood pressure and health status in patients with hypertension, excessively vigorous exercise in the short term may increase the risk of adverse events (80). To safely and effectively improve blood pressure in stroke patients, CE with moderate intensity (AT: 40–60% HRR, RT: 50–70% 1RM), 3 days per week for 20 weeks should be prioritized, as this exercise program has the best intervention effect (81). However, it should be noted that managing blood pressure in stroke patients is complicated due to the variability of the etiology and hemodynamics caused by stroke. Therefore, when exercise is used to reduce the blood pressure of stroke patients in clinical treatment, it should be combined with the specific condition of the patient, and the blood pressure should be controlled reasonably after a comprehensive evaluation.

Our study has some strengths. Firstly, 35 articles and 2,008 adult stroke survivors were included, indicating a large sample size. Secondly, the interventions included four methods of exercise and CT, and the effects of the interventions were evaluated by four outcome measures. Then, to ensure a good level of evidence, we strictly followed inclusion and exclusion criteria to ensure that only RCTs were included. Finally, our study is the first NMA to compare the effects of different exercise methods on improving cardiopulmonary function in stroke patients, providing a preliminary basis for further detailed research in this area. Our study also has some limitations that should be considered. First, the intensity, duration, frequency, and period of exercise interventions in the included studies were not consistent, and the types of exercise were also different, including treadmill exercise, power cycling exercise, and weight-bearing walking exercise, which may limit the results of the study. Second, the ages of the included patients are slightly different, and some data indicators will be affected by age, which will affect the quality of the article. Further subgroup analysis based on age is needed in the future. Third, the number of articles using RT as an intervention is small. At the same time, the limited amount of articles on improving SBP and DBP may reduce the reliability of the conclusions. Fourth, some studies did not describe random sequence generation and allocation concealment, which may cause certain selection biases. Finally, adverse events may not be strictly reported in the included RCTs. Therefore, the safety of exercise intervention needs to be further studied.



5 Conclusion

In this NMA, no single exercise method was optimal for all outcome indicators. Different exercise methods have distinct advantages in improving cardiopulmonary function in stroke patients. HIIT was more effective than other exercise methods in improving VO2peak and 6MWD. CE was the most effective in improving DBP and SBP. Still, it is worth noting that the number of articles included in the latter two outcome measures is limited, and the conclusions still need to be further verified. At the same time, due to the limitations of existing clinical studies and evidence, larger sample size, multi-center, and high-quality RCTs are needed to verify the above conclusions in the future.
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Introduction: In a drip-and-ship model for endovascular thrombectomy (EVT), early identification of large vessel occlusion (LVO) and timely referral to a comprehensive center (CSC) are crucial when patients are admitted to an acute stroke center (ASC). Several artificial intelligence (AI) decision-aid tools are increasingly being used to facilitate the rapid identification of LVO. This retrospective cohort study aimed to evaluate the impact of deploying e-Stroke AI decision support software in the hyperacute stroke pathway on process metrics and patient outcomes at an ASC in the United Kingdom.
Methods: Except for the deployment of e-Stroke on 01 March 2020, there were no significant changes made to the stroke pathway at the ASC. The data were obtained from a prospective stroke registry between 01 January 2019 and 31 March 2021. The outcomes were compared between the 14 months before and 12 months after the deployment of AI (pre-e-Stroke cohort vs. post-e-Stroke cohort) on 01 March 2020. Time window analyses were performed using Welch’s t-test. Cochran–Mantel–Haenszel test was used to compare changes in disability at 3 months assessed by modified Rankin Score (mRS) ordinal shift analysis, and Fisher’s exact test was used for dichotomised mRS analysis.
Results: In the pre-e-Stroke cohort, 19 of 22 patients referred received EVT. In the post-e-Stroke cohort, 21 of the 25 patients referred were treated. The mean door-in-door-out (DIDO) and door-to-referral times in pre-e-Stroke vs. post-e-Stroke cohorts were 141 vs. 79 min (difference 62 min, 95% CI 96.9–26.8 min, p < 0.001) and 71 vs. 44 min (difference 27 min, 95% CI 47.4–5.4 min, p = 0.01), respectively. The adjusted odds ratio (age and NIHSS) for mRS ordinal shift analysis at 3 months was 3.14 (95% CI 0.99–10.51, p = 0.06) and the dichotomized mRS 0–2 at 3 months was 16% vs. 48% (p = 0.04) in the pre- vs. post-e-Stroke cohorts, respectively.
Conclusion: In this single-center study in the United Kingdom, the DIDO time significantly decreased since the introduction of e-Stroke decision support software into an ASC hyperacute stroke pathway. The reduction in door-in to referral time indicates faster image interpretation and referral for EVT. There was an indication of an increased proportion of patients regaining independent function after EVT. However, this should be interpreted with caution given the small sample size. Larger, prospective studies and further systematic real-world evaluation are needed to demonstrate the widespread generalisability of these findings.
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1 Introduction

Endovascular thrombectomy (EVT) is an established treatment for ischaemic stroke patients with large vessel occlusion (LVO) and has been shown in numerous studies to improve patient outcomes (1). Although selected patients may benefit from EVT up to 24 h after the onset of stroke, the benefit of treatment diminishes with increasing time between the onset of symptoms and treatment (2).

UK services to provide EVT are built around a ‘drip and ship’ model where those patients presenting at acute stroke centers (ASCs) within a geographical region, who are eligible for EVT, are transferred urgently to a comprehensive stroke center (CSC) after intravenous thrombolytic therapy, if indicated. The drip-and-ship model inevitably introduces a delay in EVT time to treatment for patients presenting to an ASC compared to those who present directly to a CSC.

Early identification of LVO and timely treatment are critical to achieving optimal clinical outcomes, particularly when patients require transfer from an ASC to a CSC. In a drip-and-ship model, for transferred patients to achieve the most benefit, the door-in-door-out (DIDO) time at an ASC should be less than 60 min (3, 4). One factor that has been identified as preventing this is a lack of expertise to quickly diagnose an LVO at the ASC, especially at times when expert staff are less likely to be available. Timely and accurate interpretation of imaging has been identified as an element of the patient pathway where an artificial intelligence (AI) decision support tool may be used to improve decision-making and expedite care (5–7).

e-Stroke (Brainomix, United Kingdom) is a software medical device for processing CT scans for stroke patients. It uses AI to analyse stroke CT brain image data to provide automated detection of specific clinically validated imaging features (8, 9), including identification and quantification of early ischaemic change and hemorrhage, and identification of large vessel occlusion (10). The version used in this study comprised two separate image assessment modules of e-Stroke: e-ASPECTS, and e-CTA for non-contrast CT (NCCT) and CT angiography (CTA), respectively (Figure 1).
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FIGURE 1
 (A) e-ASPECTS. The heat map indicates early CT changes in NCCT and (B) e-CTA. The red circle indicates LVO in the CTA.


In this study, we aimed to evaluate the impact of the introduction of e-Stroke into the hyperacute stroke pathway at a representative ASC in the United Kingdom, assessing changes over time in relevant time metrics and clinical endpoints. We used STrengthening the Reporting of OBservational Studies in Epidemiology (STROBE) criteria to report its findings (11).



2 Materials and methods

A retrospective cohort study design was used to analyse the impact of e-Stroke before and after it was deployed into the stroke pathway at an ASC in the UK on 1 March 2020. All patients who were referred and underwent EVT were eligible and included in the analysis. The pre-e-Stroke cohort included patients referred for and underwent EVT from 01 January 2019 to 29 February 2020, and the post-e-Stroke cohort included patients from 01 March 2020 to 31 March 2021. We measured the following pre-specified endpoints: door-in-door-out time (DIDO), broken down into door-in-to-referral time (DTR), referral to acceptance time (RTA), acceptance-to-door-out time, and mRS at 3 months and dichotomised mRS 0–2 and mRS 5–6 between groups.

The data on age, sex, admission National Institute of Health Stroke Scale (NIHSS), and comorbidity were extracted from the Stroke Sentinel National Audit Program (SSNAP) and the local stroke registry. As this was a service evaluation at a single-center where routinely collected anonymised data were utilised, a separate ethical approval was not sought. All patients who were referred for EVT from the center were included in the registry, and the data on time-stamps and mRS at 3 months were collected prospectively. No major changes to the stroke pathway were made during the study period at this center other than the implementation of e-Stroke and remote decision-making facilitated by e-Stroke during the first wave of COVID-19.


2.1 Stroke pathway

The study ASC serves a population of approximately 600,000. Patients presenting with acute ischaemic stroke who are eligible for EVT are referred to one of the two regional CSCs, depending on the EVT service hours in the CSCs. Before the patient arrives at the emergency department (ED), the ambulance crew pre-alerts the ED team at the ASC for any suspected acute stroke patients, which triggers an acute stroke call to the local stroke team. The stroke team meets the patient on arrival at the ED, undertakes a clinical review, and then the patient is transferred to the CT unit for, NCCT and CTA.

The stroke team is led by a stroke specialist clinician during daytime hours or an emergency department physician after hours and at weekends, with stroke specialists available remotely for advice as required. All stroke specialists are consultant physicians with specialist training in stroke medicine or neurology. The team also includes a stroke specialist nurse at all hours. A trainee doctor and/or physician associate also support the team.

NCCT images are reviewed by a stroke specialist or an ED physician. However, not all stroke specialists or ED physicians have expertise in reviewing CTA images, and a radiologist review is often sought to confirm findings. Prior to e-Stroke implementation, the specialists had to use a laptop computer to access CT images remotely, and the images were transferred to CSCs via the picture archiving and communication system (PACS) or image exporting portal (IEP). Potentially EVT-eligible patients are referred to the on-call stroke specialist at the CSC and accepted after reviewing the images and eligibility. Subsequently, an ambulance transfer is arranged from the ASC to the CSC. In the meantime, eligible patients are given intravenous thrombolysis (Figure 2).
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FIGURE 2
 Pre- and post-e-Stroke pathway.




2.2 Introduction of e-Stroke

e-Stroke was implemented in March 2020. Acute stroke images (NCCT and CTA) were directly sent to the e-Stroke server from the CT scanner in parallel to being sent to PACS (Figure 2). e-Stroke result outputs were available on the PACS image viewer as well as on a mobile app, typically in less than 2 min from scan acquisition. In addition, one of the CSCs (CSC1) was linked via an integrated cloud-based image worklist to enable immediate review of e-Stroke images. The other CSC (CSC2) was able to view the e-Stroke images through image-sharing functionality via the e-Stroke app. The software was implemented as part of a proactive quality improvement initiative.

Mandatory face-to-face training was provided to all the clinical users before they were given access to the e-Stroke software. Additional training was provided to radiographers. Brainomix also supported a virtual training platform for user onboarding.

The pre-hospital alert system, the composition of the acute stroke team, and other elements of the pre-existing protocol for the stroke pathway were not changed during the study period, except for stroke specialists making treatment decisions remotely for stroke patients admitted to the ED with suspected symptoms of COVID-19 during the first wave of the pandemic. The remote communication was facilitated by instant WhatsApp imaging between the stroke nurse and stroke consultant group. The legal assurance by the Information Commissioners’ Office to the NHS England for adopting digital technologies for information sharing during COVID-19 supported this change (12).



2.3 Statistical analysis

Door-in-door-out, door-in to referral, referral to acceptance, and acceptance to door-out time comparisons before and after the introduction of AI-based decision support were performed using Welch’s t-test. To assess clinical outcomes, both shift and dichotomised analyses were used for the modified Rankin Scale (mRS) at 3 months, in keeping with standard practice. The distribution of mRS scores was compared using the Cochran–Mantel–Haenszel test. Proportional odds model regression was used for mRS shift odds ratios, confidence intervals, and adjustment for age and NIHSS. Dichotomised mRS 0–2, mRS 5–6, and baseline characteristics were compared between groups with Fisher’s exact test. All analyses were performed in R version 3.6.3 (13) and figures were drawn using ggplot2.




3 Results

During the 14-month period from 01 January 2019 to 29 February 2020, 846 patients were admitted to the ASC with acute stroke and 22 were referred to a CSC for EVT (pre-e-Stroke cohort). Of which, 19 patients received EVT. During the 12-month period following e-Stroke deployment (1 March 2020 to 31 March 2021), 785 patients were admitted with acute stroke and 25 were referred for EVT (post-e-Stroke cohort). Of which, 21 patients underwent EVT. The EVT referral rate in the pre- and post-e-Stroke cohorts was 2.6% vs. 3.2%, respectively (p = 0.55).

In the post-e-Stroke cohort, 13 of 25 (52%) patients were transferred to CSC1, which was linked via a cloud-based e-Stroke image sharing network. In the pre-e-Stroke cohort, 10 of 22 (45%) patients were transferred to CSC1. This difference was not statistically significant (p = 0.77).

Baseline patient characteristics are shown in Table 1. In the post-e-Stroke cohort, patients were more frequently older and had slightly less severe stroke severity. Although there were numerically more patients with vertebrobasilar occlusion in the pre-e-Stroke cohort, this difference is not statistically significant.



TABLE 1 Patient characteristics in pre- and post-e-Stroke cohorts.
[image: Table comparing characteristics of patients before and after e-stroke treatment. It includes columns for pre-e-stroke (N=22), post-e-stroke (N=25), and p-values. Variables listed include age, sex, NIHSS score, hypertension, atrial fibrillation, diabetes, heart failure, smoking, previous stroke/TIA, ASPECTS, pc-ASPECTS, and occlusion sites.]

The mean treatment decision time differences between pre- and post-e-Stroke cohorts are as follows (Figure 3): door-in to referral time reduced from 71 min to 44 min (difference 27 min, 95% CI 47.4–5.4 min, p = 0.01), referral to acceptance time reduced from 29 min to 17 min (difference 12 min, 95% CI 24.9–0.6 min, p = 0.06), acceptance to door-out time reduced from 38 to 25 min (difference 13 min, 95% CI 26.4–0.19, p = 0.053), and door-in door-out (DIDO) time reduced from 141 min to 79 min (difference 62 min, 95% CI 96.9–26.8 min, p < 0.001).
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FIGURE 3
 Time differences in the pre- and post-e-Stroke cohorts; (A) door-in to referral, (B) referral to acceptance, (C) acceptance to door out, and (D) door-in-door-out.


The mRS shift analysis of the patients who received EVT pre- and post-e-Stroke implementation, (19 and 21 patients, respectively) was not statistically significant, with only a trend towards improved outcomes following AI implementation. The adjusted (age and NIHSS) odds ratio for mRS ordinal shift analysis at 3 months was 3.14 (95% CI 0.99–10.51, p = 0.06) (Figure 4). Dichotomised mRS 0–2 at 3 months was achieved by 16% vs. 48% of patients for pre- and post-e-Stroke cohorts, respectively (p = 0.046); there were no cases with mRS 2. There was no significant difference in dichotomised mRS 5–6 at 3 months (53% before vs. 29% following implementation; p = 0.20) or in mortality (32% before vs. 19% following implementation, p = 0.47).
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FIGURE 4
 Three-month mRS shift analysis of the patients who received EVT pre- and post-e-Stroke implementation, 19 and 21 patients, respectively.




4 Discussion

Overall, in this exploratory study, we found an improvement in important time and patient flow metrics, particularly door-in-door-out time, after the implementation of the e-Stroke software. The ordinal shift analysis of mRS at 3 months did not reach significance. However, the dichotomised mRS analysis showed a trend towards improved clinical outcomes. The implementation of e-Stroke did not have a significant impact on EVT referral rates at the study ASC.


4.1 Time metrics

The results show a significant reduction in the mean DIDO time of 62 min, from 141 min to 79 min after the introduction of e-Stroke (95% CI 96.9–26.8 min, p < 0.001). As described above, no other significant changes occurred within the stroke pathway at the ASC during this time. Furthermore, the proportion of patients referred to each CSC was almost equal. Therefore, the reduction in DIDO time can be attributed to the improved efficiency of the existing patient assessment and referral pathway. The breakdown of the time segments that comprise the DIDO time shows that the impact was primarily driven by a reduction in door-to-referral time, likely reflecting improved patient identification at the ASC facilitated by e-Stroke.

The ambulance waiting time for secondary transfers can also affect the DIDO time. Our data show that the mean acceptance to door-out time reduced from 38 to 25 min (95% CI 26.4–0.19, p = 0.053). This trend may be explained by enabling faster secondary transfers when ambulance crews had not left the ASC by the time of the decision, providing availability for quicker secondary transfers. However, this information was not collected in the study.

The study period covers the pre- and post-COVID-19 pandemic. According to the Health Foundation Trust’s data for the United Kingdom, during the first wave of the COVID-19 pandemic, ambulance waiting time, patients waiting for more than 4 hours for an ambulance and staff sickness were on the rise (14). Further, McConachie et al. (15) have reported a 27% reduction in the number of EVTs performed in the UK and process delays due to the need for patient testing and isolating during the first wave of COVID-19. Therefore, the COVID-19 pandemic is likely to have had a negative impact on the processes around acute stroke care. Nevertheless, our study demonstrates the improved efficacy of the pathway with the introduction of e-Stroke.

The study ASC is one of the high-performing stroke centers in the United Kingdom for delivering hyperacute stroke care. The center consistently achieved an A rating (the rating ranges from A – the highest to E – the lowest) in the national audit data (SSNAP), with an IVT rate of more than 20% (national average 11%) and a median door-to-needle time of 30 min (national average 55 min) (16). The significant reduction in DIDO time in our study shows that even in high-performing centers, significant improvements can be attained in the EVT referral pathway with the help of e-Stroke.



4.2 Clinical outcomes

Dichotomised mRS 0–2 at 3 months, showing the proportion of patients achieving functional independence, increased 3-fold in the post-e-Stroke cohort (16% vs. 48%, p = 0.046). There was also a trend for improvement in the mRS shift analysis, but this did not reach statistical significance. It is important to consider that in a complex multi-step stroke pathway, it is difficult to directly attribute improved outcomes to a single intervention. However, in a recent study, Flores et al. (17) have shown that in transferred patients undergoing EVT, DIDO has a significant impact on clinical outcomes. Therefore, the significant reduction in DIDO time in our study could be attributed to the trend observed in the mRS analysis.

This study is a real-world evaluation of the introduction of AI decision-aid software into a stroke pathway and its impact on clinically meaningful endpoints. Another study that evaluated the impact of e-Stroke in a stroke pathway demonstrated an increase in the rate and timing of thrombolysis but did not describe the impact on the broader patient pathway metrics (7). Our study reports patient outcomes linked to the implementation of AI software into a National Health Service (NHS) stroke pathway as well as the process metrics.

In the transformation of any complex clinical pathway, human factors play a key role in the adoption of the change. However, the perception, usage, or impact of e-Stroke at an individual clinician level was outside the scope of this study. Furthermore, an assumption was made that the e-Stroke was used similarly in every case, but it is unlikely to have happened in real life. All stroke scans were automatically analysed by e-Stroke software. Although it was an individual clinician’s decision whether the outputs were used, the cloud-linked images of AI output had been used during referral to CSC. Therefore, one could assume the e-Stroke would have been used in most cases.

Our study is limited by a relatively small sample size owing to the volume of transferred cases at our center, and will require validation in larger datasets. This study focused on the pathway in an ASC and did not consider procedural success, pathway efficiency at CSCs, and access to rehabilitation that contributes to patient outcomes. Despite the limitations of a single-center, retrospective design, we believe this study adds important evidence to help understand the potential benefits of AI software in an acute stroke pathway.




5 Conclusion

In this single-center study in the United Kingdom, the DIDO time significantly decreased since the introduction of e-Stroke decision support software into an ASC hyperacute stroke pathway. The reduction in door-in to referral time indicates faster image interpretation and referral for EVT. There was an indication of an increased proportion of patients regaining independent function after EVT. However, this should be interpreted with caution, given the small sample size. Larger, prospective studies and further systematic real-world evaluations are needed to demonstrate the widespread generalisability of these findings.
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Background: The past decade has witnessed advancements in mechanical thrombectomy (MT) for acute large-vessel occlusions (LVOs). However, only approximately half of the patients with LVO undergoing MT show the best/independent 90-day favorable outcome. This study aimed to develop a nomogram for predicting 90-day poor outcomes in patients with LVO treated with MT.
Methods: A total of 187 patients who received MT were retrospectively analyzed. Factors associated with 90-day poor outcomes (defined as mRS of 4–6) were determined by univariate and multivariate logistic regression analyzes. One best-fit nomogram was established to predict the risk of a 90-day poor outcome, and a concordance index was utilized to evaluate the performance of the model. Additionally, 145 patients from a single stroke center were retrospectively recruited as the validation cohort to test the newly established nomogram.
Results: The overall incidence of 90-day poor outcomes was 45.16%, affecting 84 of 186 patients in the training set. Moreover, five variables, namely, age (odds ratio [OR]: 1.049, 95% CI [1.016–1.083]; p = 0.003), glucose level (OR: 1.163, 95% CI [1.038–1.303]; p = 0.009), baseline National Institute of Health Stroke Scale (NIHSS) score (OR: 1.066, 95% CI [0.995–1.142]; p = 0.069), unsuccessful recanalization (defined as a TICI grade of 0 to 2a) (OR: 3.730, 95% CI [1.688–8.245]; p = 0.001), and early neurological deterioration (END, defined as an increase of ≥4 points between the baseline NIHSS score and the NIHSS score at 24 h after MT) (OR: 3.383, 95% CI [1.411–8.106]; p = 0.006), were included in the nomogram to predict the potential risk of poor outcomes at 90 days following MT in LVO patients, with a C-index of 0.763 (0.693–0.832) in the training set and 0.804 (0.719–0.889) in the validation set.
Conclusion: The proposed nomogram provided clinical evidence for the effective control of these risk factors before or during the process of MT surgery in LVO patients.
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 mechanical thrombectomy (MT); large-vessel occlusion (LVO); acute ischemic stroke (AIS); poor outcome; nomogram; prognostic predictive model


Introduction

Due to its well-established high efficiency and relative safety, mechanical thrombectomy (MT) has been considered the first-line strategy for managing acute anterior circulation (AC)-large-vessel occlusion (LVO) for the past several years (1–5). MT in patients with LVO-induced stroke, even with an extended time window of 24 h (6, 7), has demonstrated improved recanalization rates (58.7 to 88%), amelioration of functional outcomes, and reduced disability rates at 90 days (8). Despite these beneficial effects, more than half of the patients (51–56.7%) still exhibit a non-independent functional outcome (modified Rankin Scale [mRS] score of ≥3 at 90 days) after MT (6, 7, 9). In addition, 37.1% of patients who underwent MT were severely disabled for life (mRS score of ≥4 at 90 days), and even with successful recanalization following MT, only 27% of the patients were disability-free at 90 days. The definition of non-independent functional outcomes after MT has been a topic of debate, with most studies suggesting that non-functionally independent outcomes include mainly moderate disability, severe disability, very severe disability, and death. However, moderate disability is characterized by the ability to walk with help or assistance, which, in reality, is an acceptable functional outcome after MT for acute LVO. Furthermore, the median mRS score for the 90-day clinical outcome in most RCT studies comparing the findings with medication was 3, which was closer to the mRS score of 2 rather than 4 in clinical practice (10). Therefore, more clinical attention should be directed toward the poor outcomes that impose an unbearable burden on stroke patients, such as the inability to walk and to look after themselves with necessary help, and even worse scenarios.

At present, to ensure the maximum benefit of MT for LVO stroke patients, a large number of neurologists are committed to exploring the risk factors for unfavorable outcomes (a 90-day mRS score of 3–6) after MT by using various clinical predictive models and scoring systems for the accurate prediction and precise assessment of the surgical procedure (11, 12). While a vast majority of such studies (13–16) have focused on non-independent functional outcomes (mRS score of 3–6) as unfavorable outcomes at 90 days following MT for acute stroke, few studies have addressed the 90-day poor outcomes (mRS score of 4–6) in AC-LVO patients who underwent MT, and studies reporting the risk factors for poor outcomes in this patient population are even more scarce.

Thus, the present study aimed to identify the clinical risk factors for 90-day poor outcomes (mRS score of 4–6) after MT in patients with acute AC ischemic stroke, to develop a nomogram model for predicting the probability of poor outcomes at 90 days in this population, and to validate the performance of this nomogram using an external single-center dataset.



Methods


Study design and population

This study was a retrospective investigation of the prospectively collected data from the Jrecan trial between 1 March 2018 and 30 June 2019, which was named as the training set. The Jrecan trial was a prospective, multicenter, randomized, non-inferiority clinical trial comparing the efficacy and safety of two MT stents (the Jrecan revascularization device and the Solitaire device) in patients with AC-LVO stroke. The trial involved 16 comprehensive stroke centers in China. Each center handled more than 50 cases of MT annually, and each neuro-interventionalist performed at least 10 MT procedures per year. The Jrecan trial was approved by the ethics committees of the participating centers and was duly registered with the Chinese Clinical Trial Registry, http://www.chictr.org.cn/showproj.aspx?proj=23396, identifier ChiCTR-TOC-17013822. The patient data for the validation set were retrospectively collected from Baotou Center Hospital between January 2013 and December 2020 and approved by the ethics committee of Baotou Center Hospital. Informed consent was obtained from the participants or their legal representatives. The flowchart of the patient profile is shown in Figure 1.

[image: Flowchart depicting the study of AIS patients, divided into training (193) and validation sets (192). Patients are split into Jrecan (96) and Solitaire groups (97). Excluded criteria detailed for each group. Analysis includes 90-day mRS scores, univariate and multivariate analysis, nomogram model construction, and model validation.]

FIGURE 1
 A flowchart of eligible patients with acute large-vessel occlusions in the anterior circulation. AIS, acute ischemic stroke; AC-LVO, anterior circulation large-vessel occlusion; mRS, modified Rankin Scale; NIHSS, National Institute of Health Stroke Scale.


Patients were enrolled if they met the following criteria: (1) age ≥ 18 years; (2) diagnosed with acute ischemic stroke (AIS) within 8 h of symptom onset; (3) baseline admission National Institute of Health Stroke Scale (NIHSS) score of ≥6; (4) modified Rankin Scale (mRS) score prior to stroke ≤2; and (4) proximal intracranial large artery occlusion in the AC confirmed by digital subtraction angiography. All participants and their legal representatives provided written informed consent.



Procedures

Stroke patients underwent mechanical thrombectomy under either conscious sedation or general anesthesia within 8 h of symptom onset, and those eligible for thrombolysis received intravenous recombinant tissue plasminogen activator (IV-rtPA) within 4.5 h of stroke onset. Patients were randomly assigned to receive either the Jrecan or Solitaire™ stent for MT in a 1:1 ratio. The goal of thrombectomy was to achieve a modified thrombolysis in cerebral infarction (mTICI) grade of 2b or 3. Salvage therapies, such as intra-arterial thrombolysis, balloon angioplasty, or stent implantation, were performed if recanalization of the target vessel was not achieved after three passes of thrombectomy. MT was considered to have failed if the patients required rescue therapy. The time from stroke onset to admission was documented for all cases. All patients were followed up for 90 days after MT.



Outcome measures

Functional outcomes were determined by measuring the mRS score, and poor outcomes were defined as an mRS score of 4–6 at 90 days. Successful recanalization was defined as a TICI grade of 2b or 3. Early neurological deterioration (END) was defined as an increase of ≥4 points between the baseline NIHSS score and the NIHSS score at 24 h after MT.



Statistical analysis

Statistical analysis was performed with SPSS version 22.0 (IBM Corporation, Armonk, New York, United States) or R version 4.1.2 software (http://www.R-project.org, Foundation for Statistical Computing, Vienna, Austria). Categorical variables were presented as numbers (percentage, %). Continuous variables were expressed as mean (standard deviation, [SD]) or median (interquartile range, [IQR]) and were dichotomized into categorical variables using the median as a cutoff value.

Univariable logistic regression analysis was first performed to identify potential predictive factors of 90-day poor outcomes (mRS score of 4–6) in patients receiving MT, with the Mann–Whitney U-tests for continuous variables and Fisher exact or χ2 tests for categorical variables. Then, variables with p-values<0.05 in the univariate analysis were included in the multivariate logistic regression analysis. Based on the results of the multivariable logistic regression analysis, a nomogram model for predicting poor outcomes at 90 days was constructed, which determined the likelihood of poor outcomes by assigning each predictor a score of 0–100. The total score of each patient was obtained by summing the individual scores of each predictor, and then, the individual probabilities of poor outcomes ranging from 0 to 100% were derived. The discriminative power of the nomogram was assessed using Harrell’s concordance index (C-index). The performance of the nomogram was externally validated in a validation set. A calibration plot was drawn to verify the fit between the actual outcomes and the poor outcomes predicted by the nomogram. Decision curve analyzes were used to discriminate between the net benefit and the probability of poor outcomes in patients with LVO undergoing MT.




Results


General characteristics of participants

In the training set, a total of 187 patients were enrolled in the Jrecan trial, and 1 patient was lost to follow-up after discharge (Figure 1). The mean age of the patients was 66 years (IQR, 58–74 years), and 56.7% (106/187) of the patients were men. The median baseline NIHSS score was 14 (IQR, 11–18), and the median ASPECT score was 9 (IQR, 8–10). The median onset to admission time was 180 min (IQR, 110–268 min), and 32.6% (61/187) of the patients received IV-rtPA. The rate of unsuccessful recanalization was 24.1% (45/186). Poor outcomes were observed in 84 of 186 patients (45.2%) at 90 days. In terms of complications within 24 h, 19.3% (36/187) of the patients showed early neurological deterioration (END), and 5.3% (10/187) of the patients showed symptomatic intracerebral hemorrhage (sICH). The modified Rankin Scale (mRS) score distributions in patients who underwent successful recanalization versus those who did not, patients who exhibited END or sICH versus those who did not, and those who had survived or died at 90 days were compared. The results are shown in Figure 2. The survival status of the patients with successful recanalization versus unsuccessful recanalization, END versus no-END, sICH versus no-sICH, and poor outcomes (90-day mRS score of 4–6) versus acceptable functional recovery (90-day mRS score of 0–3) was illustrated using the K–M curves, and statistically significant differences were observed between the groups (p < 0.05) (Supplementary Figure S1). Baseline patient characteristics and procedural parameters are listed in Supplementary Table S1.

[image: Bar chart displaying distributions of mRS scores in different groups with statistical significance. Categories include SR, Un-SR, No-END, END, No-sICH, sICH, Survival, and Death with p-values indicating significance. Colors range from light pink (score 0) to dark purple (score 6), showing variations in score distribution across groups.]

FIGURE 2
 Distribution of the modified Rankin Scale (mRS) score of patients with successful recanalization vs. unsuccessful recanalization, END vs. no-END, sICH vs. no-sICH, and survival vs. death at 90 days after mechanical thrombectomy. The mRS scores ranged from 0 to 6, with the higher scores indicating a more severe disability. SR, successful recanalization; Un-SR, unsuccessful recanalization; END, early neurological deterioration; sICH, symptomatic intracerebral hemorrhage.




Predictors of 90-day poor outcomes in patients with AC-LVO undergoing MT

The baseline characteristics of patients with AC-LVO in the training and validation sets grouped by 90-day outcomes (mRS score, 4–6 vs. 0–3) are shown in Table 1. Continuous variables, including age, glucose level, systolic blood pressure, diastolic blood pressure, baseline NIHSS score, ASPECTS score, and onset to admission time, are presented as median with IQR. A univariable analysis identified age, glucose level, baseline NIHSS score, unsuccessful recanalization, and END as potential predictors (with p < 0.05), all of which were finally entered into the multivariable logistic regression model for predicting the probability of a 90-day poor outcome following MT (Table 1). In the multivariable analysis, age (OR: 1.049 [95% CI: 1.016–1.083]; p = 0.003), glucose level (OR: 1.163 [95% CI: 1.038–1.303]; p = 0.009), unsuccessful recanalization (OR: 3.730 [95% CI: 1.688–8.245]; p = 0.001), and the occurrence of END (OR: 3.383 [95% CI: 1.411–8.106]; p = 0.006) were associated with a poor outcome at 90 days following MT in the training set (Table 2), while age (OR: 1.051 [95% CI: 1.008–1.095]; p = 0.020), baseline NIHSS (OR: 1.187 [95% CI: 1.055–1.335]; p = 0.004), and the occurrence of END (OR: 3.548 [95% CI: 1.068–11.787]; p = 0.039) were identified as independent predictors of 90-day poor outcomes in the validation set (Table 2).



TABLE 1 Univariable analysis of the factor associated with 90-day poor outcomes (mRS scores of 4–6) following mechanical thrombectomy (MT) in patients with anterior circulation large-vessel occlusion (AC-LVO) in the training set and the validation set.
[image: A detailed table comparing demographics, medical history, baseline data, complications, and outcomes between training and validation sets for patients with mRS scores ≥ 4 and < 3. It includes statistics such as age, sex, smoking habits, medical conditions, and treatment details. Key metrics like median and interquartile range (IQR), percentages, and p-values are displayed. Variables include age, sex, smoking, hypertension, diabetes, heart disease, previous stroke, glucose levels, blood pressure, NIHSS, ASPECT, anesthesia methods, treatment outcomes, and complications like END and 24-hour ICH. The outcomes focus on 90-day mortality rates.]



TABLE 2 Multivariable analysis of risk factors associated with 90-day poor outcomes (mRS scores of 4 to 6) following mechanical thrombectomy in patients with acute anterior circulation large-vessel occlusion.
[image: Table comparing training and validation sets for stroke variables. Variables include age, glucose, NIHSS, unsuccessful recanalization, and END. Odds ratios and p-values are provided for each set. Significant results are marked with asterisks, indicating p-values less than 0.05 or 0.01. NIHSS stands for National Institute of Health Stroke Scale; END indicates early neurological deterioration.]



Construction of the nomogram for the prediction of 90-day poor outcomes in patients undergoing MT and its performance validation

A nomogram model based on the results of multivariable regression analysis was developed to predict the 90-day poor outcome by assigning each independent predictor a score ranging from 0 to 100. The cumulative sum of the contribution scores for each factor in the nomogram represents the probability of a 90-day poor outcome (range, 0–280 points; Figure 3A). The performance of the nomogram was validated by calculating the C-index, which was 0.763 (95% CI: 0.693–0.832) and 0.804 (95% CI: 0.719–0.889) in the training and the validation sets, respectively. A calibration plot with bootstraps of 1,000 repetitions was employed to compare the agreement of the 90-day poor outcome between nomogram predictions and actual observations, which revealed that the nomogram had good predictive accuracy in both the training and validation sets (Figures 3B,C). A decision curve analysis was performed to evaluate the net benefit of the nomogram model in predicting 90-day poor outcomes after MT in LVO patients. Figure 4 shows that, when the risk threshold ranged from 14 to 98% and from 7 to 92% in the training and in the validation sets, respectively, using the nomogram model in the current study to predict 90-day poor outcomes in stroke patients after MT resulted in a greater net benefit than either all AIS patients undergoing MT or no patients undergoing MT. For example, if the personal threshold probability of a patient was 50%, then the net benefit in this nomogram model was 14.6% (95% CI: 8.6–25.4%) and 5.9% (95% CI: 0–15.4%) in the training and the validation sets, respectively.

[image: Diagram and two graphs visualizing a medical scoring system. Panel A displays a nomogram showing points for age, glucose, baseline NIHSS, UnSR, and END, correlated with total points and probability of a poor outcome. Panel B is a calibration plot comparing predicted probabilities of poor outcomes with actual probabilities, featuring apparent, bias-corrected, and ideal lines. Panel C offers another calibration plot with similar elements for different conditions.]

FIGURE 3
 The nomogram model of a 90-day poor outcome (mRS scores of 4–6) in LVO patients after mechanical thrombectomy. (A) A nomogram for predicting the probability of a 90-day poor outcome. (B) A calibration curve of the training set. (C) A calibration curve of the validation set. The calibration plot with bootstraps of 1,000 repetitions represents the degree of fit between actual and nomogram-predicted poor outcomes. The x-axis represents the predicted probability of a 90-day poor outcome. The y-axis indicates the actual rate of 90-day poor outcomes. The dashed line represents the reference line, where an ideal nomogram would be. The dotted line represents the performance of the nomogram, while the solid line is corrected for any bias in the nomogram.


[image: Two line graphs compare net benefit against high risk threshold for nomogram, All, and None strategies. In both graphs, the nomogram is shown in red, All in gray, and None as a horizontal line at net benefit zero. Graph A shows a higher variance in net benefit for nomogram than Graph B. The highest net benefit is observed at lower thresholds, decreasing as the threshold moves towards one.]

FIGURE 4
 Decision curve analysis of the nomogram in the training set (A) and the validation set (B). x-axis, the threshold probability; y-axis, the net benefit. The gray line indicates that all acute ischemic stroke patients undergoing mechanical thrombectomy will develop poor functional outcomes at 3 months. The black line indicates that no acute ischemic stroke patients undergoing mechanical thrombectomy will develop poor functional outcomes at 3 months. The red line is the nomogram to predict 3-month poor functional outcomes in AIS patients undergoing mechanical thrombectomy.




Translation of the nomogram model into practice

To better translate the nomogram into clinical application, we developed a calculator for calculating each patient’s total score based on the contributions of each indicator in the model; thus, 96 points were assigned for patient ages ranging from 25 to 85 years, 100 points for glucose levels ranging from 4.0 to 24 mmol/L, 74 points for baseline NIHSS scores ranging from 5 to 40 score, 44 points for unsuccessful recanalization, and 40 points for the occurrence of END. The total score for individual patients was then calculated as follows: total score = (age–25) × [96/(85–25)] + (glucose level–4) × [100/ (24–4)] + (baseline NIHSS score–5) × [74/ (40–5)] + (0 or 1 of unsuccessful recanalization) × 44 + (0 or 1 of END) × 40. Then, we identified the optimal cutoff value for differing 90-day poor outcomes after MT in patients with AC-LVO, which was 144.65 in the training set and 110.72 in the validation set, showing a sensitivity of 51.8% (training set) and 76.3% (validation set) and a specificity of 92.2% (training set) and 73.5% (validation set). Furthermore, the chances of developing poor outcomes were approximately 60% in the training set and 35% in the validation set. The receiver operating characteristic curves and scatter plots of the total scores of the patients in the training and validation sets are shown in Figure 5.

[image: Graphical representation in two panels. Panel A shows a Receiver Operating Characteristic (ROC) curve with sensitivity vs. specificity. Adjacent is a box plot comparing total scores of patients with acceptable recovery and poor outcomes, showing a significant difference (p<0.001). Panel B similarly displays a ROC curve and an adjacent box plot with the same categories and significance level.]

FIGURE 5
 The receiver operating characteristic (ROC) curve and scatter plot of total scores in individual patients translated by the nomogram calculator. The ROC for identifying the optimal threshold (left) and the scatter plot of the total scores (right) in AC-LVO patients undergoing MT in the training set (A) and in the internal validation set (B). AC-LVO, anterior circulation large-vessel occlusion; MT, mechanical thrombectomy.





Discussion

The present study developed a nomogram model composed of age, glucose level, baseline NIHSS score, unsuccessful recanalization, and END to predict the probability of a poor outcome at 90 days after MT in patients with AC-LVO. This prognostic nomogram for the prediction of 90-day poor outcomes was derived from a prospective, multicenter, randomized clinical trial of MT with two flow reconstruction devices within 8 h of symptom onset in AIS. Additionally, it was externally validated in a retrospective cohort study from another single center. The nomogram showed good predictive power with C-index values of 0.763 (0.693–0.832) in the training set and 0.804 (0.719–0.889) in the validation set.

In the present study, 45.2% (84/186) of the patients developed poor outcomes (mRS scores of 4–6) at 90 days after MT, which was comparable to the corresponding values (37.1%) in the highly effective reperfusion evaluated in the multiple endovascular stroke (HERMES) clinical trial (9) and the individual patient data meta-analysis on the RCTs of MT across a 6–24 h time window (AURORA trial; 40%) (17). The incidence of poor outcomes (mRS scores of 4–6) at 90 days after MT in AC-LVO patients documented by the previous RCTs varied substantially (6–8), ranging from 12 to 48.79%, which was expected to be further reduced by actively screening the relevant risk factors of prognosis. In addition, we achieved a successful recanalization rate of 76.3%, consistent with the 71% rate in the HERMES trial (9) and 81% in the AURORA clinical trial (17). With the sICH rate of 5.4% and a mortality rate of 20.9% being comparable to those in the HERMES (4.4 and 15.3%, respectively) (9) and AURORA (5.3 and 16.5%, respectively) trials (17), our study confirmed that MT was safe for treating AIS patients with AC-LVO within 8 h of symptom onset.

At present, scoring systems (13, 14, 18–24) and nomograms (16, 25, 26) are the two main types of prognostic prediction tools for accurately and conveniently predicting clinical outcomes after MT. Although the existing scoring systems, including the THRIVE score (20), PRE score (14), and MR PREDICT score (27), have been externally validated, most of them focused on the 90-day independent functional outcomes (mRS scores of 0–2) or unfavorable outcomes (mRS ≥ 3), with less focus on the 90-day poor outcomes (mRS ≥ 4) (Supplementary Table S2) (12, 18, 19, 21, 22, 28). Among these, HAIT (18) and HIAT2 (19) were designed for the prediction of poor outcomes (mRS scores of 4–6) at discharge, which may have undermined their efficiency in predicting longer prognoses in clinical practice. The subsequent SAD score (22) and mTHRIVE score (21) that incorporated radiology variables based on the previous PRE (14) and THRIVE scores (20) were effective when applied for the prediction of 90-day poor outcomes; nevertheless, population-based cohort trials in large sample sizes were required to validate the utility of these scoring tools in clinical practice. Most of the recently developed nomogram models for predicting the 90-day outcomes after MT in acute AC-LVO patients were focused on either a good outcome (mRS scores of 0–2) or an unfavorable outcome (mRS scores ≥3). To our knowledge, the nomogram model constructed in this study is the first of its kind for the prediction of 90-day poor outcomes (mRS scores of 4 to 6) after MT in patients with AC-LVO, which provided a more accurate individualized estimation of the risk probability of poor outcomes (ranging from 0.2 to 0.95) by translating the nomogram into a formula instead of tracing lines along the scheme.

Prognostic prediction models have been classified into pre-procedure and post-procedure tools (11), which would be helpful for the selection and management of thrombectomy patients in decision-making. However, the variables used by scoring systems and nomogram models for predicting the risk of unfavorable outcomes vary considerably (12), posing a dilemma for their clinical application. In our study, three pre-treatment parameters (age, baseline NIHSS score, and glucose level on admission) were incorporated into the nomogram model. Previous studies have reported that advanced age is strongly associated with poor clinical outcomes in patients receiving MT (29–31). In the PRE scoring system, it was also reported that, when applied to assess a good prognosis for octogenarian patients who have successfully achieved recanalization, the requirement was for their PRE scores to be within a specific range (14). Unlike previous studies that converted ages into a categorical variable by dichotomizing them on the basis of the median value, our study included age as a continuous variable in the nomogram and reported a contribution of 95 points to the total score to ensure complete utilization of within-category information. The baseline NIHSS score is a well-recognized variable that has been shown to be associated with 90-day functional independence following MT in AC-LVO (14, 19, 23). In our nomogram model, the baseline NIHSS score contributed 74 points to the total score for patients predicting the 90-day poor outcomes after MT in acute AC-LVO patients, although it was not an independent predictor of poor outcomes in the final nomogram model. The mechanisms by which hyperglycemia damages the blood vessels, causes the accumulation of extracellular glutamate, disrupts the blood–brain barrier, and eventually aggravates brain injury have been well established (32–34). Therefore, higher levels of glucose would exacerbate the clinical outcomes in patients with LVO. Kim et al. (35) and Goyal et al. (36) demonstrated that hyperglycemia increased the risk of poor outcomes of incomplete reperfusion after MT, supporting the synergistic effect of ischemia–glucose concentration. Similarly, our study found that the glucose level on admission significantly contributed to a higher risk of poor outcomes in LVO patients after MT in the prognostic nomogram model, with 100 points contributing to the total score of the nomogram model. Consistently, the meta-analysis conducted by Calos et al. (37) also demonstrated that hyperglycemia could increase the risk of unfavorable clinical outcomes in LVO patients undergoing MT.

Unlike the previous scoring systems and the nomogram models based on pre-treatment variables for prognostic prediction, we developed a nomogram that also incorporated two post-treatment variables for predicting the probability of 90-day poor outcomes in AIS patients eligible for MT. Although the reasons why 19–43% of AIS patients with futile recanalization exhibited unfavorable outcomes (23) and 34% of AIS patients with failed recanalization obtained favorable outcomes (38) have not been fully elucidated, the beneficial effect of MT in AIS patients remains undeniable. Nevertheless, an unsuccessful recanalization rate of 12–41.3% (8) has been associated with the unfavorable outcome of AIS patients after MT, weakening the clinical efficacy of MT to a certain extent. In the IER-START nomogram (16), the reperfusion grade was demonstrated as a strong post-treatment radiological predictor of unfavorable outcomes 3 months after thrombectomy. The most recently published study of a clinical nomogram also reinforced the increased risk of 3-month unfavorable outcomes after unsuccessful recanalization (25). Consistently, we found that unsuccessful recanalization was a strong predictor of poor clinical outcomes, with a contribution of 44 to the total score, in patients with AIS following MT and can be effectively used to estimate the probability of poor outcomes after MT. The incidence of END in LVOS patients after MT is 35–42% (39–41), and it has been identified as a definite risk factor for 90-day poor clinical outcomes in AIS patients treated with MT (40, 42–44). Unfortunately, no previous study has reported its role in predicting the probability of unfavorable outcomes in AIS patients treated with MT. We employed END as a risk factor that exhibited strong power in predicting the probability of a 90-day poor outcome, with a contribution of 40 points to the total score.


Limitations

This study had some limitations. First, the sample sizes of both the training and validation sets for model construction and validation were relatively small. Therefore, studies with larger sample sizes are required for future validation. Second, the data used for our nomogram model were derived from randomized controlled clinical trials, which may not be the optimal design for prognostic studies. Unlike those in real-world studies, RCTs enroll patients who strictly meet the inclusion criteria and provide informed consent; thus, the study population in an RCT is not fully representative of the general population. The generalizability of the model may have been weakened by this factor.




Conclusion

Our post-treatment nomogram model consisting of five variables (age, baseline NIHSS score, glucose level on admission, unsuccessful recanalization, and END) exhibited very good efficacy in external validation and can be used to accurately estimate the probability of a poor outcome at 90 days for LVOS patients who underwent MT within 8 h after the stroke onset. This post-MT nomogram model can be easily translated into practice and can complement existing models.
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Background: There is no established prognostic scoring system developed for patients with large hemispheric infarction (LHI) following decompressive craniectomy (DC) based on imaging characteristics. The present study aimed to develop and validate a new computed tomography scoring model to assess the 6-month risk of poor functional outcomes (modified-Rankin scale [mRS] score of 4–6) in patients with LHI receiving DC.
Methods: This retrospective cohort study included patients at two tertiary stroke centers. A prediction model was developed based on a multivariable logistic regression. The final risk factors included the ASPECTS (Alberta Stroke Program Early Computed Tomography Score), longitudinal fissure cistern, Sylvian fissure cistern, and additional vascular territory involvement. 1,000 bootstrap resamples and temporal validation were implemented as validations for the scoring system.
Results: Of the 100 individuals included in the development cohort, 71 had poor functional outcomes. The scoring model presented excellent discrimination and calibration with C-index = 0.87 for the development cohort, and C-index = 0.83 for the temporal validation cohort with non-significant Hosmer-Lemeshow goodness-of-fit test. The scoring model also showed an improved AUC compared to the ASPECTS. For each point in the score model, the adjusted risk of poor functional outcomes increase by 47.8% (OR = 1.48, p < 0.001). The scores were inversely correlated with MAP (mean arterial pressure, paired t-test, p = 0.0015) and CPP (cerebral perfusion pressure, rho = −0.17, p = 0.04).
Conclusion: In patients with LHI following DC, the score system is an excellent predictor of poor functional outcomes and is associated with CPP and MAP, which might be worth considering in clinical settings after further external validation.
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 large hemispheric infarction; decompressive Craniectomy; prediction model; functional outcome; cohort study


Introduction

Up to 10% of all ischemic strokes (IS) are estimated to be large hemispheric infarctions (LHIs), with the most commonly supported definition referring to a severe form of ischemic stroke affecting the majority or entirety of the middle cerebral artery (MCA) distribution areas with or without anterior cerebral artery (ACA) and posterior cerebral artery (PCA) involvement, that is characterized by the development of life-threatening cerebral edema (1–3). Previous studies revealed that a decompressive craniectomy (DC) is a lifesaving treatment that can improve the survival of patients with LHI who experience malignant brain swelling (1, 4). Individuals with LHIs after DC still experienced long hospital stay and high cost; thus, the prediction of postoperative outcomes is of significant importance for the individualized treatment in neurosurgical practice.

Brain computed tomography (CT) is the first choice for examination after DC and provides essential therapeutic information. ASPECT is widely applied in clinical practice to assess the extent of early ischemic changes on brain imaging and to predict the prognosis of individuals with IS (5, 6). Although the ASPECTS estimations were originally based on intraparenchymal hypoattenuation and focal swelling, the quantification of occupying effects (midline shifts, compressed brain cisterns, etc.), which should be non-negligible for LHIs, was not evaluated in detail. In 2005, the Rotterdam CT score, which is composed of the status of basal cisterns, midline shift, and types of mass lesions or intracranial hemorrhage, was developed for traumatic brain injury (TBI) (7). Recent studies have further confirmed the predictive value of the Rotterdam CT score for intracranial hypertension and its prognostic ability in patients undergoing DC following TBI (8, 9). Thus, some characteristics (especially the status of cisterns and midline shift) in the Rotterdam CT score might be important replenishments for the prognosis prediction of LHIs in terms of their reflection of occupying effects and established predictive capability in potentially intracranial hypertension.

We therefore developed and validated a new scoring model combining the characteristics of the ASPECTS and Rotterdam CT score, to determine whether the new model could exhibit a good predictive value for functional outcome in patients with LHI following DC.



Methods


Study design and source of data

The study was approved by the local institutional review board (The National Drug Clinical Trial Institution) and the requirement for informed consent was waived.


Development cohort

Our development data were obtained from a cohort of two comprehensive tertiary stroke centers affiliated with the same university. Electronic health records were used to systematically collect data during hospitalization, and telephone interviews were used to collect data after discharge. We identified a cohort of patients who were admitted between January 2015 and January 2021. The 6-month functional outcomes after surgery were recorded. Patients were eligible for inclusion in the study if they met the following criteria:

	1. Underwent DC due to large hemispheric infarction, as diagnosed by physicians or other specialists.
	2. At least 18 years of age;
	3. Functionally independent before stroke (modified Rankin Scale score ≤ 2).

Patients were excluded due to the following criteria:

1. LHI after subarachnoid hemorrhage;

2. Extravasation of the contrast medium happening during endovascular therapy (mechanical thrombectomy, etc.) and validated by non-contrast CT scan (Contrast extravasation with corresponding hyperdense area on non-contrast CT might impact the accuracy of data collection on the evaluation of ASPECTS and the status of cisterns);

	3. Did not undergo cranial CT within 7 days post-DC;
	4. Infarcted brain tissue resection was performed during DC.



Temporal validation cohort

Temporal validation included a retrospective cohort from the same 2 comprehensive tertiary stroke centers in which DC was performed between January 2021 and February 2023. The inclusion and exclusion criteria were the same as the development cohort.




Candidate predictors

Our candidate predictors focused on non-contrast CT characteristics and were composed of three parts. The first part was the evaluation of ASPECTS (focusing on the ischemia extent) (5). The second part was items yielded from the novel Rotterdam CT Score (focusing on the occupying effect) (9). The status of basal cisterns, midline shift, sulcal effacement, and types of mass lesions or intracranial hemorrhage were preceding reported items in the novel Rotterdam CT Score. Considering the discrepancies between TBI and LHI, we deleted several items from the Rotterdam CT Score (epidural mass lesion and intraventricular blood or subarachnoid hemorrhage) in our candidate predictors. Remaining cistern status, midline shift, and sulcal effacement were all recorded as our candidate predictors. The evaluation of sulcal effacement also accords with the novel Rotterdam CT Score (9). Sulcal effacement was evaluated at the vertex, in the most rostral 2.5 cm of the CT of the head. Partial effacement of the sulci was recorded as present. Notably, besides the status of basal cisterns written up, the status of other important cisterns was recorded as well (longitudinal fissure [present versus compressed], Sylvian fissure [bilaterally present, ipsilaterally compressed, bilaterally compressed], ambient cisterns [bilaterally present, ipsilaterally compressed, bilaterally compressed]). The status of longitudinal fissure was evaluated at the level of thalamus and basal ganglia. Only the longitudinal fissure in front of corpus callosum was taken into consideration. Additionally, the third part of our candidate predictors was the involvement of additional vascular territories (categories: involvement or non-involvement, additional vessels, including the ACA or PCA). The illustrations of these CT characteristics were illustrated in Figure 1. CT characteristics were collected within 7 days post-DC. If a patient underwent CT more than once within 7 days after surgery, all CT studies and corresponding times were recorded. Considering the potential discrepancy in the course of edema (a fulminant course [within 24–36 h], a gradually progressive course [over several days], an initial worsening course followed by a plateau and resolution [approximately a week], or an initial brain swelling course during the first 3–5 days and disappearance after weeks), only the characteristics of the last CT scan (postoperative 4–7 days in our cohort, when most individuals had experienced the peak plateau of brain swelling) were determined as potential variables for predictor selection (2, 3). All candidate predictors were assessed before the outcome assessment.

[image: CT scans showing eight different cross-sectional views of the human brain, labeled A to H. Each image varies in density and structure, highlighting different brain areas. Some scans show distinct areas of interest or concern, such as altered regions or abnormalities, emphasizing the importance of medical analysis for accurate diagnosis.]

FIGURE 1
 Illustrations of CT characteristics. Subfigures of A-D and E-H were from 2 patients, respectively. (A–D): (A) At the vertex: the status of sulcal effacement: bilateral effacement for this patient; (B) at the body of lateral ventricle (rostral to basal ganglia): any involvement of ACA, and M4-6 in ASPECTS: involvement of M5, M6 for this patient; (C) at thalamus and basal ganglia: the status of longitudinal fissure in front of corpus callosum, the status of Sylvian fissure, any involvement of PCA, midline shift, and ASPECTS: bilaterally compressed Sylvian fissure, compressed longitudinal fissure, noninvolvement of PCA, and involvement of M2, M3, insula in ASPECTS for this patient; (D) at midbrain: the status of basal cistern (the status of ambient cisterns in particular): compressed basal cistern (bilaterally compressed ambient cisterns in particular) for this patient. (E–H): (E) At the vertex: the status of sulcal effacement: ipsilateral effacement for this patient; (F) at the body of lateral ventricle (rostral to basal ganglia): any involvement of ACA, and M4-6 in ASPECTS: involvement of M4-6 for this patient; (G) at thalamus and basal ganglia: the status of longitudinal fissure in front of corpus callosum, the status of Sylvian fissure, any involvement of PCA, midline shift, and ASPECTS: bilaterally present Sylvian fissure, present longitudinal fissure, involvement of PCA, and involvement of M1-3, insula, internal capsule, lentiform in ASPECTS for this patient; (H) at midbrain: the status of basal cistern (the status of ambient cisterns in particular): present basal cistern (bilaterally present ambient cisterns in particular) for this patient.




Other baseline characteristics

The baseline patient characteristics collected for this study included age, sex, comorbidities, lifestyle, admission variables, interval between infarction and decompression, ASPECTS values before decompression, midline shift before decompression, and brain herniation. Patients with a history of antithrombotic medication within 3 days or with brain herniation before DC were prioritized for implantation of an ICP monitor with an intraparenchymal probe in the ischemic hemisphere at the two centers. MAP and ICP data collected on an hourly basis within 7 days post-DC were also continuously recorded. CPP was calculated based on the difference between the MAP and ICP.



Surgical procedure

The main surgical procedure was consistent with previous trials of DC in LHI (DEcompressive Surgery for the Treatment of malignant INfarction of the middle cerebral arterY II [DESTINY II] and the Hemicraniectomy After Middle Cerebral Artery infarction with Life-threatening Edema Trial [HAMLET]). Procedures were performed by removing a bone flap including portions of the frontal, parietal, and temporal squama, ultimately achieving a craniectomy area with an anterior-to-posterior diameter ≥ 12 cm. The surgical procedures were detailed in Supplementary Digital Content 1.



Outcome

The primary endpoint of this study was poor functional outcome, which was evaluated using the 6-month mRS score. We chose an mRS score of 0–3 as a favorable functional outcome, which is consistent with previous studies (10–12). The 6-month functional outcomes were evaluated by another experienced mRS certified rater (YGT) who was blinded to the potential predictor. Participants and their caregivers (if any) were interviewed. The follow-up data were collected through telephone interview in September 2023.



Statistical analysis


Missing data

Multiple imputations with chained equations were used to impute missing data. Five imputations were performed. Variables including age, NIHSS score at admission, SBP, and DBP at admission, all post-DC CT characteristics, and functional outcomes were included in the imputation procedure. Rubin’s rules were applied to combine the results across the imputed datasets (13).



Model development

Candidate predictors were selected by LASSO regression using the glmnet package in R. The LASSO method determines the optimal number of structures when the mean-square fitting error is at a minimum plus one standard deviation. We added all candidate predictors in LASSO regression. By bootstrapping, we repeated the LASSO regression (the selection) 1,000 times. Only the variables that were selected at least 50% of the time during 1,000 bootstrapping samples would be selected as final predictors. Factors with a relative selection frequency < 50% were excluded. The final prediction model was based on the logistic regression of the final selected predictors. No interaction terms were included in the final model. Diagnostic analyses of the final model included an examination of nonlinear relationships (evaluated by RCS regression), influential points (assessed by Cook’s distance), and multicollinearity (detected by the variance inflation factor of each covariate). A point scoring system (post-decompressive CT score [pDCT-score]) was developed to facilitate clinical application.



Grading with the scoring system

A scoring system was then developed using the final prediction model. The presence of a longitudinal fissure cistern and Sylvian fissure cistern, non-involvement of additional vascular territories, and an ASPECTS value of 7 were set as the baseline (reference values). Seven was the highest ASPECTS value in our cohort; therefore, cases with an ASPECTS >7 were not included in our prediction model. The proportional weight for each variable in the scoring system was evaluated by the variable’s β-coefficients from the final logistic regression. A score chart based on the coefficients was created to estimate the outcome probability.



Validation and comparison of the scoring system

The scoring system was validated in development, and temporal validation cohorts by assessing the model discrimination and calibration. The dataset from the development cohort was adopted for the assessment of the internal validation by one thousand bootstrap resamples. C-statistics, Brier score, and Hosmer-Lemeshow goodness-of-fit test were used to assess the discrimination and calibration of the model, respectively. Comparisons between the newly developed scoring model and other variates (ASPECTS and some components of the Rotterdam scale) were performed using the area under the receiver operating curve (AUC). We also compared the predicted risks for our final scoring model (pDCT score) with ASPECTS to calculate the net reclassification improvement (NRI) and integrated discrimination improvement (IDI). The threshold risk was evaluated based on the observed incidence of poor outcomes in the cohort.



Explorations on the scoring system

The association between pDCT-score (from the last CT scan) and poor functional outcomes was assessed using multivariate logistic regression. The best cutoff value of our pDCT-score for the prediction of poor functional outcome was identified by Receiver operating characteristic (ROC) curve analysis.

Within 7 days post-DC, the pDCT score was repeatedly calculated using the recorded CT characteristics. We determined three types of changing patterns in the scores: (1) increasing (with the latest pDCT score always higher than the previous one), (2) fluctuating (pDCT scores varying with an initial increase followed by a decrease or vice versa), and (3) decreasing (with the latest pDCT score always lower than the previous one) according to the repeatedly calculated pDCT-score. The relationships between the types and functional outcomes were detailed using logistic regression (mRS score of 0–3; 4–6). The association between MAP and variation in the pDCT score was calculated using a paired t-test. The relationship between the pDCT score, and CPP was assessed using the Spearman’s rank correlation test.

The R software was used for all analyses. This study adhered to the TRIPOD (Transparent Reporting of a multivariable prediction model for the Individual Prognosis or Diagnosis) statement for reporting.





Results


Study population

Before the data were analyzed, multiple imputations were implemented (development cohort: NIHSS score at admission: 2% missing; onset-to-decompression time: 2% missing; 6-month mRS score: 3% missing. Temporal validation cohort: NIHSS score at admission: 1% missing). The final development cohort comprised 100 patients (52 from the first center, 28 from the second center). Of these, 12 had a mRS score of 2, 17 with a mRS score of 3, 28 with a mRS score of 4, 20 with a mRS score of 5, and 23 with a mRS score of 6. The temporal validation cohort composed 30 patients. Among them, 2 had a mRS score of 2, 5 with a mRS score of 3, 9 with a mRS score of 4, 7 with a mRS score of 5, and 7 with a mRS score of 6. The baseline characteristics of the development cohort are presented in Table 1. The comparison between the development cohort and the temporal validation cohort is detailed in Supplementary Digital Content 2. The distribution of important variables between different centers is elaborated in Supplementary Digital Content 3. An overview of the development and validation cohort assembly process is shown in Figure 2.



TABLE 1 Baseline patient characteristics of the development cohort.
[image: A table comparing characteristics and outcomes of two groups (mRS of 0–3 and mRS of 4–6) of patients. It includes data on age, sex, location of condition, medical history, lifestyle, admission variables, severity before DC, blood pressure parameters, CT characteristics post-DC, and other factors. The table also provides statistical significance (p-values) for the differences between the groups.]

[image: Flowchart comparing development and validation samples for decompressive craniectomy for LHI. Development sample (2015.1-2021.1) involved 145 individuals; 45 excluded for various reasons. Final enrollment: 100 individuals, 3 lost to follow-up. Validation sample (2021.1-2023.2) involved 39 individuals; 9 excluded for similar reasons. Final enrollment: 30 individuals, none lost to follow-up.]

FIGURE 2
 Flowchart showing the study samples.




Model development

The entire cohort with 1,000 bootstrapping resamples was used to develop the model. The variables involved in the final prediction model included the ASPECTS, longitudinal fissure cistern, Sylvian fissure cistern, and additional vascular territories. The coefficients for each predictor and intercept in the multivariate logistic model are presented in Table 2. For clinical application, we translated the logistic regression model into a score chart, with which the probability of a poor functional outcome (6-month mRS score of 4–6) could be estimated by adding the scores of individual patients (Table 3). The estimate for ASPECTS was converted to 1 as reference value, and other values were converted accordingly. A clean version of the newly development score scale and the relative CT characteristics recording tools were also detailed in Supplementary Digital Content 4. Further examples on the scoring of the new scale were detailed in Supplementary Digital Content 5.



TABLE 2 The coefficients for each predictor and intercept in the multivariate logistic model.
[image: Table presenting CT predictors with estimates and odds ratios (OR) with 95% confidence intervals (CI). Categories include intercept, additional vascular involvement, longitudinal fissure, Sylvian fissure (ipsilaterally and bilaterally compressed), and ASPECTS. Notable values: bilateral compression estimate is 3.21 with OR 24.75 (15.91, 29.66). Evaluations include thalamus, basal ganglia levels, and corpus callosum.]



TABLE 3 Post-decompressive CT score, pDCT score.
[image: CT score table for predictors of vascular involvement, divided into categories: Additional vascular involvement (No: 0, Yes: 5), Longitudinal fissure (Present: 0, Compressed: 2), Sylvian fissure (Bilaterally present: 0, Ipsilaterally compressed: 4, Bilaterally compressed: 10), and ASPECTS scores from 0 to 7. The sum is 24. Footnote explains fissure evaluation and probability formula.]



Assessment of the scoring model

To assess the performance of our scoring model, we adopted C-statistics to evaluate the model’s discrimination, and Brier scores as well as Hosmer-Lemeshow goodness-of-fit test to calibrate the model. Our model showed excellent discrimination and calibration among the bootstrapping internal validation as well as the temporal validation (Table 4).



TABLE 4 Internal and temporal validation of the scoring model.
[image: Table comparing bootstrapping and temporal validation metrics. Bootstrapping (n equals 100) shows C-statistics of 0.87 (confidence interval 0.86, 0.87), Brier score of 0.12, and p-value of 0.45. Temporal validation (n equals 30) shows C-statistics of 0.83 (confidence interval 0.60, 1.00), Brier score of 0.11, and p-value of 0.12. HL refers to Hosmer-Lemeshow.]



Comparison of pDCT score with other variates.

Comparisons between the newly developed scoring model and other variates (ASPECTS and some components of the Rotterdam scale) were performed. The developed pDCT-score presented a significantly improved AUC (AUC = 0.88, 95%CI = 0.79–0.96) compared to the ASPECTS (AUC = 0.75, 95%CI = 0.65–0.85, p value of DeLong test = 0.0003), to midline shift (AUC = 0.68, 95%CI = 0.57–0.78, p value of DeLong test <0.001), to the status of basal cisterns (AUC = 0.78, 95%CI = 0.69–0.87, p value of DeLong test = 0.008), and to sulcal effacement (AUC = 0.74, 95%CI = 0.66–0.82, p value of DeLong test = 0.002) in the development cohort. We classified patients as being at a high risk of poor functional outcome if their 6-month risk was 71% or greater (calculated by the incidence of poor functional outcome in our development cohort). Compared with the ASPECTS model, our pDCT-scoring model showed a categorical NRI of 0.19 (95%CI = 0.01–0.38) with a p-value of 0.038, a continuous NRI of 0.84 (95%CI = 0.48–1.20) with a p-value of <0.0001, and an IDI of 0.24 (95%CI = 0.16–0.32) with a p-value of <0.0001 in the development cohort. In the validation cohort, pDCT-score also performed an improved AUC (AUC = 0.83, 95%CI = 0.6–1.00) compared to the ASPECTS (AUC = 0.72, 95%CI = 0.50–0.94), to midline shift (AUC = 0.65, 95%CI = 0.46–0.84), to the status of basal cisterns (AUC = 0.69, 95%CI = 0.53–0.86), and to sulcal effacement (AUC = 0.68, 95%CI = 0.54–0.82). The comparisons between different ROC curves in the development and validation dataset were delineated in Figure 3.

[image: ROC curves for development and validation datasets are shown. Panel A depicts the development dataset with varied AUC values: pDCT (0.875), basal cistern (0.780), ASPECTS (0.753), sulcal effacement (0.745), and midline shift (0.677). Panel B shows the validation dataset with AUC values: pDCT (0.826), basal cisterns (0.693), ASPECTS (0.717), sulcal effacement (0.680), and midline shift (0.652). Sensitivity is plotted against one minus specificity.]

FIGURE 3
 The comparisons between different ROC curves. (A) ROC curves in the development dataset. (B) ROC curves in the validation dataset.




Explorations on the scoring system

The association between pDCT-score (from the last CT scan) and poor functional outcomes was assessed using multivariate logistic regression. For each point increment in the pDCT-score, the adjusted odds of poor functional outcomes increased by approximately 47.8% (OR = 1.48, 95%CI = 1.26–1.83, p < 0.001, adjusted for age, NIHSS score at admission, brain herniation, and smoking). Through ROC analysis, a score of 11 was recognized as the best cutoff value of pDCT-score for the prediction of poor functional outcome with the sensitivity of 0.83, and the specificity of 0.86. We repeatedly calculated the pDCT score within 7 days post-DC using the recorded CT characteristics. Only 4 of 100 patients had 2 CT scans, with the last pDCT scores all higher than their previous one (type I, increasing). All remaining 96 individuals received more than 2 scans during 7 days. There were no patients whose pDCT scores remained unchanged. Three types of changing patterns in the score were determined: Type I, increasing (with the latest pDCT score always higher than the previous one); Type II, fluctuating (pDCT scores varying with an initial increase followed by a decrease or vice versa); and Type III, decreasing (with the latest pDCT score always lower than the previous one). Logistic regression (mRS score of 0–3; 4–6) showed that type II (odds ratio [OR] =0.20, 95%CI = 0.06–0.72, p = 0.018) and type III (OR = 0.16, 95%CI = 0.03–0.62, p = 0.006) were associated with significantly lower risks of poor outcomes than type I (Figure 4A). For each patient with a type II score-changing pattern, the mean MAP during time periods with increasing and decreasing scores was calculated. The paired t-test showed a significantly lower MAP during the period with a raised pDCT-score than the period with a decreased pDCT-score (Figure 4B). Spearman’s correlation test revealed a significantly negative association between the pDCT-score and CPP (rho = −0.17, p = 0.04, Figure 4C) after excluding an outlier.

[image: Three-panel image showing different data visualizations related to pDCT-score changes. Panel A: A line chart with error bars shows adjusted odds ratios for increasing, fluctuating, and decreasing pDCT-score types. Panel B: Box plot comparing mean arterial pressure (MAP) for decreasing (favorable) and increasing (unfavorable) pDCT-score changes, with a p-value of 0.0015. Panel C: Scatter plot displays a negative correlation between cerebral perfusion pressure (CPP) and pDCT-score, with a p-value of 0.04, featuring a blue trend line and shaded confidence interval.]

FIGURE 4
 pDCT-score explorations. (A) Changing patterns in the pDCT-score and poor functional outcome. Logistic regression (mRS score of 0–3; 4–6) showed that type II (odds ratio [OR] =0.20, 95%CI = 0.06–0.72, p = 0.018) and type III (OR = 0.16, 95%CI = 0.03–0.62, p = 0.006) were associated with significantly lower risks of poor outcomes than type I (Type I, increasing; Type II, fluctuating; and Type III, decreasing). (B) The relationship between MAP and pDCT-score. A paired t-test showed a significantly lower MAP during the period with a pDCT score increase than the period with a pDCT score decrease. (C) Association between pDCT-score and CPP. Spearman correlation test revealed a significantly negative association between pDCT-score and CPP.





Discussion

We developed a new scoring model to predict 6-month risk of poor functional outcomes in patients with LHIs following DC. The algorithms incorporated established predictor variables from the Rotterdam CT score and ASPECTS, and new variables associated with the involvement of additional vessels.

The ASPECTS and the involvement of longitudinal and Sylvian fissure cisterns, as well as additional vascular territories, were the main components of our model. The ASPECTS is a recognized indicator inversely associated with the mRS score. A baseline ASPECTS score of seven or less discriminated between independence, dependence, and death at 3-month (5). In our study, the highest observed ASPECTS (post-DC) was seven, which was considered reasonable, as per previous studies. The territory of the ACA or PCA was not considered in the ASPECTS, whereas patients with MCA occlusion were likely to have additional vascular occlusion (3, 4, 14). The occlusion of ACA or PCA was identified as a predictor of in-hospital death caused by brain herniation (OR = 3.3; 95%CI, 1.2–9.4, p = 0.02) (15). As such, we included the item “involvement of additional vascular territory” to improve the discrimination of our model. A previous study reported that a compressed basal cistern was associated with raised ICP and CPP < =70 mmHg in TBI (16). Subsequent studies recognized a compressed or absent basal cistern as a valuable predictor of intracranial hypertension and poor prognosis in TBI (7, 9). We expanded the application of this characteristic to LHIs and further separated them into smaller categories which result in the changes of the pDCT-score during the entire disease duration and give value to the analysis of the dynamic variation in scores.

Current theories regarding the course of LHIs vary. A fulminant course (within 24–36 h), a gradually progressive course (over several days), an initial worsening course followed by a plateau and resolution (over approximately a week), or an initial brain swelling course during the first 3–5 days and disappearance after approximately 2 weeks have all been reported (2, 17, 18). Brain swelling of LHI is mainly caused by cytotoxic, ionic, and vasogenic edema, collectively (2, 3). Cytotoxic edema evolves over minutes to hours after the event and declines within 1 day. Ionic edema precedes vasogenic edema by approximately 6 h. The vasogenic edema often peaks at 24–48 h after onset. The median duration from stroke onset to DC was 2 days in our study. In other words, the time of the last CT characteristic we analyzed was 6–9 days from the onset, when most individuals had experienced the three types of edema and been through the peak plateau of brain swelling.

The pathophysiological significance of the pDCT score was also evaluated. An increased pDCT score was associated with higher odds of poor functional outcomes in our analysis. Previous studies have confirmed that decreased MAP values are associated with a greater risk of poor functional outcome (19–22). Given the relationship between MAP and CPP, decreased MAP values ultimately coincided with lower CPP values. With impaired cerebral autoregulation (CA) in LHIs, decreased CPP may contribute to lower CBF and, consequently, a worse functional outcome (23–27). Decreased CBF could appear as an extended ischemia or exacerbated edema on CT, resulting in an increased pDCT-score. The significantly lower MAP during the period with pDCT score increase than the period with pDCT-score decrease in our paired t-test (Figure 4B) and the significant inverse relationship between pDCT-score and CPP (Figure 4C) echoed our inference.

Our study has several limitations. First, our model was based on a retrospective observational cohort, and it was difficult to fully rule out potential confounders from unmeasured variables. Second, there was potential bias due to missing data. Third, we explored the potential relationship between our pDCT score and CPP, MAP, whereas we failed to get the data on the pressure reactivity index. Future research could further combine the pDCT score with CPP and the pressure reactivity index, providing more detailed clinical instruction on optimal CPP exploration. Forth, the temporal validation was used in our study, while considering the lower evidence level of temporal validation than external validation, further external validation was needed in the future.



Conclusion

For patients with LHI after DC, the pDCT-score provided excellent prognostic discrimination and decent calibration. This scoring system is a good predictor of poor functional outcomes and is associated with CPP and MAP. Such an objective, simple, and practical scoring model might be worth considering in clinical settings after further external validation.
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[image: A table listing medical abbreviations with their full forms. For example, "ACA" stands for "anterior cerebral artery," and "ASPECTS" stands for "Alberta Stroke Program Early Computed Tomography Score." Other entries include "AUC" for "area under the receiver operating curve," "CBF" for "cerebral blood flow," and "TBI" for "traumatic brain injury."]
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Background and purpose: Perforator artery disease (PAD) is an important subtype of ischemic stroke. The risk factors affecting the prognosis of patients with PAD are unclear. This study aimed to investigate the risk factors affecting the unfavorable prognosis of PAD.
Methods: Patients with PAD were enrolled from Dushu Lake Hospital Affiliated to Soochow University and diagnosed as stroke with PAD during the period from September 2021 to July 2023 and followed up with a modified Rankin Scale (mRS) after 90 days, defining the mRS of 0–2 as a group with favorable prognosis, and 3–6 as a group with unfavorable functional outcome. Logistic regression was used to identify predictors for PAD. Multiple logistic regression analysis and receiver operating characteristics (ROC) were used to identify predictors of unfavorable prognosis.
Results: Of the 181 enrolled patients, 48 (26.5%) were identified with unfavorable prognosis. On multivariate analysis, increased age (OR = 1.076, 95% CI: 1.012 ~ 1.144, p = 0.019), higher National Institutes of Health Stroke Scale (NIHSS) score at admission (OR = 2.930, 95% CI: 1. 905 ~ 4.508, p < 0.001), and increased neutrophil-to-lymphocyte ratio (NLR) (OR = 3.028, 95% CI: 1.615 ~ 5.675, p = 0.001) were independent risk factors for unfavorable prognosis in patients with PAD, and the area under the receiver operating characteristic curve was 0.590, 0.905, and 0.798, and the multi-factor diagnostic model (Model 2) showed reliable diagnostic specificity and sensitivity (area under the curve = 0.956, p < 0.001, specificity 0.805, sensitivity 0.958, accuracy 0.845).
Conclusion: Increased baseline NLR and NIHSS score and aging may be independent risk factors for unfavorable prognosis of patients with PAD. NLR can be used as a potential biological indicator to predict the prognosis of stroke with PAD.

Keywords
 perforator artery disease; neutrophil-to-lymphocyte ratio; unfavorable prognosis; Chinese ischemic stroke subclassification (CISS); modified Rankin Scale


Introduction

Perforator artery disease (PAD), which accounts for approximately one-quarter of all ischemic strokes, was defined as an acute isolated infarct in the clinically relevant territory of perforator arteries such as the basal ganglia region and brainstem (1). According to the CISS typology, the probable pathogenesis of PAD includes atherosclerosis at the proximal segment of the penetrating arteries and lipohyalinotic degeneration of arterioles (2, 3). The diagnostic criteria include the following: (1) acute isolated infarct in the clinically relevant territory of one penetrating artery, regardless of the size of the infarct; (2) no evidence of atherosclerotic plaque (detected by HR-MRI) or any degree of stenosis in the parent artery (detected by TCD, MRA, CTA, or DSA); (3) with evidence of vulnerable plaques or stenosis ≥50% in ipsilateral proximal intracranial or extracranial large arteries, or cardiac disease that has a potential for embolism is classified in UE (multiple etiology); (4) other possible causes have been excluded. Due to different anatomical structures, patients with PAD also differ from those with large artery atherosclerosis in terms of pathogenesis, clinical features, and prognosis (4). Previous studies have shown that patients with PAD are prone to early neurological deterioration (END) and progressive movement disorders (PMD) (5, 6), but the risk factors affecting the prognosis of patients with PAD are unclear. Studies have suggested that neutrophil-to-lymphocyte ratio (NLR) affects post-thrombolysis early neurological outcomes in patients with large-vessel occlusive stroke (7, 8), but the effect on patients with PAD is rarely reported. Using the data from Dushu Lake Hospital affiliated to Soochow University, we analyzed the potential predictors for unfavorable outcomes in patients with PAD, as well as the correlation between NLR, an indicator of inflammation, and the prognosis of PAD and its clinical application value.



Materials and methods


Study participants

We retrospectively analyzed acute ischemic stroke patients with PAD who were hospitalized in Dushu Lake Hospital affiliated to Soochow University during the period from September 2021 to July 2023. Inclusion criteria: (1) meet the diagnostic criteria of the 2018 Guidelines for the Early Management of Patients With Acute Ischemic Stroke (9), magnetic resonance imaging (MRI) clearly defined intracranial new-onset single infarct lesion, which was compatible with the patient’s clinical symptoms and signs. As for etiological cause, perforator artery occlusion was considered according to the CISS classification; (2) first onset of the disease, within 72 h from onset to admission; and (3) age ≥ 18 years. Exclusion criteria: (1) patients with previous cerebral infarction, cerebral hemorrhage, or brain tumor; (2) patients with combined acute and chronic infectious diseases, autoimmune diseases, hematological disorders, severe cardiac, hepatic, renal diseases, and malignant tumors; (3) patients taking immunosuppressant, hormone, antibiotic, and antiplatelet aggregation drugs in the last 6 months; and (4) patients with surgical procedures in the last 6 months. The flowchart in Figure 1A shows the process of the selection of participants.

[image: Flowchart (A) and donut chart (B) showing patient data analysis. The flowchart details the exclusion criteria for patients with PAD, starting with 268 patients, resulting in 181 after exclusions. The donut chart depicts prognosis outcomes, with a majority having a favorable prognosis (mRS 0-2), while unfavorable prognosis (mRS 4-5) comprises a smaller portion. Color-coded with yellow for favorable and red for unfavorable outcomes.]

FIGURE 1
 (A) Shows the process of the selection of participants. (B) Shows the distribution of prognostic subgroups according to mRS.




Data collection

All the participants underwent standard assessments of demographic characteristics (age, sex, and body mass index [BMI]), vascular risk factors (hypertension, diabetes mellitus, dyslipidemia, current smoking, and current drinking), clinical assessment (blood pressure, treatment with IV thrombolysis, and NIHSS score), lesion location, and laboratory data. Systolic blood pressure (SBP) and diastolic blood pressure (DBP) were measured and recorded immediately after admission. Computed tomography, magnetic resonance, electrocardiogram, echocardiography, carotid ultrasonography, and transcranial Doppler were performed to assess the lesion location and confirm the stroke subtype. Laboratory data included total cholesterol (TC), triglyceride (TG), high-density lipoprotein (HDL), low-density lipoprotein (LDL), homocysteine (HCY), total leukocyte counts (WBC), neutrophil counts (NE), lymphocyte counts (LYM), and neutrophil-to-lymphocyte ratio (NLR). We conducted a follow-up observation using a 90-day modified Rankin Scale (mRS) (10) and further made the definition of the mRS of 0–2 as the favorable prognosis group, and 3–6 as the unfavorable prognosis group. The pie diagram in Figure 1B shows the distribution of prognostic subgroups according to mRS.

According to the intracranial arteries originating from the blood-supplying arteries at the site of the lesion, they were divided into anterior and posterior circulation groups: anterior circulation: an intracranial segment of the internal carotid artery, middle cerebral artery, anterior cerebral artery, ophthalmic artery, and anterior choroidal artery; and posterior circulation: posterior cerebral artery, basilar artery, and intracranial segment of the vertebral artery (11).



Statistical analysis

Categorical variables were expressed as n (%), and continuous variables were expressed as means (standard deviation, SD) or medians (interquartile range, IQR). Continuous numerical variables were tested for normality using the Shapiro–Wilk test; if they did not conform to normal distribution, they were expressed as medians (quartiles). Comparison of quantitative data of multiple groups was analyzed using the one-way ANOVA, and the Kruskal–Wallis test was used for those who did not meet the conditions of the one-way ANOVA; comparison of normal qualitative data was tested using the chi-square test. Multifactorial analysis was analyzed using the logistic regression model, and p < 0.05 was considered statistically significant. Statistical analyses were performed using SPSS 26.0 (IBM, Armonk, NY) and Origin 2022.




Results

A total of 181 patients with PAD were chosen according to the inclusion and exclusion criteria, comprising 112 male patients and 69 female patients, of which 133 patients were in the favorable prognosis group and 48 patients were in the unfavorable prognosis group. The demographics and clinical characteristics of the two groups are shown in Table 1. Univariate logistic analysis showed that patients in the unfavorable prognosis group were older (median 66 versus 63, p = 0.019) and NIHSS scores at admission (median 5 versus 2, p < 0.001), baseline NE (median 4.93 versus 3.94, p = 0.003), and NLR were higher (median 3.53 versus 2.25, p < 0.001) than those in the favorable prognosis group, whereas the baseline LYM was lower (mean 1.35 versus 1.92, p < 0.001) in the unfavorable prognosis group. There were no statistical differences between the two groups in terms of other demographic characteristics, vascular risk factors, clinical assessment, lesion location, and laboratory data (p > 0.050). Figure 2 shows the boxplots of inflammatory indices between the two groups.



TABLE 1 Demographics and clinical characteristics of the subgroup according to prognosis.
[image: A table compares demographic, clinical, and laboratory data among 181 participants with favorable and unfavorable prognosis groups. Key variables like age, NIHSS score, HCY, LYM, and NLR show significant differences with respective p-values of 0.019, <0.001, 0.014, <0.001, and <0.001. BMI and vascular risk factors such as hypertension, diabetes, and dyslipidemia are also listed along with clinical assessments and lesion locations.]

[image: Box plot comparing favorable (blue) and unfavorable (red) prognoses for variables NE, LYM, and NLR. The plot shows distributions with medians and interquartile ranges on a scale from 0 to 15.]

FIGURE 2
 The boxplot in the distribution of inflammatory indices between two different prognosis outcome groups. NE, neutrophil; LYM, lymphocyte; NLR, neutrophil-to-lymphocyte ratio.


Table 2 displays the results of the multiple logistic regression models for subgroups according to prognosis. Due to the correlation between NE, LYM, and NLR, we divided into two models for analysis. Furthermore, we incorporated potential risk factors of BMI, diabetes mellitus, HDL, SBP, and WBC (p < 0.1). In addition, due to the correlation between WBC NE and LYM, in Model 1, we removed the confounder WBC. After adjustment for all potential confounders, Model 1 showed that age (odds ratio [OR], 1.092; 95% confidence interval [CI] 1.019 ~ 1.171, p = 0.013), NIHSS (OR, 3.123; 95% CI 1.975 ~ 4.938, p < 0.001), NE (OR, 1.889; 95% CI 1.200 ~ 2.975, p = 0.006), and LYM (OR, 0.054; 95% CI 0.011 ~ 0.257, p < 0.001) were identified as independent factors for unfavorable prognosis for patients with PAD, while Model 2 also showed that age (OR, 1.076; 95% CI 1.012 ~ 1.144, p = 0.019), NIHSS (OR, 2.930; 95% CI 1.905 ~ 4.508, p < 0.001), and NLR (OR, 3.028; 95% CI 1.6154 ~ 5.675, p = 0.001) were identified as independent factors for unfavorable prognosis for patients with PAD.



TABLE 2 Multinomial logistic regression models for subgroups according to mRS.
[image: Table showing logistic regression analysis results for two models. Model 1 significant variables: age (OR 1.092, p=0.013), NIHSS score (OR 3.123, p<0.001), NE (OR 1.889, p=0.006), LYM (OR 0.054, p<0.001). Model 2 significant variables: age (OR 1.076, p=0.019), NIHSS score (OR 2.930, p<0.001), NLR (OR 3.028, p=0.001). Non-significant variables include BMI, diabetes mellitus, SBP, HDL, and others. OR denotes odds ratio, CI confidence interval.]

The ROC curves, which were depicted in Figure 3, were used to test the overall discriminative ability of risk factors for unfavorable prognosis for patients with PAD. We observed in Model 1 that the areas under the curve (AUC) of NE and LYM were 0.636 (95% CI, 0.538–0.734) and 0.768 (95% CI, 0.693–0.843) and the composite diagnostic model was 0.960 (95% CI, 0.935–0.984), and in Model 2, the area under the curve (AUC) of NLR was 0.798 (95% CI, 0.727–0.869) and the composite diagnostic model was 0.956 (95% CI, 0.930–0.982). In the performance of predicting prognosis of PAD, the AUC of NLR was superior to NE (0.798 versus 0.636, p < 0.001) and LYM (0.798 versus 0.768, p < 0.001), which means that NLR may be a better biological indicator to predict the prognosis of stroke with PAD. We also established optimal cutoff values at which the Youden Index was highest. The details are described in Supplementary Table S1.

[image: ROC curve chart comparing the sensitivity and 1-specificity of eight models or metrics: Age, NE, LYM, NLR, NIHSS, Model1, and Model2, with a dashed line as the reference. Curves for each model are color-coded.]

FIGURE 3
 ROC curves for age, NIHSS on admission, NE, LYM, NLR, Model 1 (age, NIHSS, NE, and LYM), and Model 2 (age, NIHSS, and NLR). NIHSS, National Institute of Health Stroke Scale; NE, neutrophil; LYM, lymphocyte; NLR, neutrophil-to-lymphocyte ratio.


Furthermore, patients with PAD were divided into the anterior circulation group (n = 104) and posterior circulation group (n = 77) according to the lesion site shown on the images, and the changes of inflammatory indices NE, LYM, and NLR were analyzed to see whether there was any difference between the two groups. The results shown in Table 3 suggested that the decrease in LYM and the increase in NLR in the anterior circulation group were significantly correlated with an unfavorable prognosis and that the increase in NE and NLR as well as the decrease in LYM in the posterior circulation group were all significantly correlated with an unfavorable prognosis (p > 0 05).



TABLE 3 Subgroup analysis of anterior and posterior circulation.
[image: Table displaying variables related to prognosis with corresponding values for favorable and unfavorable outcomes, P-values, and odds ratios (OR). Categories include anterior and posterior circulation with measures like neutrophil (NE), lymphocyte (LYM), and neutrophil-to-lymphocyte ratio (NLR). Significant P-values are marked with an asterisk. A forest plot on the right visualizes the odds ratios with confidence intervals.]



Discussion

Our study showed that increasing age, higher NIHSS score at admission, decreased LYM, and elevated NE and NLR were significantly associated with unfavorable prognosis in patients with PAD. Further multifactorial analysis showed that elevated NLR was independently associated with an unfavorable prognosis. Further subgroup analysis showed that NLR correlated with unfavorable prognosis in both anterior and posterior groups, which suggests that inflammation and immune factors may play an essential role in the clinical regression process of PAD and the use of NLR to predict prognosis in PAD deserves further investigation.

Aging exacerbates the damage and dysfunction of different components of the non-injurious brain unit, affecting the integrity of the neurovascular unit and the vulnerability to neurodegeneration, thus accelerating the progression and deterioration of brain injury (12). The National Institute of Health Stroke Scale (NIHSS) is currently the most used clinical scale for assessing neurologic deficits. Studies have demonstrated that the more severe a patient’s neurological deficit, the higher the risk of poor prognosis (13). This study further confirms that aging and elevated baseline NIHSS are risk factors for unfavorable prognosis of PAD.

Acute ischemic stroke triggers an inflammatory response at an early stage, leading to the disruption of the blood–brain barrier and the deterioration of neurological function (14, 15). Studies have shown that neutrophils promote atherogenesis and the progression of atherosclerosis by mediating a non-specific inflammatory response (16, 17), and the infiltration of neutrophils can cause an increase in cerebral infarct volume and worsening of ischemic brain damage (18). Whereas lymphocytes have a role in maintaining immune homeostasis and immune tolerance, they can repair damage through inflammatory responses (19, 20). Tregs in lymphocytes are key cerebroprotective immunomodulators in acute stroke (21), which act as endogenous neuroprotective modulators in maintaining blood–brain barrier permeability, delaying leukocyte infiltration, reducing tissue edema, decreasing brain damage, and playing a protective role in improving prognostic recovery (22–24). Lack of lymphocytes can accelerate the process of atherosclerosis progression (25, 26). Previous studies have found that there is a significant tendency for lymphocytes to decrease at the onset of cerebral infarction (27, 28), and although immunosuppression may reduce brain damage, it may impede neuronal cell repair and increase the risk of systemic bacterial infections during the acute phase of the disease (29, 30). Elevated levels of NLR have been observed in diabetic patients who develop renal arterial vitreous degeneration (31, 32), while lipohyalinotic degeneration is the main pathogenesis of PAD, so we hypothesized that elevated NLR plays a role in the development of PAD and may be involved in the progression of penetrating arterial lesions. In the present study, we observed that elevated NLR was independently associated with unfavorable functional outcomes in PAD, suggesting that mediating the inflammatory response could be a new target for the prevention and treatment of PAD.

As a retrospective study, our study has some limitations. First, this study only collected data on baseline inflammatory markers after emergency or admission and did not assess the dynamic changes in NLR during hospitalization, which may provide information for discovering the pathophysiological mechanisms of the inflammatory response after the onset of PAD (33). Second, the single-center study was not fully representative of the total patients with PAD. Moreover, the sample size is small, and there is a possibility of bias in some clinical characteristics. Therefore, more prospective, large-sample, multicenter studies are needed for further validation. Despite these limitations mentioned above, it is the first time the relationship between inflammatory indices and neurological outcomes of PAD was explored, and this can be validated in the future research.



Conclusion

In summary, our study showed that elevated baseline NLR and NIHSS scores and aging may be independent risk factors for unfavorable prognosis in patients with PAD. NLR can be used as a potential biological indicator for predicting the prognosis of PAD, suggesting that intervening in the inflammatory response is expected to be a new target for preventing and treating stroke.
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Early apixaban administration considering the size of infarction and functional outcome in acute ischemic stroke
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Background and purpose: Atrial fibrillation-related stroke (AF-stroke) is associated with an adverse prognosis, characterized by a high incidence of progression, recurrence, and hemorrhagic transformation. Our study aims to investigate the potential benefits of stratified early administration of apixaban, taking into account infarct size during the acute phase, in order to enhance functional outcomes.
Methods: We conducted this study at a tertiary referral stroke center, enrolling acute AF-stroke patients who received apixaban during the acute phase. Infarct size was categorized as small, medium, or large based on diffusion-weighted imaging. Patients were divided into two groups: standard initiation (apixaban initiation based on guidelines, i.e., small: 4 days, medium: 7 days, large: 14 days after stroke) and early initiation (initiation before guideline recommendations) groups. We compared favorable outcomes (modified Rankin scale score ≤ 2) at 3 months post-stroke, stroke progression, early recurrence, and symptomatic hemorrhagic transformation (sHT) between the groups.
Results: Out of 299 AF-stroke patients, 170 (56.9%) were in the early initiation group. A favorable outcome was observed in 105 (61.8%) patients in the early initiation group and 62 (48.1%) patients in the standard initiation group (p = 0.019). Stroke progression or early recurrence occurred less frequently in the early initiation group (4.7% versus 13.2%, p = 0.007). Nevertheless, no difference in sHT was noted between the groups. Early initiation of apixaban was independently associated with favorable outcomes (odds ratio: 2.75, 95% confidence interval: 1.44–5.28, p = 0.002).
Conclusion: Our findings suggest that early initiation of apixaban, tailored to infarct size, could serve as a viable strategy to enhance functional outcomes. This approach may potentially decrease stroke progression and early recurrence without elevating the risk of sHT.
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Introduction

Atrial fibrillation-related ischemic stroke (AF-stroke) is associated with an unfavorable prognosis compared to other stroke causes (1, 2), characterized by a heightened risk of progression, hemorrhagic transformation (HT), and early recurrent ischemic stroke (ERIS) (3–8). Nevertheless, optimizing antithrombotic treatment for enhanced AF-stroke prognosis remains a challenge. Early conventional anticoagulation initiated within 14 days of onset has demonstrated efficacy in reducing thrombotic events, yet the balance tilts due to an elevated bleeding risk, resulting in limited net clinical benefit (9).

In the current era of Non-Vitamin K Oral Anticoagulants (NOACs), guidelines advocate for a tailored approach to NOAC administration, taking into account specific stroke characteristics such as the severity of neurological deficit or infarction size (10, 11). Recent large-scale Randomized controlled trials like ELAN (Early versus Later Anticoagulation for Stroke with Atrial Fibrillation) and TIMING (Timing of Oral Anticoagulant Therapy in Acute Ischemic Stroke With Atrial Fibrillation) have reaffirmed the safety of early NOAC utilization and indicated a potential reduction in the recurrence of ischemic stroke (12, 13). Nonetheless, the effects of initiating NOACs early after acute ischemic stroke on functional outcomes still lack clarity.

Apixaban, validated for its efficacy in mitigating both ischemic and hemorrhagic events (14, 15), presents a promising avenue for potential advantages when administered early post-stroke. Consequently, this study aims to investigate whether the early initiation of apixaban, in contrast to administration guided by infarct size and in accordance with established guidelines, could exert an impact on functional outcomes, ERIS, and the progression of stroke in individuals suffering from AF-stroke.



Methods


Subjects

Patients experiencing acute ischemic stroke and admitted to the stroke center at Asan Medical Center from January 2017 to July 2020 were subjected to initial screening. Sequentially, individuals meeting the criteria for acute ischemic stroke were included in the study if they met the following conditions: (1) exhibited non-valvular atrial fibrillation warranting long-term anticoagulation and (2) initiated treatment with apixaban during their hospitalization. Exclusion criteria encompassed patients commencing anticoagulation with other agents, transitioning to apixaban, discontinuing anticoagulation, or lacking 3-month functional outcome data.

Routine management adhered to local guidelines, and data were collected through a prospective stroke registry. Cardiac assessment involving a 12-lead electrocardiogram, telemonitoring in the stroke unit, Holter monitoring, and transthoracic echocardiography were gleaned from medical records. Functional outcomes were evaluated at the 3-month mark. The study received ethical approval from the Asan Medical Center institutional review board (S2021-0483-0001), with the requirement for written informed consent waived due to the retrospective nature of the study.



Neuroimaging and size of infarction

Neuroimaging was conducted at the emergency medical center within an hour of the patient’s arrival. The dimensions of the primary infarcts were ascertained through analysis of diffusion-weighted images (DWIs). Using the embedded software of our picture archiving and communication system, the maximum length of the infarct was measured employing a digital caliper.

The infarct size was stratified into the following categories: (1) small (maximum diameter ≤ 1.5 cm within the anterior or posterior circulation), (2) medium (involving infarction within the superficial cortical branch of the middle cerebral artery [MCA], the MCA deep branch, the internal border zone territories, or a superficial cortical branch of the posterior or anterior cerebral artery [PCA or ACA]), and (3) large infarcts (encompassing infarctions spanning the entirety of the MCA, PCA, or ACA territories, or occurring within two superficial cortical branches of the MCA, a superficial cortical branch of MCA concomitant with the MCA deep branch, or within less than one artery territory). Brainstem or cerebellum lesions exceeding 1.5 cm were classified as large infarcts (4).

The evaluation and measurement of brain imaging were executed by a proficient radiologist and a vascular neurologist, both of whom were blinded to all clinical data.



Initiation of anticoagulation

The timing of anticoagulant initiation was at the discretion of the attending physician, who made decisions based on the patient’s specific medical information. In the absence of robust evidence in the literature, physicians may vary regarding the criteria and opinions on the optimal timing for initiating anticoagulation therapy.

The conventional initiation of apixaban adhered to the parameters outlined in the European Stroke Organization and Karolinska Stroke Update 2016 guidelines, stipulating commencement at 4, 7, and 14 days following the onset of stroke for instances of small, medium, and large infarcts, respectively (11). Early initiation, on the other hand, referred to the commencement of anticoagulation prior to the aforementioned guideline-recommended timeframes. This encompassed initiation within 3, 6, and 13 days after the onset of stroke for cases of small, medium, and large infarcts, respectively.



Outcomes

The primary endpoint of this study focused on determining the proportion of patients displaying favorable functional outcomes 3 months subsequent to their ischemic stroke. The attainment of a favorable outcome was defined as a modified Rankin scale (mRS) score of 2 or lower. The assessment of the mRS score was conducted either during a routine outpatient visit or via telephone, employing a structured interview facilitated by a trained nurse.

Secondary outcomes included the evaluation of stroke progression, ERIS, symptomatic HT (sHT), and mortality. Stroke progression was characterized by deterioration in the neurological deficit, indicated by a National Institute of Health Stroke Scale (NIHSS) score of 2 or higher during hospitalization, with confirmation of infarct growth through follow-up DWI. ERIS was defined as the emergence of a new neurological deficit or an NIHSS score of 2 or greater, accompanied by a distinct DWI lesion separated from the initial DWI lesion, and confirmed within 3 months from the onset of the index stroke. sHT referred to clinical deterioration defined by an increase of more than 4 points of NIHSS score. Instances of hemorrhage preceding apixaban initiation were excluded from consideration. Additionally, mortality events within 1 year were documented.



Statistical analysis

Patients with early initiation of anticoagulation (early apixaban group) and standard initiation (standard apixaban group) were compared. Statistical comparisons were carried out between these groups. Discrete variables were subjected to Pearson’s chi-squared test or Fisher’s exact test, while continuous variables were analyzed using either the Student’s t-test or analysis of variance (ANOVA), as deemed appropriate.

For examining factors associated with the favorable outcome at the 3-month mark, both univariable and multivariable analyses were conducted. Initially, univariable analysis was employed, and factors displaying clinical relevance or demonstrating potential associations (with a significance level of p < 0.10) were incorporated into the multivariable analysis model for favorable outcomes. All statistical tests were two-tailed, and the threshold for statistical significance was defined as p < 0.05. The statistical analyses were executed utilizing R software (version 4.0.4; R Foundation, Vienna, Austria).




Results

Throughout the study duration, a total of 3,187 patients were admitted due to ischemic stroke. Among these cases, 678 patients (21.3%) exhibited non-valvular AF. Among the AF patients, apixaban was administered to 308 individuals (45.4%); however, nine patients lacking 3-months mRS data were subsequently excluded. Ultimately, the final analysis comprised 299 patients (Figure 1). The initiation of apixaban occurred at a median interval of 5 days (with an interquartile range [IQR] of 3–9 days) following the onset of stroke, shown in Figure 2. Notably, a favorable outcome was observed in 167 patients (55.9%).

[image: Flowchart showing the progression of ischemic stroke patients from January 2017 to July 2020, totaling 3,187. Of these, 678 had atrial fibrillation, leading to 299 receiving initial Apixaban administration. Exclusions include patients on Warfarin, LMWH, Dabigatran, Rivaroxaban, Edoxaban, antiplatelet medication, no antithrombotics, and those with no mRS at 3 months. Patients were divided into early administration (170 patients) and standard administration (129 patients), with specific timelines based on stroke size.]

FIGURE 1
 Flow chart of the study patients. N, number; LMWH, low-molecular-weight heparin; mRS, modified Rankin scale score.


[image: Bar chart showing the number of patients based on the onset to apixaban administration in days. The chart distinguishes between standard (red) and early (blue) administration. Most patients received apixaban within the first 10 days, with early administration generally higher.]

FIGURE 2
 Timing of apixaban administration after AF-stroke.



Early vs. standard apixaban initiation

The baseline characteristics of the patient cohort are presented in Table 1. The average age of the patients was 73.4 ± 9.9 years, with 124 individuals (41.5%) being female. Among the participants, a total of 170 patients (56.9%) were classified within the early initiation group.



TABLE 1 Baseline characteristics in early and standard apixaban groups.
[image: A table comparing early apixaban (N=170) and standard apixaban (N=129) across various clinical characteristics. Key data points include age, gender, medical conditions, echocardiographic findings, and apixaban dosage. The table shows values, percentages, and p-values to assess statistical significance. Notable differences include stroke lesion size and onset to first apixaban administration days, with significant p-values for these variables.]

Patients in the early and standard initiation groups received apixaban at a median interval of 3 days (with an IQR of 2–5 days) and 9 days (with an IQR of 6–16 days) after the onset of the index stroke, respectively. Notably, no significant disparities were noted in demographic variables, encompassing prior stroke history, risk factors, laboratory findings, reperfusion treatments, and cardiac evaluations, between the two groups. However, the early initiation group exhibited a higher proportion of medium or large stroke sizes compared to the standard initiation group. Nevertheless, no distinctions were evident in the initial stroke severity between the two groups (Table 1).

In terms of outcomes, a favorable functional outcome was witnessed in 105 patients (61.8%) within the early initiation group, while 62 patients (48.1%) within the standard initiation group achieved a favorable outcome (odds ratio [OR], 1.75 [95% confidence interval [CI], 1.10–2.78]; p = 0.019; adjusted OR, 2.75 [95% CI, 1.44–5.28]; p = 0.002), as shown in Figure 3. Additionally, within the early initiation group, the incidence of ERIS (2.4% versus 7.0%, p = 0.018), stroke progression (2.4% versus 6.2%, p = 0.015), and the combined occurrence of stroke progression and ERIS (4.7% versus 13.2%, p = 0.007) were significantly lower compared to the standard initiation group. However, no significant difference was observed in the proportion of patients experiencing sHT between the two groups (Table 2).

[image: Bar chart comparing the distribution of patients with modified Rankin Scale (mRS) scores under "Early" and "Standard" conditions. Scores range from 0 (blue) to 6 (red). In the "Early" group, mRS 0 and 1 have higher percentages, with 21.8% and 25.3% respectively, compared to the "Standard" group with 14.0% and 18.6%. The chart indicates a p-value of 0.019, suggesting statistical significance in the difference between the groups.]

FIGURE 3
 mRS scores at 3 months for the early and standard anticoagulation groups.




TABLE 2 Univariable and multivariable analyses: primary and secondary outcomes for apixaban initiation time.
[image: A table comparing outcomes of early versus standard start timing of Apixaban in stroke patients. It shows the number and percentage for each group, unadjusted and adjusted odds ratios with confidence intervals, and p-values for favorable outcomes at three months, ERIS in three months, stroke progression, sICH in three months, and death in one year. Early treatment shows a more favorable outcome, with higher odds ratios and significant p-values for several measures, notably lower odds for ERIS and stroke progression.]



Factors associated with favorable functional outcome

Through univariable analysis, several variables demonstrated associations with functional outcomes. These variables encompassed age, diabetes, smoking status, previous history of stroke/TIA, CHA2DS2-VASC Score, D-dimer levels, size of the ischemic stroke lesion, undergoing intra-arterial thrombectomy (IAT), presence of HT upon admission, initial NIHSS score, and the early initiation of apixaban (Supplementary Table 1).

In the context of multivariable analysis, several factors exhibited independent associations with favorable outcomes. These factors included a previous history of stroke (OR, 0.47 [0.24–0.92]; p = 0.027), initial NIHSS score (OR, 0.81 [0.76–0.87]; p < 0.001), large lesion size (OR, 0.24 [0.09–0.65]; p = 0.005), and early initiation of apixaban (OR, 2.75 [1.44–5.28]; p = 0.002), as detailed in Tables 2, 3.



TABLE 3 Factors associated with favorable functional outcome.
[image: Table presenting the odds ratios (OR) and confidence intervals (CI) for various parameters in unadjusted and adjusted analyses. Variables include gender, age, diabetes, smoking, previous stroke history, intra-arterial thrombectomy, D-dimer, stroke lesion size, hemorrhagic transformation at admission, NIHSS at arrival, and apixaban dose. Each parameter has corresponding p-values for both analyses. The table includes notes explaining abbreviations: OR, odds ratio; CI, confidence interval; Ref., reference group; TIA, transient ischemic attack; HT, hemorrhagic transformation; NIHSS, National Institute of Health Stroke Scale.]

In the subgroup analysis stratified by the size of cerebral infarction, the early administration of apixaban was linked to a favorable outcome at the three-month mark when compared to standard initiation. This trend was notable among patients with medium or large lesions (medium lesion: 63% versus 37%, p = 0.012; large lesion: 38% versus 9%, p = 0.03). However, no statistically significant distinction in favorable outcomes was observed in patients with small lesions (77% versus 69%, p = 0.436).



Subgroup according to lesion size

Patients with different lesion sizes (small, medium, and large) received apixaban at varying intervals after the index stroke: 4 days [with an IQR of 3–6 days], 5 days [with an IQR of 3–8 days], and 11 days [with an IQR of 7–18 days], respectively (p < 0.001). Interestingly, a higher incidence of lower and off-label apixaban doses was observed as the stroke lesion size increased (p < 0.001, Supplementary Table 2). The occurrence of stroke progression also demonstrated an upward trend with increasing lesion size (p < 0.001). In contrast, the rate of sHT following apixaban exhibited no significant escalation with an increase in lesion size (p = 0.847, Supplementary Table 2).




Discussion

The data analysis indicates that the early initiation of apixaban, while taking into account the size of the infarction, is independently linked to a favorable outcome. The observed favorable functional outcome can potentially be attributed to the impact of early initiation, leading to a reduction in the occurrences of ERIS and stroke progression, all the while not exacerbating the incidence of sHT. Notably, the propensity of early initiation to diminish functional independence was particularly noteworthy in individuals with medium or large lesions.

In this study, a favorable prognosis at the 3-month mark was observed in 55.9% of cases. This falls within the range of 40–72% (16–18), as previously demonstrated in existing research, making our findings comparable. While most prior studies on early anticoagulation primarily assessed the risk of ERIS and sHT, our study evaluated the mRS score at the 3-month mark. Considering the potential impact of anticoagulant use on the severity of subsequent ischemic strokes and early neurological deterioration (19, 20), focusing solely on the rate of ERIS might lead to an underestimation of the effectiveness of early anticoagulation. Nonetheless, all of these factors are encompassed within the mRS score assessment.

A previous observational study has linked early anticoagulation to favorable outcomes (18). However, these studies often involved early treatment groups with lower stroke severity and mixed warfarin patient populations, leading to less definitive results. Notably, ELAN study (12), employing a similar anticoagulation approach, did not find a significant improvement in functional outcomes with early NOAC imitation. ELAN enrolled patients with low stroke severity, potentially excluding those with larger stroke cases with early progression. Furthermore, our study highlights anticoagulation initiation time differences, especially in larger strokes. We observed a delayed administration of later-initiated anticoagulants, more pronounced in larger strokes (Our study vs. ELAN, early group: 2, 4, 8 days vs. 2, 2, 6 or 7 days; standard group: 6, 10, 19 days vs. 3 or 4, 6 or 7, 12 or 13 or 14, respectively for small, medium, and large infarction). This is crucial, as larger infarctions carry heightened risks of ischemic events (16).

Stroke progression, along with ERIS, contributes significantly to early neurological deterioration and poor functional outcomes (3). Thrombus extension and distal re-embolism play a vital role, and early NOAC use might be effective in preventing these events. Large observational studies have identified early anticoagulation as a robust factor linked to decreased early neurological deterioration (20). Animal experiments have shown that apixaban effectively inhibits brain thrombin activity, reducing the final infarct size (21). In our study, the early NOAC group exhibited significantly lower rates not only of RIS but also of stroke progression.

Moreover, larger infarctions carry a heightened potential risk of sHT (4, 22). In a previous observational study, the early use of apixaban within 2 days in AF stroke with concurrent large vessel occlusion demonstrated comparable safety to later use (23). However, dosing considerations arise for early apixaban initiation in patients with medium to large lesions. The prevalence of low-dose apixaban usage was notably high among those with large infarctions, potentially due to the acute-stage sHT risk. A prior study indicated a trend of fewer major bleeding events with off-label low-dose NOACs (24). However, prolonged off-label low-dose apixaban use correlated with an elevated stroke recurrence risk (25). Therefore, adhering to labeled dosing becomes crucial once the sHT risk decreases in the subacute-to-chronic phase.

Interestingly, this study was unable to identify significant factors associated with the timing of apixaban administration. The groups initiating anticoagulation early and those following the standard initiation protocol showed similar baseline characteristics, including CHA2DS2-VASC and HAS-BLED scores. In a survey, only 36% of practitioners adhere to the ESC’s ‘1–3–6-12’ rule for anticoagulant administration timing, with even greater uncertainty in cases of moderate stroke (26). Our study also observed the highest proportion of early anticoagulation therapy initiation among patients with medium-sized stroke lesions in line with these findings, the variability of clinical practices in a real-world setting.

Our study has several limitations. This study is retrospective in nature, and while premorbid mRS was not collected, key factors such as previous stroke history, initial stroke severity were well balanced between the two groups. However, differences could still exist due to unmeasured variables like AF burden. The infarct size groups were categorized using a semi-quantitative methodology, and differences in infarct volume within each group were not evaluated. Furthermore, observational design study warrants careful interpretation. Second, early NOAC usage demonstrated relatively greater efficacy in cases of large infarctions. However, in this study, a group that could not receive inpatient NOAC initiation (e.g., large hemispheric infarction, early symptomatic HT, significant mass effect) was not analyzed. The TIMING study indicated that early NOAC administration could potentially be detrimental in severe ischemic stroke (NIHSS >15) (13). Third, the scope of this research was confined to the investigation of apixaban, which constrains the extrapolation of the results to other NOACs. Finally, interethnic differences could influence the acute ischemic stroke treatment effect of early NOAC usage. In the Practical “1–2-3-4-Day” Rule study, which considered NIHSS severity of strokes, early NOAC use significantly reduced ERIS in Asians, while the effect wasn’t significant in Western populations (27). Additionally, within the ELAN study, the effect of early NOAC use was even more pronounced in Japan (12). This study is also limited to the Korean population. The racial differences in the effectiveness of anticoagulants warrant further investigation.

In conclusion, this study showed that differentiated early apixaban administration timing, considering the size of infarction, was associated with better functional outcomes at 3 months compared to standard administration. Early apixaban treatment showed a reduction of ERIS and stroke progression and no increase in sHT.
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Importance: Stroke-to-recanalization time is a strong predictor of outcomes in anterior circulation large-vessel occlusion (LVO). The authors aimed to evaluate functional outcomes in early (<6 h) vs. late (6–24 h) time windows for thrombectomy-treated basilar artery occlusions.
Methods: Patients were derived from the Posterior Circulation Ischemic Stroke Evaluation: Analyzing Radiographic and Intra-procedural Predictors of Mechanical Thrombectomy (PC-SEARCH) Registry and retrospectively analyzed early and late basilar artery thrombectomy time windows cohorts. Patients were dichotomized based on the last known well and correlated to 90-day functional outcomes (mRS 0–3). A multiple logistic regression analysis was performed.
Results: A total of 405 patients were included in this study: 216 and 189 patients in the early and late time windows, respectively. Baseline demographic, stroke, radiographic, and intraprocedural characteristics were similar between the groups. A total of 99 (46%) and 79 (42%) patients in the early and late time windows, respectively, achieved favorable functional outcomes at 90 days (p = 0.41), and multiple logistic regression analysis did not reveal differences between cohorts (OR: 0.74; 95% CI: 0.46–1.19; p = 0.22). Symptomatic hemorrhage (7% vs. 5%; p = 0.69) and neurological complications (8% vs. 9%; p = 0.83) were similar between the groups; however, hospital complications were more common in the early time window cohort (22% vs. 13%; p = 0.01).
Conclusion: The early and late thrombectomy time windows can achieve similar rates of 90-day favorable functional outcomes. However, timely thrombectomy influences the likelihood of achieving excellent functional outcomes (mRS ≤ 2) within the early time window.
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Highlights

	• What is already known on this topic—Early and late thrombectomy time window in the anterior circulation influences rates of favorable functional outcomes.
	• What this study adds—Patients presenting with acute basilar artery occlusions in the late thrombectomy time window achieve similar rates of favorable functional outcomes.
	• How this study might affect research, practice, or policy—Thrombectomy guidelines should continue recommending the late thrombectomy time window for patient evaluation and treatment.



Introduction

Last known well (LKW) is a key time metric in stroke neurology. The phrase “time is brain” is a qualitative statement emphasizing the rapid loss of neurons in the human brain (1). Early randomized thrombectomy trials focused on LKW for inclusion criteria to establish the efficacy of thrombectomy in anterior circulation ischemic stroke (2). Furthermore, the DAWN and DEFUSE III trials extended this time window in patients with large penumbral volumes (3, 4). As such, the American Stroke Association/American Heart Association (ASA/AHA) guidelines established mechanical thrombectomy (MT) as class 1 and class 2a recommendations for patients presenting in the early and late time windows for anterior circulation large-vessel occlusions, respectively (5).

Basilar artery occlusion (BAO), however, was underrepresented in the aforementioned trials and remains a devastating form of ischemic stroke, accounting for up to 10% of large-vessel occlusion (LVO) (6). Recently, four randomized clinical trials evaluated the efficacy of thrombectomy compared to the best medical management in patients presenting with acute basilar artery occlusion (7–10). The BASICS trial enrolled patients within 6 h of the estimated time of BAO onset. This trial demonstrated higher rates of good and excellent clinical outcomes, basilar artery patency, and lower mortality in the endovascular group (7). The BEST trial evaluated patients presenting within 8 h of the estimated time of BAO and demonstrated that the endovascular group had a trend toward functional independence (8). The ATTENTION and BAOCHE trials established the superiority of thrombectomy compared to conservative management in the extended time windows of 0–12 h and 6–24 h of LKW, respectively (9, 10). Despite these high-level studies, however, the effect of time on the treatment effect of EVT compared to medical management has not been well studied. In this study, the outcomes of basilar artery thrombectomy as a function of LKW time to treatment were evaluated.



Methods


Study design and participants

We performed a comparative cohort study using data from the Posterior Circulation Ischemic Stroke Evaluation: Analyzing Radiographic and Intra-procedural Predictors for Mechanical Thrombectomy (PC-SEARCH Thrombectomy) Registry. The PC-SEARCH Thrombectomy Registry is a collaboration of 8 high-volume comprehensive stroke centers consisting of 518 consecutive patients with acute basilar artery occlusion treated with mechanical thrombectomy from January 2015 to December 2021. Patients were included in the registry if they were over 18 years of age and suffered from an acute basilar artery occlusion diagnosed on CTA, MRA, or DSA and treated with mechanical thrombectomy. Patients were excluded if they did not have data for LKW times or primary outcomes. This study was approved under a waiver of informed consent by the local institutional review boards at each participating center and is reported in accordance with the Strengthening the Reporting of Observational Studies in Epidemiology (STROBE) guidelines (11).

Data for the registry were compiled from respective participating sites according to the proposal supplied by the host institution. Each site was responsible for obtaining local IRB approval. The host site received anonymized data and did not require patient consent as no information was required beyond de-identified data.



Study groups and data elements

Patients were divided into two cohorts: (1) Patients arriving at a comprehensive stroke center within 6 h or less from their last known well (LKW ≤ 6) and (2) patients arriving at a comprehensive stroke center greater than 6 h but less than 24 h from their last known well (LKW 6–24 h).

De-identified patient baseline, pre-, intra-, and post-procedural data were obtained by the electronic medical records (EMR) of the respective institutions and sent to the host site for compilation and statistical analysis. Patient baseline information included age, gender, self-reported ethnicity, pre-morbid modified ranking scale (mRS), and co-morbidities such as hypertension (HTN), hyperlipidemia (HLD), prior history of stroke, history of smoking, atrial fibrillation, diabetes mellitus, coronary artery disease, and alcohol abuse. Pre-procedural stroke metrics included last known well, presenting National Institute of Health Stroke Scale (NIHSS), location of clot, total and itemized Posterior Circulation Acute Stroke Prognosis Early CT Score (pc-ASPECTS), anterior–posterior (AP) collaterals, administration of intravenous thrombolysis, and door-to-thrombolysis times. AP collaterals were defined as a binary variable of being either present or absent.

Intra-procedural characteristics included door-to-puncture and puncture-to-recanalization times, first-pass recanalization (FPR), defined as achieving Thrombolysis in Cerebral Infarction (TICI) 2b or greater (indicating reperfusion >50% in the affected vessel) on the first thrombectomy attempt with clot retrieval with no further attempts, total number of passes, first-line device, administration of intra-arterial thrombolysis (IA-tPA), final TICI score, downstream embolization, and retrieval of downstream embolus.

Post-procedural characteristics included 24-h NIHSS and 90-day mRS. Safety data included Safe Implementation of Thrombolysis in Stroke Monitoring Study (SITS-MOST) symptomatic intra-cranial hemorrhage (sICH), SITS-MOST asymptomatic intra-cranial hemorrhage (aICH), post-procedural subarachnoid hemorrhage, non-procedural neurological complications (such as cerebral edema, hydrocephalus, and seizure), and non-procedural hospital complications (itemized by organ system) (12).



Primary and secondary outcomes

This study is an analysis of the PC-SEARCH Thrombectomy Registry, and patients were dichotomized into early (LKW ≤ 6 h) and late (LKW > 6 h) thrombectomy time windows. Primary outcomes for this study were favorable (mRS ≤ 3) and unfavorable (mRS > 3) functional outcomes at 90 days as well as ordinal mRS change between the groups (shift analysis). Secondary outcomes included the percentage of patients achieving mRS 0–2 at 90 days, 24-h NIHSS, TICI ≥2b, and first-pass recanalization. LKW-to-puncture times (<8 h) were also correlated to functional outcomes (mRS 0–3 and mRS 0–2) for patients in the early time window. Safety outcomes included sICH, neurological complications, and hospital complications. A subgroup logistic regression analysis for clot location was performed on the primary outcome.



Statistical analysis

Data were compiled, and univariate analysis was performed with respect to the defined cohorts. Continuous and scale variables were analyzed using mean, median, standard deviation (SD), and interquartile ranges (IQR) as appropriate. A comparison of parametric values was made using Student’s t-test, and non-parametric values were analyzed via the Mann–Whitney U-test. Ordinal variables were presented as crude numbers and percentages and analyzed via the chi-squared test or analysis of variance (ANOVA) as appropriate. Simple and multiple logistic regression was performed on baseline, pre-, intra-, and post-procedural predictors and adjusted based on potentially confounding baseline characteristic differences (if the value of p was 0.20 or less). A receiver–operator curve (ROC) analysis was performed utilizing LKW with respect to 90-day mRS as the state variable. Data were dichotomized based on whether patients had AP collateralization. The early window cohort LKW-to-puncture times, for the first 8 h, were set at 10-min interval floors and compared to favorable functional outcomes using multiple logistic regression adjusted for pc-ASPECTS, initial NIHSS, pre-morbid mRS, and proximal clot location.

Statistical significance was defined as two-tailed and reaching a value of p of less than 0.05. Analysis was performed using IBM SPSS statistics package 28.




Results


Baseline characteristics

There are 518 patients in this registry. A total of 113 patients were excluded for missing data, and a total of 405 patients were included in this analysis (Figure 1). Overall, the mean age was 66 (SD 15.5), 245 (61%) were men, and 302 (75%) were white, 67 (17%) Black, and 3 (1%) Asian people. Two hundred eighty-one (70%) patients had hypertension, 115 (29%) diabetes, 88 (22%) CAD, 183 (45%) HLD, and 101 (25%) patients had atrial fibrillation. There were 286 patients (71%) with a pre-stroke mRS of 0. There were 216 (53%) patients who presented within 6 h from LKW while 189 (47%) presented after 6 h from LKW. There were no differences between the baseline demographics and vascular risk factors of the two cohorts (Table 1).

[image: Flowchart showing patient selection for analysis. Initially, 518 patients were included in the PC-SEARCH Thrombectomy Registry. Out of these, 113 patients were excluded due to missing last known well (LKW) or 90-day functional outcome data, resulting in 405 patients being included in the analysis.]

FIGURE 1
 Patient flow chart.




TABLE 1 Baseline characteristics.
[image: Table comparing demographic and health characteristics between two groups: less than or equal to six hours last known well (N=216) and six to twenty-four hours last known well (N=189). Categories include age, sex, ethnicity, hypertension, history of stroke, smoking, atrial fibrillation, diabetes, coronary artery disease, alcohol abuse, hyperlipidemia, and pre-stroke modified Rankin Scale. P-values are provided for statistical significance.]

Overall, patients presented to a comprehensive stroke center at a median (IQR) of 335 min (90–667) with a median NIHSS of 17 (IQR 9–26). Patients had a favorable median (IQR) pc-ASPECTS of 9 (8–10) and 178 (44%) patients had anterior–posterior collateralization. One hundred two (25%) patients received IV thrombolysis. Overall, there were no significant differences in stroke characteristics between the early and late time windows except for numerically higher NIHSS (20 vs. 16; p = 0.07) and a significantly higher percentage of patients who received IV thrombolysis (40% vs. 8%; p < 0.001) in the early vs. late time windows, respectively (Table 2).



TABLE 2 Presenting stroke, radiographic, and intraprocedural metrics.
[image: A table comparing clinical characteristics and treatments of two groups of stroke patients categorized by time since last known well: less than or equal to 6 hours versus 6 to 24 hours. The data include metrics such as NIHSS scores, pc-ASPECTS scores, thrombolysis, time intervals related to treatment (e.g., door to IV thrombolysis), and locations of occlusions. Each measure includes median or percentage values and their interquartile ranges. The statistical significance of differences is indicated by p-values.]



Intra-procedural metrics

Patients had door-to-puncture times within 85 min (IQR 46–142) and puncture-to-recanalization times within 39 min (IQR 22–69). There were 330 (82%) patients with successful recanalization within our cohort and 154 (38%) achieved recanalization at first pass. Twenty-eight (7%) patients received adjunctive IA thrombolysis.



Functional outcomes

One hundred seventy-eight (44%) patients achieved favorable functional outcomes with 99 (46%) patients in the early time window and 79 (42%) patients in the late time window (p = 0.41). See Table 3 for primary, secondary, and safety cohorts and adjusted analysis. There was an insignificant trend toward unfavorable functional outcomes (mRS ≤ 3) in the late time window cohort (OR: 1.18; 95% CI: 0.80–1.75; p = 0.42), and despite controlling for potentially confounding factors, significance was not obtained (OR: 0.74; 95% CI: 0.46–1.19; p = 0.22). Shift analysis did not reveal any difference between the two cohorts (OR: 0.49; 95% CI: −0.48–0.22; p = 0.47). Receiver–operator characteristic (ROC) curve analysis evaluating the time of LKW correlated to the state variable (primary outcome) showed an area under the curve of 0.537. Furthermore, ROC analysis isolating patients with and without AP collateralization did not yield the time of LKW as a predictor of favorable functional outcomes (AUC: 0.550 and 0.495, respectively). NIHSS at 24 h was similar between the two cohorts (10 vs. 9; p = 0.59). See Figure 2 for the probability of favorable functional outcomes as a function of time within the acute time window. See Figure 3 for the mRS shift analysis for early and late time windows with respect to the occlusion site. There was a 4% relative decrease in odds of favorable functional outcomes (p = 0.038) and functional independence (p = 0.027) as time progressed in the first 8 h (Figure 3) for every 10-min delay in groin puncture after adjusting for pc-ASPECTS, initial NIHSS, pre-morbid mRS, and proximal clot location.



TABLE 3 Primary and secondary outcomes.
[image: Table comparing outcomes for two groups with time frames ≤6 hours and 6-24 hours from last known well (LKW), with sample sizes of 216 and 189, respectively. Outcomes include primary, secondary, and safety categories. Primary outcome shows a modified Rankin Scale (mRS) of ≤3. Secondary outcomes cover mRS ≤2, 24H NIH Stroke Scale, TICI score ≥2b, and recanalization effectiveness. Safety outcomes include total intracranial hemorrhage (ICH), symptomatic ICH, intraprocedural perforation, neurological complications, and hospital complications. Statistical significance is shown with p-values and adjusted regression analysis, including odds ratios and confidence intervals.]

[image: Line graph showing the probability of favorable functional outcomes against time from last known well to puncture, measured in minutes. The probability decreases as time increases. The shaded area represents confidence intervals. Data points are scattered near maximum probability and near zero.]

FIGURE 2
 Probability of favorable functional outcomes as a function of time.


[image: Bar chart comparing early and late stages for distal, middle, and proximal categories based on modified Rankin Scale (mRS) scores. Each bar is divided into sections representing mRS scores from zero to six. The percentages for each score are labeled within the bars. Distal has p-value 0.47, middle 0.81, and proximal 0.56.]

FIGURE 3
 Modified rankin scale shift analysis for early and late time windows with respect to occlusion site.




Safety profiles

Overall, 70 patients suffered from ICH with 25 (36%) being sICH. The proportion of sICH (6.9% vs. 5.3%; p = 0.69) was similar between early and late time window patients. There were no differences in neurological complications (8% vs. 9%; p = 0.83) between the two groups; however, there was a higher proportion of hospital complications in the early time window group (23% vs. 13%; p = 0.01). Specifically, there were higher rates of infectious complications in the earlier thrombectomy time window (13.4% vs. 4.6%). Logistic regression for hospital complications was significant before (OR: 1.93; 95% CI: 1.16–3.20; p = 0.01) and after adjusting for potentially confounding factors (OR: 2.33; 95% CI: 1.21–4.08; p = 0.01).




Discussion

Several randomized controlled trials have recently proved mechanical thrombectomy benefits in BAO in the late time window (7–10). Our results demonstrate that there is a thrombectomy benefit regardless of the time window. Similar to the aforementioned clinical trials, we opted to use mRS of 0–3 to determine favorable outcomes given the high morbidity and mortality of BAO (9, 10). We determined that our early and late time window cohorts achieved similar favorable outcome rates (46% vs. 42%) and are comparable to the rate of outcomes in the recent RCTs (9, 10). This study reaffirms the findings of the BEST, BAOCHE, and ATTENTION trials, which have similar rates of favorable functional outcome and sICH despite patient presentation in different time windows. Within the early time window, however, our study still emphasizes the importance of timely thrombectomy. Saver et al. performed a meta-analysis of anterior circulation large-vessel occlusions and showed that for every 4-min delay in reperfusion the proportion of functional independence decreases by 1% (13). In our study, the rate of functional independence (mRS 0–2) at 3 months declined from 37.3% with an LKW-to-reperfusion time of 120 min to 20.9% with an LKW-to-reperfusion time of 480 min. Our results further stress this conclusion by demonstrating that for every 10-min groin-puncture delay leads to diminished favorable functional outcome and functional independence by 4% within the first 6 h from last seen normal. Many hypotheses for these minor differences exist including eloquence of brain tissue affected, level of macro/microvascular collateralization, density of cranial nerve motor neurons, and capacity of individual nerves to withstand ischemic insults (14–17).

Patients with intact AP collateralization are expected to react differently to an ischemic event compared to patients without AP collateralization (18, 19). Our study explored this hypothesis using ROC curves with respect to collateralization status and did not demonstrate a predictive value for our early vs. late time window cohorts (AUC: 0.550 and 0.495, respectively). This is most likely a reflection of patients within the cohort. “Fast” and “slow” progressors constitute our early time window population; however, as the “fast” progressors complete their stroke, they are effectively excluded as a thrombectomy candidate leaving the “slow” progressors in the late time window. This leaves an important unanswered question as to what differentiates “slow” vs. “fast” progressing posterior circulation strokes. It is hypothesized that outcomes could be a function of sub-occlusive/occlusive thrombi, clot location, microvascular collateralization, and LKW to recanalization (14, 20). Our subgroup analysis comparing clot location and early vs. late time window cohorts did not show appreciable differences in the shift toward improvement. Unfortunately, our registry did not have data points for sub-occlusive/occlusive thrombi or include measurement of cerebellar artery collaterals or CT perfusion studies to evaluate collateralization, and further studies may help to delineate these patient subtypes.

In terms of peri-procedural outcomes, our early vs. late time window cohorts did not influence an operator’s ability to achieve successful recanalization (83% vs. 79%) or recanalization at the first pass (39% vs. 36%). This was similar to the recent posterior circulation randomized controlled trials, which had 88–91% successful recanalization (albeit vessel patency was defined differently in these studies) (9, 10). Mokin et al. retrospectively evaluated 100 patients who received mechanical thrombectomy within 12 h and demonstrated that time metrics are associated with both improved successful recanalization rates and long-term (12 months) functional outcomes (21). The main difference in this study is that stroke symptom onset to femoral artery puncture was the main time metric, and the primary outcome was mRS 0–2. The differences in the aforementioned study can account for the variable results seen between BAOCHE and ATTENTION trials as well as in this study.

Despite the early time window presenting with a higher presenting NIHSS, the 24-h NIHSS (10 vs. 9) was similar between the early and late cohorts following thrombectomy. Compared to the ATTENTION trial, our dataset had a lower presenting NIHSS and 24-h NIHSS (9). As our dataset includes patients treated before the publication of the BAO endovascular trials, it is likely that patients presenting with a worse PC-ASPECT were not offered thrombectomy resulting in selection bias. However, it is apparent that thrombectomy results in an improvement in NIHSS despite the time window presentation.

Interestingly, our study demonstrated higher rates of in-hospital complications in the early time window group. Although not statistically significant, it was observed that these patients presented with a higher NIHSS. As the NIHSS has limitations in the posterior ischemic stroke, patients in the early time window presented with examinations affecting consciousness compared to those in the late time window which had a higher predominance of hemiparesis and sensory loss. This hypothesis is reflected in our data set in which early time window patients were more likely to require intubation for neurological failure (47.9% vs. 33.9%) and suffered from higher rates of infection (13.4% vs. 4.6%) compared to patients in the late time window.

Strengths of this study include its heterogeneous North American population, variety of stroke etiologies, and reasonably high rates of successful recanalization and recanalization at first pass. This study has several limitations. This study derived data which were obtained from a retrospective registry. Patients with low pc-ASPECTS were likely excluded from intervention, which may have resulted in a higher proportion of patients that are “slow progressors.” We did not have NIHSS inclusion criteria, which means that patients with low NIHSS would possibly have been excluded as well.



Conclusion

This study shows that in the North American population, select basilar artery thrombectomy patients in the late time window achieve similar rates of favorable outcomes compared to patients within the early time window. We also demonstrated that approximately every 10 min of delayed recanalization results in a 4% relative reduction in favorable functional outcome and functional independence within the first 8 h from last seen normal. Further studies are required to determine whether outcomes may vary in BAO patients with varying presentations with different pc-ASPECTS or NIHSS on presentation and also in the time window beyond 24 h.
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Background: Observational studies have suggested a possible association between hypothyroidism and increased risk of ischemic stroke. However, a causal relationship remains unclear.
Methods: Data on single nucleotide polymorphisms (SNPs) associated with hypothyroidism and ischemic stroke were sourced from the FinnGens database and the UK Biobank of European descent. Both databases underwent separate two-sample Mendelian randomization (MR) analyses. A subsequent meta-analysis of MR results using a random-effects model was conducted to determine the causal relationship between hypothyroidism and ischemic stroke.
Results: All five analyses indicated a positive causal relationship between hypothyroidism and ischemic stroke. MR analysis of the association between hypothyroidism and ischemic stroke yielded a result of the inverse variance weighted (IVW) method at 4.7411 (1.3598–16.5308), p = 0.0146. The analysis of ischemic stroke (without excluding controls) yielded a result of the IVW method of 4.5713 (1.3570–15.3986), p = 0.0142. MR analysis with cerebral infarction yielded a result of the IVW method at 1.0110 (1.0006–1.0215), p = 0.0373. The MR analysis with cerebrovascular disease sequelae yielded an IVW method result of 2.4556 (1.0291–5.8595), p = 0.0429. Analysis for the sequelae of cerebrovascular disease (without excluding controls) yielded an IVW method result of 2.4217 (1.0217–5.7402), p = 0.0446. No evidence of heterogeneity or horizontal pleiotropy was found. The meta-analysis of the five MR results was 2.24 (1.18–4.26), p = 0.025.
Conclusion: Our two-sample Mendelian randomization study suggested a causal relationship between hypothyroidism and ischemic stroke, indicating that hypothyroidism could be a risk factor for ischemic stroke. However, further studies are required to elucidate the underlying biological mechanisms.
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Introduction

Stroke is the second leading cause of global mortality and the third leading cause of severe disability (1). In 2019, ischemic strokes accounted for a significant proportion of documented stroke incidents, resulting in an estimated 50,000 mortalities and a decline of approximately 910.2 million disability-adjusted life years (DALYs). Low-income countries bear a disproportionately larger burden of this disease compared to high-income countries (1–4). IS caused by arterial occlusion is the cause of most strokes. Given that rapid reperfusion such as, endovascular therapy (EVT) and intravenous thrombolysis, is an effective treatment for neurological injuries induced by acute ischemic stroke (AIS), timely and accurate identification of ischemic injuries is paramount for implementing acute interventions and devising strategies to prevent recurrence. Research indicates that both absolute and relative deficiencies in thyroid hormones can intensify cerebrovascular atherosclerosis, thereby influencing the prevalence and outcomes of cerebrovascular diseases (5–7). Some cross-sectional studies have identified a correlation between the concentration of thyroid-stimulating hormone (TSH) and the intensification of symptoms associated with AIS. Compared with euthyroidism, higher incidence of stroke was associated with high TSH or low free T4 levels (TSH >5.5 mIU/L, free T4 < 0.7 ng/dL) (8). Interestingly, this correlation was not observed in the patients with normal thyroid function. The differential effects of thyroid hormone levels across diverse patient groups suggest a multifaceted interaction between hypothyroidism and ischemic stroke. However, such associations observed in observational studies could be influenced by confounding factors and potential biases in the data collection. Thus, a clearer understanding of this potential causal relationship is pivotal for advancing the prevention and management strategies for ischemic stroke.

Using aggregated data from genome-wide association studies (GWAS), we performed two-sample mendelian randomization (MR) analysis to investigate the association between hypothyroidism and ischemic stroke. Rooted in human genetics, this approach utilizes single nucleotide polymorphisms (SNPs) as instrumental variables (IVs) (9). This method employs SNPs as IVs (9), which, in the context of GWAS, are associated with exposure phenomena (9). The MR analysis approach aims to clarify the causal relationship between exposure and outcomes, minimizing the biases present in traditional randomized controlled trials (10).



Materials and methods


Study design

In this study, we utilized two-sample MR analysis to investigate the relationship between hypothyroidism (exposure) and ischemic stroke (outcome) using SNPs as IVs. To ensure the reliability of MR analysis, three critical assumptions must be met: (1) SNPs are significantly associated with exposure; that is, hypothyroidism. (2) The SNPs were not associated with any potential confounders. (3) SNPs influenced ischemic stroke risk solely via their association with hypothyroidism. We determined the causal link between hypothyroidism and ischemic stroke using distinct outcome databases in the MR analysis. A subsequent meta-analysis provided a consolidated estimate, as illustrated in Figure 1.

[image: Diagram illustrating a Mendelian Randomization (MR) study design. Panel A shows the relationships among instrumented variables, exposure, outcome, and confounders, with assumptions noted. Panel B questions the causal link between hypothyroidism and ischemic stroke, showing the flow from genetic information to various outcomes. Panel C details the data analysis process, including data harmonizing and testing for heterogeneity and horizontal pleiotropy, followed by MR analysis and meta-analysis. Various MR methods are listed, including IVW and MR-Egger.]

FIGURE 1
 (A) Basic assumptions of Mendelian randomization. Assumption 1: SNPs were closely associated with exposure. Assumption 2: SNPs were not associated with any potential confounders. Assumption 3: SNPs are only linked to the outcome through exposure. (B) The study design of our MR analysis. (C) Flowchart of the study process. IVW, inverse variance weighted; MR, Mendelian randomization; MR-Egger, MR-Egger regression, SNPs, single nucleotide polymorphisms.




Data sources

We sourced genetic summary data from two prominent GWAS databases, the FinnGens database and UK Biobank (UKB), as detailed in Table 1. From the UKB,1 we procured hypothyroidism-related GWAS data (inquiry code: ukb-b-19732), which comprised of 462,933 participants of European descent, covering a total of 9,851,867 SNPs. Additionally, the cerebral infarction GWAS summary statistics (inquiry code: ukb-d-I63) from the UKB included 361,194 participants of European origin and 10,889,323 SNPs. The FinnGens database,2 we accessed two GWAS datasets on ischemic stroke. The first (inquiry code: finn-b-I9_STR_EXH) involved 212,774 individuals and contained 16,380,445 SNPs, whereas the second (inquiry code: finn-b-I9_STR_EXH_EXNONE) consisted of 218,792 individuals and covered 16,380,466 SNPs. Two additional datasets related to cerebrovascular disease sequelae from FinnGens include the first (inquiry code: finn-b-I9_SEQULAE) with 207,706 individuals and 16,380,409 SNPs, and the second (inquiry code: finn-b-I9_SEQULAE_EXNONE) with 218,792 individuals and 16,380,466 SNPs. For all datasets, we gathered details on several SNPs, including effect frequency (EAF), effect size (β), effect allele (EA), and p-value. As all the data were publicly accessible, no additional ethical clearance was required. The genetic background of all study participants was of European origin, minimizing the potential bias from ethnic confounding factors.



TABLE 1 Characteristics of data sources used in the Mendelian randomization study.
[image: Table presenting data on various health conditions from two consortia: UK Biobank and FinnGen Biobank. Each condition lists ethnicity as European, and includes columns for sample sizes, experimental group, control group, and NSNP (number of SNPs in MR analysis). Data spans conditions like hypothyroidism, ischemic stroke, and cerebral infarction with varying sample sizes.]



Selection of instrument variables

First, genetic polymorphisms that were substantially correlated with hypothyroidism on a genome-wide scale (p < 5 × 10−10) were employed as IVs. To ensure the independence of these IVs and eliminate potential bias from linkage disequilibrium (LD), we set an r-squared threshold of less than 0.0001. This meticulous approach effectively restricted the genetic distance to a maximum of 10,000 kilobases (kb), thereby enhancing the robustness and precision of our methodology. Subsequently, SNPs that exhibited a significant correlation with exposure elements were screened using the F-statistic of SNPs, and strong IVs were recognized by satisfying F > 10. Information on hypothyroidism and ischemic stroke outcomes was extracted using GWAS to determine the relationship between SNPs satisfying Hypotheses 1, 2, and 3 and outcomes. Next, the data extracted from the two databases of exposure and outcome variables were combined and collated, and palindromic sequences were removed to ensure that all SNPs were the same effector allele.



Two-sample Mendelian randomization analysis

To explore the potential relationships between the specified variables, we conducted a two-sample MR analysis using five analytical techniques: inverse variance weighted (IVW), MR-Egger regression, weighted median (WME) (11), simple mode, and the weighted mode (11). Our primary approach, the IVW method, assessed the direct association between hypothyroidism and ischemic stroke. Cochran’s Q test was used to evaluate the heterogeneity among singular genetic variance estimations. When the p-value from Cochran’s Q test was below 0.05, we adopted the random effects model within IVW for the final MR analysis; otherwise, the fixed-effects model was selected (12). Outcomes in the study were presented using odds ratios (OR) and 95% confidence intervals (CI), constituting the statistical framework for interpretation. The establishment of a p-value threshold of less than 0.05 served as the demarcation line, delineating statistically significant differences from those that fall within the realm of statistical insignificance. We visualized our results using scatter and forest plots, highlighting the relationship between hypothyroidism-associated SNPs and ischemic stroke. Forest plots further facilitated the exploration of potential multiplicity and heterogeneity. While examining the symmetry in the funnel plots, an assessment of the stability of the results was attainable. In the final stage of the analysis, the results yielded from the IVW method were meticulously scrutinized through the employment of multinomial residuals and outliers, utilizing the MR-PRESSO (13) technique. This specialized model underwent careful examination and calibration, particularly with respect to horizontal multinomials and outliers, to ensure a robust and precise interpretation of underlying relationships.



Meta-analysis of MR results from different databases

To determine the causative link between hypothyroidism and ischemic stroke, we sourced and assessed data from separate outcome databases. The datasets for ischemic stroke and its variants (no controls excluded), along with cerebrovascular disease sequelae and its variants (no controls excluded), were derived from the FinnGens database. In contrast, data specific to cerebral infarction were obtained from the UKB. MR analyses were independently conducted for each database. Subsequent to these individual MR analyses, the results of the IVW method were aggregated into a meta-analysis. Based on the detected heterogeneity (I2), models for analysis were chosen, and a fixed-effects model was adopted when heterogeneity was below 50%, whereas a random-effects model was utilized if this metric exceeded the given threshold. This methodological approach allowed us to generate a more comprehensive and nuanced overall estimate by incorporating the inherent variations inherent in each study.



Sensitivity analysis

To evaluate the potential for horizontal multiplicity, we used the MR-Egger intercept term test, which has p > 0.05, indicating that horizontal multiplicity is missing (13). Through the application of the Egger-intercept method, as referenced in prior research (14), the analysis provided evidence for the absence of lateral pleiotropy, a phenomenon that could have potentially skewed the results. The statistical insignificance marked by a p-value greater than 0.05 further substantiates this finding, reinforcing the robustness of the result and aligning with the expectations of the study’s hypothesis. The MR-PRESSO test, utilized to identify horizontal pleiotropy anomalies, produced a p-value above 0.05, further affirming the non-existence of horizontal pleiotropy and the presence of outliers. The influence of each SNP on the outcomes was evaluated by sequentially omitting individual SNPs using the “leave-one-out” method (15). Cochran’s Q test was employed to evaluate heterogeneity within singular genetic variance estimations, with p > 0.05, denoting an absence of heterogeneity. All analytical procedures were diligently executed in the R software environment, specifically 4.1.3 version, esteemed for reliability in statistical analyses. For the MR investigation, we employed the “Two-Sample-MR” and “MR-PRESSO” packages, both of which are recognized for their specialized functionalities tailored for genetic causal inference tasks. Additionally, the “Meta” package was judiciously employed to conduct the meta-analysis, streamlining the integration and synthesis of results across different studies and thereby enhancing the rigor and comprehensiveness of our findings.




Results


IVs selection

This study used two-sample MR analysis to investigate the direct influence of hypothyroidism on susceptibility to ischemic stroke and its manifestations such as cerebral infarction and other cerebrovascular disease consequences. Ultimately, 64 SNPs were used as IVs for hypothyroidism and ischemic stroke, 64 SNPs were used as IVs for hypothyroidism and ischemic stroke (without exclusion of controls), 66 SNPs were used as IVs for hypothyroidism and cerebral infarction, 64 SNPs were used as IVs for hypothyroidism and sequelae of cerebrovascular disease, and 64 SNPs as IVs for hypothyroidism and sequelae of cerebrovascular disease (without excluding controls).



Genetic association with ischemic stroke

A comprehensive analysis was conducted using five different MR studies to examine the effects of hypothyroidism on five types of ischemic stroke. Using the scatter plots shown in Figure 2, we evaluated the direct causal relationship between hypothyroidism and various aspects of ischemic stroke (Table 2, Figure 3). The analysis illuminated a consistent and positive causal connection across all the investigations. Specifically, MR analysis exploring the relationship between hypothyroidism and ischemic stroke presented an OR of 4.7411 (95% CI:1.3598–16.5308, p = 0.0146) using the IVW method. The same relationship was further validated without excluding controls, resulting in an OR of 4.5713 (95% CI, 1.3570–15.3986; p = 0.0142). Additional MR analyses assessed correlations with specific manifestations, such as cerebral infarction (OR = 1.0110; 95% CI:1.0006–1.0215, p = 0.0373) and sequelae of cerebrovascular disease (OR = 2.4556; 95% CI:1.0291–5.8595, p = 0.0429). The latter was assessed in scenarios with and without controls, registering an OR of 2.4217 (95% CI,1.0217–5.7402, p = 0.0446). These findings further substantiate the underlying hypothesis, reinforcing the causal effect of hypothyroidism on the various dimensions of ischemic stroke. Intriguingly, with the exception of the MR outcome between hypothyroidism and cerebral infarction, the other four MR investigations indicated that the MR-Egger, WME, simple mode, and weighted mode analyses failed to reach statistical significance. The MR analysis results between hypothyroidism and cerebral infarction suggested that the MR-Egger and WME analysis results were in the same direction as the IVW analysis results, and none of the simple mode and weighted mode analysis results showed statistical significance. This discrepancy might stem from the inherent capabilities of the IVW methodology to handle variations in sample size, inherent statistical heterogeneity, or potential unidentified confounders. Meanwhile, a meta-analysis of the five MR study IVW outputs revealed pronounced heterogeneity (I2 = 80%, p = 0.001), prompting the utilization of the random-effects model. The statistical significance in the IVW results of the five MR analyses was confirmed by meta-analysis [2.24 (1.18–4.26), p = 0.025, Figure 4], following this adjustment. These findings substantiate the hypothesized existence of a causal effect, further supporting the conclusions drawn from the study. Despite the observed heterogeneity, potentially due to database variations, the overarching conclusions of the meta-analysis remained undeterred, thereby validating the conclusions of this study.

[image: Five scatter plots labeled A to E, comparing different Mendelian Randomization (MR) tests: inverse variance weighted, MR Egger, simple mode, weighted median, and weighted mode. Each plot depicts data points with vertical lines indicating variability, and colored lines representing the MR test results, showcasing trends and correlations within the datasets.]

FIGURE 2
 Scatterplots of the causal effect of hypothyroidism and ischemic stroke complications in primary MR. Analyses were conducted using IVW, MR-Egger regression, weighted median method, simple mode, weighted mode. The slope of each line corresponds to the estimated MR effect per method. IVW, inverse variance weighted; MR, Mendelian randomization; MR-Egger, MR-Egger regression. (A) Ischemic stroke; (B) ischemic stroke (no controls excluded); (C) cerebral infarction; (D) cerebrovascular disease sequelae; (E) cerebrovascular disease sequelae (without excluding controls).


[image: Five scatter plots labeled A to E show data points along horizontal axes indicating different numeric scales. Each plot features vertical lines extending from each point, likely representing error bars. The vertical axis has text labels. Plots illustrate a pattern of data distribution over various parameters.]

FIGURE 3
 MR effect for hypothyroidism and ischemic stroke complications. MR, Mendelian randomization. (A) Ischemic stroke; (B) ischemic stroke (no controls excluded); (C) cerebral infarction; (D) cerebrovascular disease sequelae; (E) cerebrovascular disease sequelae (without excluding controls).




TABLE 2 Mendelian randomization (MR) analysis of hypothyroidism and ischemic stroke.
[image: Table displaying Mendelian Randomization (MR) analysis results comparing different MR methods for various cerebrovascular conditions and hypothyroidism. It includes NSNP, odds ratios (OR), 95% confidence intervals (CI), and p-values for Ischemic stroke, Ischemic stroke (no controls excluded), Cerebral infarction, Cerebrovascular disease sequelae, and Cerebrovascular disease sequelae (without excluding controls). Methods include MR Egger, WME, IVW, Simple mode, and Weighted mode.]

[image: Forest plot showing odds ratios for various studies on cerebrovascular diseases. Ischemic Stroke and Cerebral Infarction have high ORs with significant confidence intervals. Random effects model shows a combined OR of 2.24 with 95% CI from 1.18 to 4.26. Heterogeneity indicated by I-squared at 80% with p-value less than 0.01.]

FIGURE 4
 Meta-analysis of the MR results. MR, Mendelian randomization.




Sensitivity analysis of MR

The results of the five MR sensitivity analyses are shown in Table 3. The Cochran Q tests consistently yielded p-values greater than 0.05 for all the IVW outcomes, indicating an absence of heterogeneity in our MR investigations. The egger-intercept results, with p > 0.05, signify no evidence of horizontal pleiotropy in the study findings. Similarly, the MR-PRESSO results detailed in Table 4 display p > 0.05, indicating the absence of outliers and horizontal pleiotropy. A graphical representation in the form of a funnel plot, presented in Figure 5, shows a symmetrical distribution of causal effect estimates. This symmetry indicates an unbiased estimation, reaffirming the reliability of the SNPs used as IVs. Moreover, the resilience of our findings was verified through a “Leave-one-out” sensitivity analysis. During the “Leave-one-out” sensitivity analysis, it was discerned that the direct relationship estimations remained robust, unaffected by the inclusion or exclusion of any individual SNPs. This consistency was maintained even when each SNPs was sequentially omitted, as shown in Figure 6. All five results showed no heterogeneity or pleiotropy in the MR analysis between hypothyroidism and ischemic stroke.



TABLE 3 Sensitivity analyses for the causal results of the primary Mendelian randomization.
[image: Table showing statistical results of MR methods including MR Egger and IVW across outcomes like ischemic stroke and cerebral infarction. Columns list outcomes, NSNP, Cochran Q statistics, Q_df, Q_p-value, MR-Egger intercept, SE, and p-value.]



TABLE 4 MR-PRESSO for causal effect between hypothyroidism and ischemic stroke.
[image: Table showing the association between different cerebrovascular conditions and hypothyroidism using MR-PRESSO methods. It includes columns for number of SNPs (NSNP), Beta, SE, OR, 95% lower and upper confidence intervals, and p-values. Conditions analyzed are ischemic stroke (with and without controls), cerebral infarction, and cerebrovascular disease sequelae. P-values range from 0.125 to 0.408.]

[image: Five scatter plots labeled A to E show Mendelian Randomization results using inverse variance weighted and MR Egger methods. Each plot has black dots representing data points with x-axis labeled as beta (β) and y-axis as 1/standard error (1/SE). Vertical lines in blue and light blue indicate the MR methods. Plots differ in axis scales, impacting data distribution visibility.]

FIGURE 5
 The funnel plots of MR Results between hypothyroidism and ischemic stroke. MR, Mendelian randomization. (A) Ischemic stroke; (B) ischemic stroke (no controls excluded); (C) cerebral infarction; (D) cerebrovascular disease sequelae; (E) cerebrovascular disease sequelae (without excluding controls).


[image: Five probability distribution plots labeled A to E, each showing a vertical list of gene names on the Y-axis and Z-scores on the X-axis. The central line in each plot represents the distribution of Z-scores for the respective genes.]

FIGURE 6
 The “Leave-one-out” sensitivity analysis of MR Results between hypothyroidism and ischemic stroke. MR, Mendelian randomization. (A) Ischemic stroke; (B) ischemic stroke (no controls excluded); (C) cerebral infarction; (D) cerebrovascular disease sequelae; (E) cerebrovascular disease sequelae (without excluding controls).





Discussion

In the current study, the potential direct relationship between hypothyroidism and ischemic stroke was investigated using MR analysis. The MR analysis included five different outcome variables, and a comprehensive meta-analysis revealed a significant positive correlation between hypothyroidism and ischemic stroke.

Ischemic strokes is a notable factor that contributes to global morbidity and mortality. Ischemic stroke arises from the disruption of cerebral blood flow due to thrombosis or embolism, which leads to hypoxia and nutrient deprivation in the brain tissue, in turn causing severe neurological disability (16, 17). Its main etiological factors include endothelial dysfunction and atherosclerosis. Hypothyroidism is characterized by the thyroid gland’s inability to produce adequate thyroid hormone, essential for meeting the body’s metabolic needs. Hypothyroidism leads to a variety of clinical signs and symptoms, which are frequently nonspecific. Due to significant clinical variability, its diagnosis predominantly relies on biochemical markers. Overt hypothyroidism is characterized by elevated TSH and low free thyroid hormone levels, while mild or subclinical forms present with high TSH but normal free thyroid hormone levels (18). It has been suggested that DNA methylation of genes that regulate lipid concentrations in vivo may affect the evolution of ischemic stroke through fatty acid metabolic pathways and lipid modulation (19, 20). Furthermore, hypothyroidism and subclinical hypothyroidism may promote increases in low-density lipoprotein (LDL) (21) and total cholesterol (TC) levels. Such an elevation can exacerbate blood pressure (22), foster the development of insulin resistance, and ultimately induce obesity (22, 23). As a result, all of the above factors may increase the risk of atherosclerosis and impact stroke incidence. A meta-analysis demonstrated that for subjects with AIS, compared to those with normal levels of triiodothyronine (T3), patients with low T3 showed significant stroke severity in terms of NIHSS scores (MD = 3.18; 95% CI = 2.74–3.63; I2 = 61.9%) (24). In a substantial number of retrospective studies, the conspicuous impact of diminished serum T3 levels on the functional or recovery prospects of individuals suffering from AIS has been corroborated, with a particular emphasis on the elderly population (25, 26). A strong association was observed between reduced levels of free triiodothyronine (FT3) at the time of admission and unfavorable outcomes, as demonstrated by OR of 0.348 and a 95% CI of 0.18 to 0.72 (p = 0.007) (27). Furthermore, elevated TSH levels may be associated with higher mortality (28) and depression at the time of admission in individuals afflicted with stroke (29). In contrast, a meta-analysis revealed no substantial correlation between TSH concentration and ischemic heart disease or cerebrovascular events (30). These findings indicate a potential connection between untreated subclinical hypothyroidism and stroke events, although this association was not significant (29). These results contradict the findings of the previous studies. This discrepancy may be attributable to the impact of confounding variables and limited sample sizes in conventional observational investigations. However, the current MR study mitigates the influence of these confounding factors by utilizing large-scale GWAS data, thereby bolstering the confidence in the results.

The effects of hypothyroidism on ischemic stroke can be attributed to several potential mechanisms. First, the activation of NOD-like receptor thermal protein domain-associated protein 3 (NLRP3) inflammasomes may be intimately linked to the homeostatic imbalance of thyroid hormone (TH) (31, 32). Concurrently, studies have demonstrated that T3 treatment curbs hypoxia-induced DNA methylation and apoptosis, diminishes histone modifications, and provides protection to primary cortical neurons in hypoxic environments (33–35). In addition, T3 regulates various mechanisms of neuronal plasticity (36), stimulates astrocyte fatty acid oxidation, and augments neuroprotection and functional outcomes after stroke (37). Serum FT3 levels less than 4.38 pmol/L acted as a substantial prognostic indicator (sensitivity:78%; specificity:73%; AUC:0.77) (27). A comprehensive retrospective study illustrated that both hyperthyroidism and hypothyroidism might elevate the risk of stroke (38) and identified a unique inverted U-shaped correlation between high or low FT4 levels and overall cerebral perfusion (39) (nonlinear p = 0.002, correlation p = 0.024). This correlation suggests that hypothyroidism might amplify the risk of stroke via suboptimal cerebral circulation (39, 40). Based on MR analysis outcomes, hypothyroidism may potentially increase the risk of ischemic stroke. Therefore, vigilant monitoring of thyroid function may offer an effective preventive strategy against ischemic stroke.

This study provides genetic evidence to confirm that hypothyroidism increases the risk of ischemic stroke, as ascertained through two-sample MR analysis. This study has several strengths. First, it serves as a trailblazer in MR analysis. Extensive GWAS data were utilized in this innovative approach. This study aimed to examine the causal link between hypothyroidism and ischemic stroke. Second, MR analysis is effective in diminishing the impact of confounding factors by leveraging genetic variants that are constant and largely independent of environmental influences. Finally, MR analysis addresses the issue of reverse causation found in observational studies, effectively sidestepping the effects of reverse causation due to the unidirectional influence of genetic variants on phenotypes.

Nevertheless, our investigation possesses certain limitations. First, the results may not be generalizable to other populations as the study sample was exclusively drawn from Europe. Second, despite our best efforts to mitigate it, we cannot completely rule out the presence of pleiotropic factors such as horizontal pleiotropy, which could potentially bias the causal inference between hypothyroidism and ischemic stroke. More extensive research is necessary to confirm the validity of our findings.



Conclusion

Our study identified a direct link between hypothyroidism and ischemic stroke, which suggests that hypothyroidism is a potential risk factor. Further comprehensive research is needed to elucidate the complex underlying biological mechanisms that connect these two conditions.



Data availability statement

The original contributions presented in the study are included in the article further inquiries can be directed to the corresponding author.



Author contributions

YT: Writing – original draft, Writing – review & editing. XS: Methodology, Writing – review & editing. JS: Data curation, Methodology, Writing – review & editing. XL: Methodology, Writing – review & editing. YB: Methodology, Writing – review & editing. LY: Methodology, Writing – review & editing. YL: Methodology, Writing – review & editing.



Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. This work was supported by the China Postdoctoral Science Foundation projects (2022MD723718) and (20YY14).



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Footnotes

1   https://www.ukbiobank.ac.uk/

2   https://r9.finngen.fi/



References
	 1. GBD 2019 Stroke Collaborators. Global, regional, and national burden of stroke and its risk factors, 1990–2019: a systematic analysis for the Global Burden of Disease Study 2019. Lancet Neurol. (2021) 20:795–820. doi: 10.1016/S1474-4422(21)00252-0 
	 2. Adeoye, O, Nyström, KV, Yavagal, DR, Luciano, J, Nogueira, RG, Zorowitz, RD , et al. Recommendations for the establishment of stroke systems of care: a 2019 update. Stroke. (2019) 50:e187–210. doi: 10.1161/STR.0000000000000173
	 3. Krishnamurthi, RV, Ikeda, T, and Feigin, VL. Global, regional and country-specific burden of ischaemic stroke, intracerebral haemorrhage and subarachnoid haemorrhage: a systematic analysis of the Global Burden of Disease Study 2017. Neuroepidemiology. (2020) 54:171–9. doi: 10.1159/000506396 
	 4. Tsivgoulis, G, Katsanos, AH, Ornello, R, and Sacco, S. Ischemic stroke epidemiology during the COVID-19 pandemic: navigating uncharted waters with changing tides. Stroke. (2020) 51:1924–6. doi: 10.1161/STROKEAHA.120.030791 
	 5. Gkantzios, A, Karapepera, V, Tsiptsios, D, Liaptsi, E, Christidi, F, Gkartzonika, E , et al. Investigating the predictive value of thyroid hormone levels for stroke prognosis. Neurol Int. (2023) 15:926–53. doi: 10.3390/neurolint15030060 
	 6. Murolo, M, Di Vincenzo, O, Cicatiello, AG, Scalfi, L, and Dentice, M. Cardiovascular and neuronal consequences of thyroid hormones alterations in the ischemic stroke. Metabolites. (2022) 13:22. doi: 10.3390/metabo13010022 
	 7. Talhada, D, Santos, CRA, Gonçalves, I, and Ruscher, K. Thyroid hormones in the brain and their impact in recovery mechanisms after stroke. Front Neurol. (2019) 10:1103. doi: 10.3389/fneur.2019.01103 
	 8. Liu, F, Feng, J, Hao, M, Wang, X, Pan, N, Zhang, G , et al. Thyroid stimulating hormone correlates with triglyceride levels but is not associated with the severity of acute ischemic stroke in patients with euthyroidism: a cross-sectional study. Ann Transl Med. (2023) 11:67. doi: 10.21037/atm-22-6374 
	 9. Boehm, FJ, and Zhou, X. Statistical methods for Mendelian randomization in genome-wide association studies: a review. Comput Struct Biotechnol J. (2022) 20:2338–51. doi: 10.1016/j.csbj.2022.05.015 
	 10. Yang, J, Ferreira, T, Morris, AP, Medland, SE, Madden, PA, Heath, AC , et al. Conditional and joint multiple-SNP analysis of GWAS summary statistics identifies additional variants influencing complex traits. Nat Genet. (2012) 44:369–75. doi: 10.1038/ng.2213 
	 11. Bowden, J, Davey Smith, G, Haycock, PC, and Burgess, S. Consistent estimation in Mendelian randomization with some invalid instruments using a weighted median estimator. Genet Epidemiol. (2016) 40:304–14. doi: 10.1002/gepi.21965 
	 12. Bowden, J, Del Greco, MF, Minelli, C, Davey Smith, G, Sheehan, N, and Thompson, J. A framework for the investigation of pleiotropy in two-sample summary data Mendelian randomization. Stat Med. (2017) 36:1783–802. doi: 10.1002/sim.7221 
	 13. Verbanck, M, Chen, CY, Neale, B, and Do, R. Detection of widespread horizontal pleiotropy in causal relationships inferred from Mendelian randomization between complex traits and diseases. Nat Genet. (2018) 50:693–8. doi: 10.1038/s41588-018-0099-7 
	 14. Burgess, S, and Thompson, SG. Interpreting findings from Mendelian randomization using the MR-Egger method. Eur J Epidemiol. (2017) 32:377–89. doi: 10.1007/s10654-017-0255-x 
	 15. Bo, L, Wang, L, and Jiao, L. Feature scaling for kernel fisher discriminant analysis using leave-one-out cross validation. Neural Comput. (2006) 18:961–78. doi: 10.1162/089976606775774642 
	 16. Tutwiler, V, Singh, J, Litvinov, RI, Bassani, JL, Purohit, PK, and Weisel, JW. Rupture of blood clots: mechanics and pathophysiology. Sci Adv. (2020) 6:eabc0496. doi: 10.1126/sciadv
	 17. Hankey, GJ. Stroke. Lancet. (2017) 389:641–54. doi: 10.1016/S0140-6736(16)30962-X
	 18. Chaker, L, Bianco, AC, Jonklaas, J, and Peeters, RP. Hypothyroidism. Lancet. (2017) 390:1550–62. doi: 10.1016/S0140-6736(17)30703-1 
	 19. Teixeira, PFDS, Dos Santos, PB, and Pazos-Moura, CC. The role of thyroid hormone in metabolism and metabolic syndrome. Ther Adv Endocrinol Metab. (2020) 11:2042018820917869. doi: 10.1177/2042018820917869 
	 20. Qin, X, Li, J, Wu, T, Wu, Y, Tang, X, Gao, P , et al. Overall and sex-specific associations between methylation of the ABCG1 and APOE genes and ischemic stroke or other atherosclerosis-related traits in a sibling study of Chinese population. Clin Epigenetics. (2019) 11:189. doi: 10.1186/s13148-019-0784-0 
	 21. Alsamghan, AS, Alsaleem, SA, Alzahrani, MAS, Patel, A, Mallick, AK, and Sheweita, SA. Effect of hypovitaminosis D on lipid profile in hypothyroid patients in Saudi Arabia. Oxid Med Cell Longev. (2020) 2020:6640402–8. doi: 10.1155/2020/6640402 
	 22. Iwen, KA, Oelkrug, R, Kalscheuer, H, and Brabant, G. Metabolic syndrome in thyroid disease. Front Horm Res. (2018) 49:48–66. doi: 10.1159/000485996
	 23. Ali, A, Bain, S, Hicks, D, Newland Jones, P, Patel, DC, Evans, M , et al. SGLT2 inhibitors: cardiovascular benefits beyond HbA1c-translating evidence into practice. Diabetes Ther. (2019) 10:1595–622. doi: 10.1007/s13300-019-0657-8 
	 24. Lamba, N, Liu, C, Zaidi, H, Broekman, MLD, Simjian, T, Shi, C , et al. A prognostic role for low tri-iodothyronine syndrome in acute stroke patients: a systematic review and meta-analysis. Clin Neurol Neurosurg. (2018) 169:55–63. doi: 10.1016/j.clineuro.2018.03.025
	 25. Li, LQ, Xu, XY, Li, WY, Hu, XY, and Lv, W. The prognostic value of total T3 after acute cerebral infarction is age-dependent: a retrospective study on 768 patients. BMC Neurol. (2019) 19:54. doi: 10.1186/s12883-019-1264-z 
	 26. Suda, S, Shimoyama, T, Nagai, K, Arakawa, M, Aoki, J, Kanamaru, T , et al. Low free triiodothyronine predicts 3-month poor outcome after acute stroke. J Stroke Cerebrovasc Dis. (2018) 27:2804–9. doi: 10.1016/j.jstrokecerebrovasdis.2018.06.009 
	 27. Zhang, S, Zhao, X, Xu, S, Yuan, J, Si, Z, Yang, Y , et al. Low free triiodothyronineis predicts worsen neurological outcome of patients with acute ischemic stroke: a retrospective study with bioinformatics analysis. BMC Neurol. (2019) 19:272. doi: 10.1186/s12883-019-1509-x
	 28. Guo, J, Wang, J, Xia, Y, Jiang, S, Xu, P, Tao, C , et al. Thyroid function affects the risk of post-stroke depression in patients with acute lacunar stroke. Front Neurol. (2022) 13:792843. doi: 10.3389/fneur.2022.792843 
	 29. Bauer, BS, Azcoaga-Lorenzo, A, Agrawal, U, Fagbamigbe, AF, and McCowan, C. The impact of the management strategies for patients with subclinical hypothyroidism on long-term clinical outcomes: an umbrella review. PLoS One. (2022) 17:e0268070. doi: 10.1371/journal.pone.0268070 
	 30. Møllehave, LT, Skaaby, T, Linneberg, A, Knudsen, N, Jørgensen, T, and Thuesen, BH. The association of thyroid stimulation hormone levels with incident ischemic heart disease, incident stroke, and all-cause mortality. Endocrine. (2020) 68:358–67. doi: 10.1007/s12020-020-02216-5 
	 31. De Luca, R, Davis, PJ, Lin, HY, Gionfra, F, Percario, ZA, Affabris, E , et al. Thyroid hormones interaction with immune response, inflammation and non-thyroidal illness syndrome. Front Cell Dev Biol. (2021) 8:614030. doi: 10.3389/fcell.2020.614030 
	 32. van der Spek, AH, Fliers, E, and Boelen, A. Thyroid hormone and deiodination in innate immune cells. Endocrinology. (2021) 162:bqaa200. doi: 10.1210/endocr/bqaa200
	 33. Li, J, Abe, K, Milanesi, A, Liu, YY, and Brent, GA. Thyroid hormone protects primary cortical neurons exposed to hypoxia by reducing DNA methylation and apoptosis. Endocrinology. (2019) 160:2243–56. doi: 10.1210/en.2019-00125 
	 34. Abe, K, Li, J, Liu, YY, and Brent, GA. Thyroid hormone-mediated histone modification protects cortical neurons from the toxic effects of hypoxic injury. J Endocr Soc. (2022) 6:bvac139. doi: 10.1210/jendso/bvac139 
	 35. Kim, J, Lee, H, Yi, SJ, and Kim, K. Gene regulation by histone-modifying enzymes under hypoxic conditions: a focus on histone methylation and acetylation. Exp Mol Med. (2022) 54:878–89. doi: 10.1038/s12276-022-00812-1 
	 36. Talhada, D, Feiteiro, J, Costa, AR, Talhada, T, Cairrão, E, Wieloch, T , et al. Triiodothyronine modulates neuronal plasticity mechanisms to enhance functional outcome after stroke. Acta Neuropathol Commun. (2019) 7:216. doi: 10.1186/s40478-019-0866-4 
	 37. Huang, S, Liu, L, Tang, X, Xie, S, Li, X, Kang, X , et al. Research progress on the role of hormones in ischemic stroke. Front Immunol. (2022) 13:1062977. doi: 10.3389/fimmu.2022.1062977 
	 38. Papaleontiou, M, Levine, DA, Reyes-Gastelum, D, Hawley, ST, Banerjee, M, and Haymart, MR. Thyroid hormone therapy and incident stroke. J Clin Endocrinol Metab. (2021) 106:e3890–900. doi: 10.1210/clinem/dgab444 
	 39. Fani, L, Roa Dueñas, O, Bos, D, Vernooij, MW, Klaver, CCW, Ikram, MK , et al. Thyroid status and brain circulation: the Rotterdam study. J Clin Endocrinol Metab. (2022) 107:e1293–302. doi: 10.1210/clinem/dgab744
	 40. Fani, L, Bos, D, Mutlu, U, Portegies, MLP, Zonneveld, HI, Koudstaal, PJ , et al. Global brain perfusion and the risk of transient ischemic attack and ischemic stroke: the Rotterdam study. J Am Heart Assoc. (2019) 8:e011565. doi: 10.1161/JAHA.118.011565 


Copyright
 © 2024 Tian, Shi, Shui, Liu, Bu, Liu and Yin. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.







 


	
	
SYSTEMATIC REVIEW
published: 31 January 2024
doi: 10.3389/fneur.2024.1346177








[image: image2]

A systematic-search-and-review of registered pharmacological therapies investigated to improve neuro-recovery after a stroke

Tsong-Hai Lee1, Shinichiro Uchiyama2, Yohanna Kusuma3, Hou Chang Chiu4, Jose C. Navarro5, Kay Sin Tan6, Jeyaraj Pandian7, Liang Guo8, Yoko Wong8† and Narayanaswamy Venketasubramanian9* for the Asian Stroke Advisory Panel


1Linkou Chang Gung Memorial Hospital, Taoyuan, Taiwan

2Clinical Research Center for Medicine, International University of Health and Welfare, Center for Brain and Cerebral Vessels, Sanno Medical Center, Tokyo, Japan

3National Brain Center Hospital, Jakarta, Indonesia

4Taipei Medical University-Shuang Ho Hospital, Taipei, Taiwan

5Jose R. Reyes Memorial Medical Center, Manila, Philippines

6University of Malaya Medical Center, Kuala Lumpur, Malaysia

7Christian Medical College and Hospital, Ludhiana, India

8Singapore Clinical Research Institute, Consortium for Clinical Research and Innovation, Singapore, Singapore

9Raffles Hospital, Singapore, Singapore

Edited by
 Raffaele Ornello, University of L'Aquila, Italy

Reviewed by
 Guohui Jiang, Affiliated Hospital of North Sichuan Medical College, China
 Xun Luo, Kerry Rehabilitation Medicine Research Institute, China

*Correspondence
 Narayanaswamy Venketasubramanian, ramani_nv@rafflesmedical.com 

†ORCID
 Yoko Wong orcid.org/0000-0002-1276-7060

Received 15 December 2023
 Accepted 08 January 2024
 Published 31 January 2024

Citation
 Lee T-H, Uchiyama S, Kusuma Y, Chiu HC, Navarro JC, Tan KS, Pandian J, Guo L, Wong Y and Venketasubramanian N for the Asian Stroke Advisory Panel (2024) A systematic-search-and-review of registered pharmacological therapies investigated to improve neuro-recovery after a stroke. Front. Neurol. 15:1346177. doi: 10.3389/fneur.2024.1346177
 





Background: Stroke burden is largely due to long-term impairments requiring prolonged care with loss of productivity. We aimed to identify and assess studies of different registered pharmacological therapies as treatments to improve post-stroke impairments and/or disabilities.
Methods: We performed a systematic-search-and-review of treatments that have been investigated as recovery-enhancing or recovery-promoting therapies in adult patients with stroke. The treatment must have received registration or market authorization in any country regardless of primary indication. Outcomes included in the review were neurological impairments and functional/disability assessments. “The best available studies” based on study design, study size, and/or date of publication were selected and graded for level of evidence (LOE) by consensus.
Results: Our systematic search yielded 7,801 citations, and we reviewed 665 full-text papers. Fifty-eight publications were selected as “the best studies” across 25 pharmacological classes: 31 on ischemic stroke, 21 on ischemic or hemorrhagic stroke, 4 on intracerebral hemorrhage, and 2 on subarachnoid hemorrhage (SAH). Twenty-six were systematic reviews/meta-analyses, 29 were randomized clinical trials (RCTs), and three were cohort studies. Only nimodipine for SAH had LOE A of benefit (systematic review and network meta-analysis). Many studies, some of which showed treatment effects, were assessed as LOE C-LD, mainly due to small sample sizes or poor quality. Seven interventions had LOE B-R (systematic review/meta-analysis or RCT) of treatment effects.
Conclusion: Only one commercially available treatment has LOE A for routine use in stroke. Further studies of putative neuroprotective drugs as adjunctive treatment to revascularization procedures and more confirmatory trials on recovery-promoting therapies will enhance the certainty of their benefit. The decision on their use must be guided by the clinical profile, neurological impairments, and target outcomes based on the available evidence.
Systematic review registration: https://www.crd.york.ac.uk/prospero/display_record.php?RecordID=376973, PROSPERO, CRD42022376973.
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Introduction

Stroke is a major cause of death and disability with only a limited number of treatment options to improve functional outcomes or reduce death and disability after a stroke, including thrombolytic therapy, thrombectomy, early use of anti-platelets, decompression craniectomy for “malignant” infarcts, organized stroke care, and constraint-induced movement therapy (1). However, many patients do not receive time-sensitive acute stroke therapies for various reasons (2, 3). Alternative strategies using neuroprotectants have failed to live up to their earlier promise (4). Drug interventions that mediate recovery beyond the acute windows are, therefore, clinically important research targets.

As much as three-quarters of all stroke patients suffer impairments and disabilities, the most common of which are motor weakness (77.4%), urinary incontinence (48.2%), impaired consciousness (44.7%), dysphagia (44.7%), and impaired cognition (43.9%) (5). Transition from independence in activities of daily living to dependency between 3 and 12 months after a stroke may be observed in a high proportion of patients (6). At 5 years, functional and motor outcomes may deteriorate to the status at 2 months post-stroke (7). In a large multi-center clinical trial of stroke patients with one-third of participants coming from Asia, at a median follow-up of 4 years, 19–22% were disabled and 12–14% were dependent, requiring regular help with everyday activities (8).

Stroke burden is largely due to long-term impairments suffered after a stroke, requiring long-term care and loss of productivity (9–14). Improving the degree and chances of recovery will translate to an overall reduction in the burden and cost of stroke care. Apart from standard rehabilitation strategies, however, there is currently no common recommendation on pharmacological treatment for stroke recovery.

With the aging of the global population, the number of disabled stroke survivors is likely to rise. Clearly, treatments are needed to enhance recovery after stroke. Prematurely judging a treatment as ineffective may mean lost opportunities in moving stroke recovery research forward to benefit stroke sufferers. It is entirely possible that the apparent “lack” of the efficacy of neuro-recovery interventions thus far may not only be due to small sample sizes or varying severity of study subjects but also because of premature summative assessments and that following up at an extended time frame might show positive effects. Conversely, claiming a treatment as effective, when there is a lack of evidence, can be problematic as patients may be exposed unnecessarily to possible side effects or miss the opportunity of receiving a more appropriate treatment, in addition to incurring the costs of an ineffective intervention. A review of registered pharmacological therapies that have been investigated for improving post-stroke outcomes will help identify the types of available evidence, information on how research was conducted on them, key characteristics or factors related to treatment effects, and knowledge gaps in the pharmacological treatment of post-stroke patients that will be helpful in both clinical decision-making and planning future studies.

We, therefore, aimed to identify and assess studies of different registered pharmacological therapies investigated for improving post-stroke impairments and/or disabilities. The research questions we sought to answer are:

	1. What is the best available evidence based on study design for different registered pharmacological therapies investigated for improving recovery after a stroke?
	2. What stroke sub-populations and post-stroke outcomes are improved by these treatments, if any.



Methods

This systematic-search-and-review (15) was registered in the International Prospective Register of Systematic Reviews in 2022 (PROSPERO CRD42022376973).


Eligibility criteria

Studies that have the following PICO study characteristics were included in the review:


Participants (P)

Studies examining adult humans, aged 18 years or older, diagnosed with stroke were included. Studies addressing both adults and children were included if data provided for adults were reported separately.



Interventions (I)

Interventions were pharmacological therapies that have been investigated as recovery-enhancing or recovery-promoting treatments in patients who had suffered a stroke. These treatments must have received registration or market authorization in any country, either prescription or over-the-counter products, and may have primary indications for use in other medical conditions. Supplementary Table S1 lists the pharmacological classes and drugs investigated in the review.



Comparators (C)

Depending on the study type, a comparator (active or placebo) may have been included.



Outcomes (O)

Stroke-related outcomes included overall function and motor recovery. Other clinical neurological domains were also considered. The following outcomes were excluded:

	• Psychiatric—mood (e.g., depression, mania, anxiety, and apathy), sleep disorder, hypersexuality, emotionalism, delirium, etc.
	• Cognitive—dementia, memory impairment, concentration, neglect, etc.
	• Spasticity, contracture, sialorrhea, seizures, pain, and fatigue.
	• Imaging and laboratory outcomes (e.g., lesion size, vasospasm, biomarkers, and transcranial magnetic stimulation parameters).




Search strategy

A literature search was carried out in PubMed, EMBASE, Scopus, the Cochrane Database of Systematic Reviews, the Cochrane Central Register of Controlled Trials (CENTRAL), and the Database of Abstracts of Reviews of Effects for published reports up to November 2022. The search was also supplemented by searching for trial protocols at https://www.clinicaltrials.gov and completing systematic reviews in PROSPERO. The search criteria included (i) both MeSH terms and free text related to “stroke” and “recovery”; (ii) each of the pharmacological classes/products listed, (iii) limited to the English language, and (iv) human subjects only. The search strategy for EMBASE is shown in Supplementary Table S2. The search syntax was adjusted accordingly in each search engine with the same criteria. To ensure literature saturation, the reference lists of included studies or relevant reviews were scanned.



Selection of sources of evidence

Literature search results were uploaded to Covidence1 to facilitate collaboration among reviewers during the study selection process. The search results were grouped by pharmacological class. Duplicates were identified and removed automatically by Covidence and by manual checking. Titles and abstracts screening was conducted by at least one author, and only relevant studies were further retrieved and reviewed in the full text of the publication. Included studies were classified into one of the categories in decreasing level of evidence: systematic review and/or meta-analysis, randomized controlled trial (RCT), non-randomized controlled trial, cohort study, case–control study, case report, or opinion of expert(s).

The decision on selecting “the best available studies” based on study design was made by two reviewers. If multiple papers were identified under the same hierarchy, a decision was reached by consensus based on study size and date of publication for different stroke subtypes and/or outcomes. Any disagreement on study selection and data extraction was resolved by consulting a third author for arbitration.



Data extraction

Data extraction was performed using a pre-designed form for each included report. In cases of ambiguity of information, the study was elevated for adjudication by arbitrators.

Data extracted included patient demographics (age, gender, and country of origin), methodology (study design, sample size, and key stroke inclusion criteria), intervention details (dosage, frequency, duration of intervention, and type of control used), duration (stroke onset to study inclusion and follow-up period), and the reported outcomes (as dichotomous or continuous). If the outcome was reported as a composite measure, individual outcomes reported in the studies were extracted, if available. Whenever possible, we used results from an intention-to-treat analysis. For cross-over trials, we extracted data from the first period only to avoid any possible carry-over effects or the potential for stroke patients to recover spontaneously during cross-over.



Synthesis of results

The included studies were grouped by pharmacological class/product and stroke subtypes in the results, with short narratives highlighting the important points. The level of evidence was assessed according to the latest version of the American Stroke Association Level of Evidence (LOE) scheme (Table 1) (16). Individual studies were given only one level of evidence, but systematic reviews and meta-analyses may be given several levels of evidence for different analyses performed.



TABLE 1 American Stroke Association level of evidence scheme (16).
[image: Table detailing levels of evidence with definitions. Level A includes high-quality evidence from multiple RCTs, meta-analyses, or corroborated RCTs. Level B-R involves moderate evidence from RCTs, while B-NR pertains to moderate evidence from nonrandomized or observational studies. Level C-LD comprises limited data studies and meta-analyses, including physiological studies. Level C-EO is based on expert opinion. Each level is progressively supported by lesser rigorous evidence.]




Results

The systematic search yielded a total of 7,801 citations, of which 1,454 were duplicates. Of the remaining 6,347 papers screened by title and abstract, 5,680 did not meet one or more of the PICO criteria, while two papers could not be retrieved. After reviewing 665 full-text papers, a total of 58 publications were selected for inclusion as “the best” current studies across the different pharmacological classes (Figure 1).

[image: Flowchart depicting the study selection process for systematic review. It consists of three main stages: Identification, Screening, and Included. During Identification, 7,801 records were identified and reduced to 3,847 after removing duplicates and other criteria. In Screening, 866 reports were assessed for eligibility, with 121 excluded due to various reasons such as wrong intervention or population. Finally, 58 studies were included, categorized into various drug classes like Antidepressants, Antipsychotics, Botanicals, and more.]

FIGURE 1
 PRISMA flow diagram of review.


Of the 58 publications included, 31 studies included patients with ischemic stroke, 21 on either “stroke” or “ischemic or hemorrhagic stroke,” four on intracerebral hemorrhage (ICH), and two on subarachnoid hemorrhage (SAH). Twenty-six were systematic reviews and/or meta-analyses, 29 were RCTs, and three were cohort studies. Among the included RCTs, the treatment window from stroke onset was up to 2 h (in one study), 5 h (one), 24 h (two), 48 h (four), 72 h (one), 96 h (one), 1 week (one), 2 weeks (one), 3 weeks (one), 1 month (three), 42 days (one), 3 months (one), 6 months (three), and > 6 months or “convalescing” or “chronic” (eight).

The characteristics of the 58 included studies are listed in Supplementary Table S3. The efficacy results of each study with their corresponding LOE (16) are summarized in Table 2, while the safety results are summarized in Table 3.



TABLE 2 Summary of efficacy results of included studies and assessed level of evidence according to the American Stroke Association scheme.
[image: A large, detailed table listing various entities such as the Boston Celtics and Brooklyn Nets, particularly focusing on team-related data including player names, positions, birthdates, height, weight, and other statistics. The table is densely packed with information, clearly organized into columns and rows for easy reference.]



TABLE 3 Summary of safety results of included studies.
[image: A comprehensive table lists multiple academic publications with columns for item number, title, author(s), study, year, and office. The titles cover various studies, with detailed descriptions on methodologies and findings. Authors are noted alongside each entry, with corresponding publication year and affiliated office or institution. This structured data provides an overview of scholarly articles across different categories and timeframes.]


Antidepressants, selective serotonin reuptake inhibitor/serotonergic

Eighty-five papers on SSRI in stroke were reviewed. The study selected was a systematic review and meta-analysis that included 13,029 patients from 38 fluoxetine, 13 paroxetine, eight sertraline, nine citalopram, five escitalopram, two citalopram or fluoxetine, and one sertraline or fluoxetine studies (17). Of the six studies at low risk of bias, all on fluoxetine, there was little to no difference in disability, independence, and motor deficit at the end of treatment between groups. When all studies, irrespective of the risk of bias, were included, SSRIs reduced disability scores but not the proportion of independent patients at the end of treatment, except for one study on citalopram (n = 642; RR 0.90, 95% CI 0.82–0.98; p = 0.01; LOE B-R).



Antidepressants, tetracyclic or tricyclic

Thirteen papers that investigated tricyclic antidepressants alone or together with other antidepressants in stroke were reviewed. A small RCT (n = 46) comparing maprotiline to placebo and fluoxetine in stroke patients who were unable to walk showed that maprotiline is no better than placebo and may hinder recovery in post-stroke patients undergoing rehabilitation (18). In another RCT (n = 83) that also compared nortriptyline to placebo and fluoxetine, treatment with anti-depressants, either fluoxetine or nortriptyline, improved modified Rankin Scale (mRS) scores compared to placebo independently of depression [mixed model time–treatment interaction t(105) = 2.91, p = 0.004; LOE C-LD] (19).



Botanicals

Fifty-one papers on botanicals were reviewed, of which nine were selected. In a small RCT, 100 patients with ischemic stroke within the prior 30 days were allocated to either di huang yin zi (DHYZ) or placebo for 12 weeks (20). Only 87 patients who completed the study were analyzed, which showed better Fugl-Meyer Assessment (FMA) scores in patients treated with DHYZ at 8 weeks (mean difference, MD, 7.0, 95% CI 1.6–12.4) and 12 weeks (MD 6.5, 95% CI 0.7–12.3) with higher Barthel Index (BI) scores on DHYZ at 12 weeks (MD 4.5, 95% CI 0.3–8.7) (LOE C-LD).

Two systematic reviews on ginkgo biloba, both on patients with ischemic stroke and published in 2020, were selected. One systematic review and meta-analysis included 13 studies (n = 1,466) (21). The pooled results suggest that ginkgo biloba was associated with improvement in neurological function on the National Institutes of Health Stroke Scale (NIHSS; MD −2.87, 95% CI −4.01 to −1.74; p < 0.00001), in activities of daily living (MD 9.52, 95% CI 4.66–14.38; p = 0.00001) and functional outcome (MD −0.50, 95% CI −0.63 to −0.37; p < 0.00001) at the end of the study. The second systematic review and meta-analysis included 15 studies (n = 1829) (22). Analyses showed that ginkgo biloba improved NIHSS (MD −1.39, 95% CI −2.15 to −0.62; p = 0.0004), Neurological Functional Deficit Scores (NFDS, RR 1.20, 95% CI 1.12–1.29; p < 0.00001), and activities of daily living (MD 5.72, 95% CI 3.11–8.33; p < 0.0001) compared with conventional therapy at different stages after an ischemic stroke. In both reviews, however, many of the studies were judged to be of poor quality and reliability due to the risk of bias (LOE C-LD).

Four studies were selected for MLC601/MLC901. An RCT (n = 150) included patients with ischemic stroke within 1 month of onset to either MLC601 or placebo for 3 months (23). Repeated measures analysis showed that motor recovery on FMA was higher in treated patients at 4 weeks (p < 0.001), 8 weeks (p = 0.001), and 12 weeks (p < 0.001) compared to control (LOE B-R). In a systematic review and meta-analysis of five RCTs (n = 1936), pooled analysis on functional recovery at the end of treatment (1 or 3 months) favored MLC601 (RR 1.64, 95% CI 1.05–2.57; p = 0.031; LOE B-R) (24). We prioritized the confidence interval in our interpretation of the results rather than the prediction interval calculated by the authors. A long-term follow-up study of patients with ischemic stroke (n = 880) showed that the odds ratio (OR) of functional independence was significantly increased at 6 months (1.49, 95% CI 1.11–2.01) and persisted up to 18 months (OR 1.36, 95% CI 1.01–1.83) on mRS and at 6 months (OR 1.55, 95% CI 1.14–2.10) on BI after treatment with MLC601 compared to placebo (LOE B-R) (25). One cohort study (n = 66) was the only paper available in patients with ICH (26). While patients treated with MLC601/MLC901 showed a sustained effect on neurological and functional recovery, this was not a controlled study.

Two studies were selected for Panax notoginseng, one each on ischemic stroke and ICH. The systematic review and meta-analysis on ischemic stroke included eight RCTs (n = 660) (27). However, seven of the eight studies were considered to be of poor quality. Pooled analysis (seven RCTs) indicated more improvement in neurological deficit with Panax notoginseng than control (RR 0.29, 95% CI 0.18–0.47, p = 0.00001) (LOE C-LD). Meta-analysis of two trials indicated a lower rate of death and dependency at 28 days (RR 0.63, 95% Cl 0.45–0.88; p = 0.0072), and one trial reported higher BI on Panax notoginseng (LOE C-LD). The systematic review and meta-analysis of intravenous Panax notoginseng in ICH patients included 20 studies (n = 1891), of which four were considered high-quality trials (28). Intravenous Panax notoginseng was associated with better “effectiveness rate” as defined in each study and often calculated as number of cases with desired grade of outcome out of total number in each group (OR 2.70; 95% CI 2.16–3.38; p < 0.00001), less neurological deficit (MD 4.36; 95% CI 3.07–5.65; p < 0.00001), and increased BI (MD 11.73; 95% CI 19.31–4.16; p = 0.002) (LOE B-R).



Calcium antagonists

One hundred and seven papers on calcium antagonists were reviewed. Four papers were selected. A systematic review and meta-analysis included 34 RCTs (n = 7,731) on calcium antagonists in ischemic stroke, of which two studies included hemorrhagic stroke (n = 255) (29). The most studied calcium antagonists were nimodipine (26 RCTs) and flunarizine (3 RCTs). No effect on death or disability at the end of follow-up was shown by calcium antagonists as a group or by individual drugs. In a systematic review and network meta-analysis of prophylactic therapies after SAH, improvement in functional outcome at the end of follow-up was seen for nimodipine on Glasgow Outcome Scale (GOS, OR 1.46, 95% CI 1.07–1.99) and nicardipine on mRS (OR 8.80, 95% CI, 1.34–57.77), while magnesium did not reduce mortality or disability despite its effects on delayed cerebral ischemia and vasospasm (LOE A) (30).

A systematic review and meta-analysis of magnesium in ischemic or hemorrhagic stroke within 24 h of onset included seven RCTs (n = 4,347) (31). Compared with placebo, magnesium overall improved neither functional outcome (BI >60 or > 95) nor global outcome (mRS) at 90 days post-stroke. A subgroup meta-analysis of three RCTs that exclusively included only ischemic stroke patients (n = 164) resulted in lower mRS scores at 90 days post-stroke (weighted mean difference, WMD, −0.96, 95% CI −1.34 to −0.58; p < 0.00001), although this should be viewed with extreme caution given the limited number of patients (LOE C-LD). A recent sub-study of a large RCT that investigated the benefit of magnesium administration within 2 h of stroke symptom onset analyzed the subset of patients who suffered an ICH (n = 268) (32). In this sub-analysis, magnesium did not improve NIHSS or mRS at 90 days.



Choline nucleotides

Thirty-six papers were reviewed, and two studies were selected. In a systematic review and meta-analysis of 10 RCTs (n = 4,543) on citicoline in patients with ischemic stroke, all were assessed as having a high risk of bias (33). Citicoline did not increase the proportion of patients with NIHSS ≤1 at 6 weeks (4 RCTs) or the proportion of patients with mRS <3 (four RCTs) compared with placebo. Four trials indicated that citicoline did not improve BI, while one study (n = 63) showed more patients on citicoline achieving BI scores ≥85 compared to control (RR 3.13, 95% CI 1.10–8.91; p = 0.03; LOE C-LD).

A placebo-controlled, blinded endpoint assessment RCT (n = 99) investigated the administration of citicoline immediately after recanalization therapy, either intravenous or endovascular, in patients with acute ischemic stroke (34). No differences between treatment groups were seen in neurological (NIHSS) or functional (mRS and BI) outcomes at 90 days.



Cholinergics

Twenty-two papers were reviewed. Many of the studies were small and assessed cognitive outcomes at endpoints. A small RCT (n = 26) on donepezil in chronic post-stroke aphasia was selected (35). Donepezil given for 16 weeks was reported to improve Aphasia Quotient score on the Western Aphasia Battery (p = 0.037, Cohen’s d = 0.87) and Picture Naming on the Psycholinguistic Assessment of Language Processing in Aphasia (PALPA) (p = 0.025, Cohen’s d = 0.92), but not in other PALPA subtests, Communicative Activity Log, or the Stroke Aphasic Depression Questionnaire at endpoint (LOE C-LD).

A cohort study on pre-stroke usage of cholinesterase inhibitors (donepezil, galantamine, and rivastigmine) was selected (36). The study analyzed 805 patients with pre-stroke dementia within 7 days of an acute ischemic stroke and followed for 3 months. Patients were stratified according to pre-stroke usage of any cholinesterase inhibitor. Non-usage was associated with neurological deterioration by ≥2 points on NIHSS during hospitalization (OR 0.52, 95% CI 0.31–0.88; p = 0.01) and poor functional outcome at 3 months (mRS ≥3 OR 0.68, 95% CI 0.46–0.99; p = 0.048) after adjusting for potential confounding factor, as well as after propensity score matching (LOE B-NR).



Central nervous system stimulants

Thirty papers were reviewed and two studies were selected. Although a systematic review of 11 trials (n = 329) on amphetamine was published in 2009 that concluded “no evidence exists at present to support the use of amphetamine after stroke,” and another one on CNS drugs in 2017 (37, 38), a more recently published RCT (n = 64) on amphetamine in patients with ischemic stroke and moderate-to-severe motor impairment was selected (39). Amphetamine or placebo was administered 1 h before physiotherapy every 4 days for six sessions. No overall treatment-associated differences in neurological, motor, walking, and functional scores were observed at the end of treatment or at 3 months.

A systematic review of modafinil (n = 138 in 12 studies) and amantadine (n = 128 in 10 studies) included studies with very varied stroke subtypes (ischemic, ICH, and SAH), some even including other neurological disorders (traumatic brain injury, dementia, etc.) (40). Forty different outcome measures with 141 domains were described across all studies. A positive response in at least one clinical effectiveness measure was reported in 83% of modafinil publications and 70% of amantadine publications. Quantitative analyses were not performed due to heterogeneity in the outcome measures.

Although an RCT (n = 21) on methylphenidate published in 2018 was available, it included only patients with post-stroke neglect (41). We, therefore, selected a study (n = 78) that compared methylphenidate or/and levodopa with a placebo in patients with a paretic arm and/or leg following a stroke that had occurred 15–180 days before (42). The study found that, compared with a placebo, treatment with methylphenidate, levodopa, or methylphenidate + levodopa combined with physiotherapy improved activities of daily living (ADL, p = 0.011) and NIHSS (p = 0.001) at 6 months but not motor recovery on FMA (LOE C-LD).



Colony stimulating factors

Of the 63 papers on colony-stimulating factors, four were selected. In a systematic review and meta-analysis of 11 studies (n = 1,275), 3 on EPO and 8 on G-CSF, in patients with ischemic or hemorrhagic stroke, EPO therapy was associated with an increase in death by the end of the trial (OR 1.98, 95% CI 1.17–3.33; p = 0.01) with no improvement on neurological impairment or functional outcome. G-CSF was associated with no significant reduction in early impairment and had no effect on functional outcome or death at the end of the trial (43). A more recent systematic review and meta-analysis of eight studies (n = 485), one on EPO and seven on G-CSF, also did not show improvement in NIHSS or BI at the end of the follow-up (44). A meta-analysis of G-CSF (n = 1,037 in 14 studies) in acute or subacute ischemic or hemorrhagic stroke concluded that while it was associated with a weakly significant improvement on BI (MD 8.65, 95% CI 0.98–16.32; p = 0.03), NIHSS was not improved at 3 months (LOE C-LD) (45).

A dose-escalation RCT (n = 96) of EPO in combination with human choriogonadotropin (hCG) in patients with supratentorial ischemic stroke was halted early (46). No significant difference in improvement on NIHSS was found between placebo and active treatment, whether analyzed together or separately, as well as on functional outcomes at 90 days.



Dopaminergics/dopamine agonists

Thirty-six papers on dopaminergics in stroke were reviewed. Although a meta-analysis (six RCTs, n = 795) of levodopa in stroke was available in 2020 (47), this was only published in abstract form and was performed in preparation for the Enhancement of Stroke REehabilitation with Levodopa (ESTREL) study. The meta-analysis showed a small non-significant trend for motor recovery in levodopa-treated stroke patients compared to control patients (Standardized Mean Difference, SMD, 0.15, 95% CI -−0.25 to 0.55). Heterogeneity between trials was considerable (I2 = 67%), and trials differed regarding phases (chronic or acute), dosage and duration of the study treatment, length of follow-up, and outcome measures.

The published results of the Dopamine Augmented Rehabilitation in Stroke (DARS) study, a randomized, double-blind, placebo-controlled trial in 593 patients who cannot walk independently within 5–42 days of stroke, were selected (48). In this study, levodopa did not improve walking after stroke, long-term disability, or functional outcome.

In a small RCT (n = 33), ropinirole did not improve gait velocity or motor recovery (49). Moreover, a cohort study suggests that the use of anti-Parkinson’s medications in patients after a stroke may be associated with longer rehabilitation length of stay and poorer functional status compared to those in the entire cohort (50).

No study on apomorphine met the criteria for review. The result of ESTREL is awaited.



Ergots

Three papers were reviewed. One study (n = 57) that randomized ischemic stroke patients to either nicergoline or hydergine (no placebo arm) was analyzed by comparing outcomes before and after treatment in the same patient group rather than between groups (51). A small placebo-controlled RCT (n = 21) of oral hydergine for 12 weeks with a post-hoc crossover study (n = 15) in “convalescing geriatric” stroke patients was, therefore, selected (52). Analyses of both RCT and cross-over phases of this study showed no significant difference between hydergine and placebo on motor functions assessed that included muscle strength testing, hand grip, elbow flexion, walking, and sitting up.



Gamma-aminobutyric acid agonists

Fourteen studies were reviewed. A systematic review published in 2018 that included four studies on clomethiazole and one study on diazepam (n = 3,838) was selected (53). Although there was an indication of potential benefit in the subgroup of patients with total anterior circulation stroke (RR 1.33, 95% CI 1.08–1.63; p = 0.01), no benefit was demonstrated overall on neurological impairments or disability for both ischemic and hemorrhagic stroke (LOE B-R).



GABA antagonists

No study on GABA antagonists, e.g., flumazenil, met the criteria for review and selection.



Methylxanthines

Eight papers were reviewed, of which three were selected. In the first systematic review and meta-analysis that included two RCTs (n = 119) of aminophylline in patients with ischemic stroke, there was no difference in early death and deterioration or death or disability at the end of the follow-up (54). A systematic review and meta-analysis of pentoxifylline and propentofylline, also in ischemic stroke, included five trials (n = 793) (55). No study on pentifylline was included. Death or disability was not reduced at the end of the follow-up (two trials). The data for neurological impairment and disability were not in a form suitable for analysis.

More recently, a small RCT (n = 64) investigated theophylline as an add-on treatment to thrombolytic therapy in acute ischemic stroke (56). While theophylline as an add-on to thrombolysis improved NIHSS score at 24 h more than thrombolysis alone (MD −3.6, 95% CI −7.1 to −0.1; p = 0.043; LOE C-LD), functional independence at 90 days was not different between treatment groups.



Monoamine oxidase inhibitors

Three papers were reviewed, all relatively small RCTs, and two studies were selected. One RCT (n = 89) investigated the administration of moclobemide for 6 months in patients with post-stroke aphasia within 3 weeks of onset (57). Compared to placebo, treatment with moclobemide for 6 months did not enhance the regression of post-stroke aphasia at 6 and 12 months. Another RCT (n = 47) allocated patients within 2 weeks of stroke to either selegiline or placebo for 6 weeks in addition to standard rehabilitation (58). While cognitive functioning was improved in the selegiline-treated group, no significant difference in functional recovery on Functional Independence Measure (FIM) was observed at 2 and 6 weeks.



Mood stabilizers

Four studies were reviewed, and one RCT on lithium (n = 66) was selected (59). There were overall no differences between lithium-treated and placebo-treated patients on improvements in the modified NIHSS and hand FMA scores at 30 days, although discrete differences on modified NIHSS (t-test p = 0.003) and hand FMA (t-test p = 0.003) in the cortical stroke subgroup (n = 27) were observed (LOE C-LD).



Neuropeptides

Seventy-two papers were reviewed and four papers on cerebrolysin were selected. In a recent systematic review and meta-analysis of seven RCTs (n = 1,601) that included patients within 48 h of ischemic stroke onset, cerebrolysin did not reduce all-cause mortality at the end of the follow-up, but may increase non-fatal serious adverse events (RR 2.15, 85% CI 1.01–4.55; p = 0.05) (60). There was not enough data to analyze death or dependency. In another earlier systematic review and meta-analysis of nine RCTs (n = 1879) that included patients within 72 h of ischemic stroke, more patients improved by ≥4 points on NIHSS at 21 or 30 days on cerebrolysin than placebo (OR 1.60, 95% CI 1.03–2.48; p = 0.035). In the meta-analysis of only more severe patients (NIHSS >12 at baseline) from three RCTs, mRS was improved at 90 days (MD 0.39, 95% CI 0.06–0.71; p = 0.02) (LOE B-R) (61). Similarly, cerebrolysin combined with rehabilitation in a small RCT (n = 66) of patients with subacute ischemic stroke improved FMA in the subgroup of patients with severe motor deficits at baseline (p < 0.05) but not in the overall study population (LOE C-LD) (62). A small RCT (n = 50) in patients with SAH showed cerebrolysin to be safe and well-tolerated but did not improve the global functional performance of patients even at 6 months (63).



N-methyl-D-aspartate agonists

Only one study met the PICO criteria for review. In a small (n = 20) randomized, double-blind, placebo-controlled trial, cycloserine given 1 h before motor training did not enhance motor learning or motor skill generalization in adults with weakness of upper and lower extremities from stroke (64).



NMDA antagonists

Nine papers on NMDA antagonists in stroke were reviewed. In a pilot open-label RCT (n = 53) of patients with ischemic stroke within 24 h, memantine was associated with improvements in NIHSS during hospitalization (p < 0.0001) and BI at 3 months (p = 0.002) (LOE C-LD) (65). Patients with chronic post-stroke aphasia (n = 28) were randomized in an RCT to memantine or placebo alone for 16 weeks, after that combined with constraint-induced aphasia therapy (CIAT) for 2 weeks, then drug treatment alone for 2 weeks, 4 weeks of washout period, and followed by a 24-week open-label extension study of memantine (66). While memantine or CIAT alone improved aphasia severity, best outcomes on certain aphasia subdomains were achieved by memantine + CIAT at 16 weeks (p = 0.002) and 18 weeks (p = 0.0001), with the difference between treatment groups persisting on long-term follow-up (LOE C-LD).

No study on dextromethorphan was selected.



Norepinephrine/noradrenergics

Eight studies were reviewed and two studies were selected. Atomoxetine, paired with 10 sessions of motor training, was investigated in a small pilot RCT (n = 12), which showed better recovery on upper limb FMA at the end of the treatment (MD 7.2, 95% CI 1.6–12.7; p = 0.016) but not at 1 month or on other motor assessment scales in patients with upper limb weakness ≥6 months after a stroke (LOE C-LD) (67). In another pilot randomized crossover study (n = 10), a single dose of reboxetine given before therapy in patients with “chronic” stroke increased tapping speed (ANOVA p = 0.048) and grip strength (ANOVA p = 0.003) in the paretic but not in the unaffected hand, with no further improvement noticed after physiotherapy alone (LOE C-LD) (68).



Opioid antagonists

Eight studies of opioid antagonists in stroke were reviewed. A systematic review published in 2021 that included four studies on naloxone (n = 96) and three studies on nalmefene (n = 916) was selected (69). From this review, one small study (n = 44) on naloxone showed benefit on Neurological Status Score at 2 weeks (p < 0.01) and one study (n = 236) on nalmefene showed improvement on Glasgow Coma Scale (GCS) at 10 days (p < 0.05) and NIHSS at 20 days (p < 0.05) compared to controls (LOE C-LD). Meta-analysis was not performed because of the different parameters used in all studies.



Peripheral chemoreceptor agonists

Two papers were reviewed. A small placebo-controlled RCT (n = 74) of almitrine-raubasine in patients with non-acute ischemic stroke was selected (70). Almitrine-raubasine was associated with better BI scores at 1 month (t-test p = 0.001), 2 months (t-test p = 0.002), and 3 months (t-test p = 0.002), and mean improvement on NFDS (t-test p = 0.034) at 1 month (LOE C-LD).



Potassium channel blockers

Two papers, both on dalfampridine, were reviewed. The paper selected was an RCT (n = 377) that compared two doses of dalfampridine administered for 12 weeks to placebo in patients with walking deficits ≥6 months after an ischemic stroke (71). Dalfampridine, at either 7.5 or 10 mg dose, did not significantly increase walking performance at the end of treatment, although the study was terminated early before the full enrolment of 540 subjects due to an unblinded analysis that showed insufficient efficacy to support further recruitment.



Pyrazolones

Seventy-two papers, all on edaravone, were reviewed. In a systematic review and meta-analysis of 50,536 patients with ischemic stroke from 14 observational studies and five RCTs, edaravone treatment was overall associated with improved odds of excellent (mRS ≤1 OR 1.26, 95% CI 1.04–1.54; p = 0.02) and good (mRS ≤2 OR 1.31, 95% CI 1.03–1.67; p = 0.03) functional outcomes with lower mortality. However, study heterogeneity was high, and the effect was reduced to p > 0.05 when analysis was restricted to randomized trials only (72). A systematic review and meta-analysis of 17 RCTs on edaravone in patients with ischemic stroke treated with intravenous thrombolysis (n = 1877) showed that combined treatment with edaravone and alteplase reduced the NIHSS score at the end of treatment (MD 3.95, 95% CI 2.92–4.99; p < 0.00001), 7 days (MD 5.11, 95% CI 2.84–7.37; p < 0.00001), and 14 days (MD 3.11, 95% CI 2.23–3.99; p < 0.00001) compared with alteplase alone, with less occurrence of intracranial hemorrhage during hospitalization (LOE B-R) (73). A recent RCT (n = 1,194) compared edaravone alone with the combination of edaravone and dexborneol in patients with ischemic stroke within 48 h of onset. Improvement on NIHSS at 14 days (MD −0.40, 95% CI −0.72 to −0.08; p = 0.01) and mRS at 3 months (OR 1.42, 95% CI 1.12–1.81; p = 0.004) were better with combination treatment than edaravone alone (LOE B-R) (74).

A systematic review and meta-analysis of 38 RCTs on edaravone initiated within 7 days of ICH (n = 3,453) showed alleviation of neurological deficits (MD −5.44 95% CI −6.44 to −4.44; p < 0.00001), improved activities of daily living (MD 8.44 95% CI 7.65–9.23; p < 0.00001), and reduced hematoma volume with edaravone, although the included trials were of poor quality and high heterogeneity (LOE C-LD). No studies reported long-term functional outcomes (75).



Racetams

Twenty-three papers were reviewed and two papers on piracetam were selected. In a systematic review and meta-analysis of three trials (n = 1,002) in acute ischemic stroke, most data came from one large trial and overall did not demonstrate the superiority of piracetam over control in improving functional outcome (BI) or reducing death or dependency at 3 months (76). Its role in post-stroke aphasia was investigated in a systematic review and meta-analysis of seven RCTs (n = 261), which showed that piracetam did not improve overall language performance but may benefit written language ability (SMD 0.35, 95% CI 0.04–0.66; p = 0.03), particularly more so during the first 12 weeks but not long term (LOE C-LD) (77).



Vasodilators

Two papers were reviewed and selected. In a systematic review and meta-analysis of 26 RCTs on buflomedil in patients treated within the first few days of ischemic stroke (n = 2,756), the trials were generally of poor quality, and many were poorly reported (78). Only one trial (n = 200) reported long-term death and disability, with patients on buflomedil having a lower risk of death or disability than the control group at 3 months (RR 0.71, 95% CI 0.53–0.94; p = 0.02). Another trial (n = 85) reported less disability (MD 15.0, 95% CI 5.83–24.17, p = 0.0) while all 26 trials (n = 2,756) reported improvements in neurological deficits at the end of treatment on buflomedil, although evidence for any of these short-term outcomes was not considered robust (LOE C-LD).

A recent RCT (n = 937) compared cinepazide to placebo in patients with ischemic stroke within 48 h of onset (79). The study showed cinepazide injection to be safe and better than placebo in improving functional recovery (OR 0.607, 95% CI 0.460–0.801) and reducing disability (OR 0.719, 95% CI 0.542–0.956) at 3 months (LOE B-R).




Discussion

We performed this systematic-search-and-review to identify the best available evidence of different registered pharmacological interventions for improving recovery after a stroke. Among the different pharmacological interventions reviewed, only one intervention, nimodipine in SAH, was shown to have level A evidence of treatment benefit based on a systematic review and network meta-analysis. Other treatments with LOE A studies did not demonstrate the benefit of intervention over control, namely SSRIs, calcium antagonists, and citicoline in ischemic stroke and magnesium, colony-stimulating factors, and GABA agonists in ischemic or hemorrhagic stroke.

Many of the reviewed selected papers were assessed as LOE C-LD, mostly due to small sample sizes or poor quality of studies, some of which showed treatment effects and required larger studies to provide better certainty of evidence. Of the studies assessed as LOE B-R, seven commercially available drugs showed treatment effects, although additional trials would further support their clinical use. While generally reported to be safe, it is important as well to be aware that certain treatments may have a detrimental effect on poststroke recovery (80). In our review, the risk may be increased for bone fracture on SSRI (17), non-fatal serious adverse events on cerebrolysin (60), and death at the end of the study on flunarizine and EPO (29, 43).

The studies of different interventions in our review included patients with a wide range of treatment time windows from stroke onset. As the underlying pathophysiological targets after an ischemic stroke differ between the time of injury and during repair (81–83), we may arbitrarily consider interventions given within 24 or 48 h as “neuroprotective,” of which re-establishment of blood flow and reperfusion to the injured brain tissue is currently the best strategy, and those administered beyond 48 h as “recovery-promoting” treatments. Recovery-promoting therapies should be viewed separately from those that enhance neuroprotection or reperfusion after a stroke since they have distinct therapeutic targets that are related to plasticity and growth after stroke with a therapeutic time window measured in days, weeks, or even months that may benefit a larger proportion of patients with stroke (84).

In our review, level B-R evidence of treatment effect at 3 months was available only for edaravone (particularly when combined with dexborneol) and cinepazide when administered within 48 h and clomethiazole (in total anterior circulation syndrome) within 12 h of acute ischemic stroke (53, 72, 74, 79). More recently, re-evaluating drugs as adjunctive therapies to revascularization have gained interest since many of these compounds were investigated when thrombolysis and endovascular thrombectomy were rarely available (85–88). Furthermore, despite the higher recanalization rate and efficacy of thrombectomy, approximately half of patients still had poor outcomes at 90 days (89). Our review identified four drugs recently tested in combination with revascularization attempts—citicoline, clomethiazole (included in the systematic review on GABA agonists), theophylline, and edaravone (34, 53, 56, 73). Some results are promising and such approach may be important to consider when designing future trials to re-assess supposed neuroprotective drugs, especially when taken in the context of learnings from recent studies of novel compounds given to patients receiving reperfusion therapies (90–92).

Among interventions administered beyond 48 h of stroke onset, level B-R evidence of therapeutic effect was available for SSRIs (at the end of treatment), MLC601/MLC901 (at 3 to 18 months), and cerebrolysin (at 1 or 3 months) in ischemic stroke, and Panax notoginseng (at 1 month) in ICH (17, 23–25, 28, 61). Our review also revealed investigations of other multi-modal approaches that included combination treatments, i.e., botanicals and EPO + hCG, and administering treatment together with or before planned rehabilitative training, particularly for potential recovery-promoting drugs. Combining different therapy principles is a logical step to further increase poststroke recovery, wherein a simplified theoretical scheme uses priming treatments synergistically with respective consolidation treatments (training) (93, 94). Further research on putative recovery-promoting treatments can benefit much from new approaches to patient selection, inclusion of more severe deficits, control interventions, appropriate outcome measures based on the intervention’s target and stage of stroke recovery, and longer duration of follow-up (95, 96).

Our systematic-search-and-review have several limitations. We did not include a standardized quality assessment tool in reviewing each of the papers as this is not required for a systematic-search-and-review study design especially aimed at exhaustive searches. Because of the broad range of treatments covered, we did not do any meta-analysis to obtain pooled results from different studies. This was, however, not the objective of the review and can be performed as a next step focusing on selected pharmacological classes or products. We included only papers published in the English language and may have excluded some well-conducted large studies published in other languages. One drug in particular, cortexin, had all studies only in non-English publications and was therefore not reviewed. As mentioned in the Methods section, we excluded studies that assessed psychiatric and cognitive outcomes, as well as spasticity, seizures, pain, and fatigue. We also excluded imaging and laboratory outcomes as surrogate markers since we were mainly interested in post-stroke clinical outcomes as hard endpoints. In addition, our review did not include studies on less usual causes of stroke, e.g., stroke in pregnancy and stroke in children. Finally, we focused mainly on treatments that clinicians would have ready access to rather than on investigational new drugs because we intended this review to guide clinical decision-making.

In conclusion, only one registered treatment has level A evidence for routine use in patients who suffer an acute stroke—nimodipine after SAH. There are, however, several commercially available treatments with level B evidence as either neuroprotective or recovery-promoting treatments. Further studies of putative neuroprotective drugs as adjunctive treatment to revascularization procedure, as well as more confirmatory studies on neuro-recovery treatments, will enhance the certainty of their benefit seen in clinical trials. As most molecular targets for therapy have biphasic roles in stroke pathophysiology during acute injury and in neurovascular remodeling in the recovery phase (82, 97), an intervention that failed as a neuroprotectant may not necessarily be of no benefit as a recovery-promoting treatment after a stroke. Even treatments with level C evidence may be candidates for larger studies, particularly those with signals on preclinical and clinical studies. Study designs must be based on the expected mechanism of action and stroke subtype and aimed at restoring the specific impairment at the optimal time window. Moreover, treatment for neuro-recovery may require a much longer duration than neuroprotective trials.

As the treatments we reviewed are registered products and may be available to clinicians and patients, the decision on their use must be guided by the clinical profile, neurological impairments, and outcomes they hope to improve based on the available evidence outlined.
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Background and purpose: This study aimed to explore the correlation and causal relationship between fibrinogen, D-dimer, and the severity of cerebral white matter hyperintensity (MMH).
Methods: A retrospective analysis of 120 patients with cerebral small vessel disease (CSVD) confirmed by head MRI attending the Third Affiliated Hospital of Beijing University of Traditional Chinese Medicine from August 2021 to February 2023 was performed. According to the Fazekas scale score, the patients were divided into 42 cases in the mild group, 44 cases in the moderate group, and 34 cases in the severe group. The levels of fibrinogen and D-dimer were compared among the three groups; the correlations between fibrinogen, D-dimer, and WMH severity were further analyzed; and independent risk factors for WMH severity were explored using the multivariate ordered logistic regression analysis. Furthermore, a two-sample Mendelian randomization (MR) analysis was performed to investigate the genetically predicted effect of fibrinogen and D-dimer on WMH.
Results: As the severity of WMH increased, the levels of D-dimer and fibrinogen also gradually increased, and the results showed a positive correlational association, with significant differences within the groups (all p < 0.05); the multivariate ordered logistic regression model showed that after adjusting for the relevant covariates, D-dimer (OR = 5.998, 95% CI 2.213–16.252, p < 0.001) and fibrinogen (OR = 9.074, 95% CI 4.054–20.311, p < 0.001) remained independent risk factors for the severity of WMH. In the MR study, the random-effect inverse variance weighted (IVW) model showed that increased levels of genetically predicted D-dimer (OR, 1.01; 95% confidence interval 0.95–1.06; p = 0.81) and fibrinogen (OR, 1.91; 95% confidence interval 0.97–3.78; p = 0.06) were not associated with increased risk of WMH. The authors did not obtain strong evidence of a direct causal relationship between D-dimer, fibrinogen, and WMH.
Conclusion: In this retrospective-based study, the authors found possible associations between D-dimer, fibrinogen, and WMH, but there was no obvious causal evidence. Further efforts are still needed to investigate the pathophysiology between D-dimer, fibrinogen, and WMH.
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1 Introduction

Cerebral small vessel disease (CSVD) is a very common neurological disorder, and cerebral white matter hyperintensity (WMH) is the most common imaging feature of CSVD (1) and is also an important risk factor for cognitive impairment and dementia (2–4). Coagulation mechanisms play a critical role in the pathophysiology of WMH. Coagulation mechanisms are thought to be closely associated with vascular endothelial function, blood–brain barrier permeability, and neurovascular dysfunction, which may influence the development of WMH (5). Studies have shown a close association between alterations in coagulation biomarkers retinoic acid receptor responder 2, von Willebrand factor, and WMH (6).

To the best of our knowledge, the correlations of D-dimer and fibrinogen with WMH have not been adequately investigated. Previous studies have shown that cerebral autosomal dominant arteriopathy with subcortical infarcts and leukoencephalopathy (CADASIL) patients and sporadic CSVD patients showed significantly higher plasma fibrinogen levels than healthy controls, and there is a correlation between high levels of plasma fibrinogen and the severity of WMH in CADASIL patients (7). A single-center cohort study showed that fibrinogen and D-dimer were correlated with the burden of radiological markers of CSVD (8). Nevertheless, the relationships of D-dimer and fibrinogen with the presence and severity of WMH remain unknown.

In this study, the authors evaluated the associations of D-dimer and fibrinogen with WMH in CSVD, in a retrospective analysis. Furthermore, the authors conducted Mendelian randomization (MR) analysis, which can avoid potential unmeasured confounders and reverse causation by using genetic variants as instrumental variables, to verify the causal association of the association between D-dimer, fibrinogen, and WMH.



2 Materials and methods


2.1 Participants

A total of 120 patients with WMH in CSVD who were admitted to the Third Affiliated Hospital of Beijing University of Traditional Chinese Medicine from August 2021 to February 2023 were retrospectively examined.



2.2 Inclusion criteria

① Patients who met the “Chinese Consensus on Diagnosis and Therapy of Cerebral Small Vessel Disease 2021” CSVD diagnostic criteria (9); ② patients aged between 18 and 90 years; ③ patients with head MRI image data available for analysis; and ④ patients with no communication or comprehension disorders.



2.3 Exclusion criteria

Patients who ① had suffered from large intracranial vessels stenosis or occlusion (stenosis degree ≥50%) as indicated by MRA; ② had suffered from large cervical vessels stenosis or occlusion as indicated by ultrasound of cervical blood vessels; ③ had suffered from cerebral white matter degeneration or cardiac cerebral infarction due to non-vascular factors (monoxide encephalopathy, multiple sclerosis, metabolism, toxicity, and infections); ④ had other central nervous system (CNS) diseases, such as cerebral hemorrhage, cerebral infarction, epilepsy, multiple sclerosis, intracranial tumors, cranial and cerebral trauma, and poisoning; and ⑤ had a history of severe organ failure or malignant tumors. The retrospective study was conducted in accordance with the principles of the Declaration of Helsinki and was approved by the Ethics Committee of the Third Affiliated Hospital of Beijing University of Chinese Medicine (institutional review board [IRB] approval number: ECSL-BZYSY-2022-04).



2.4 Assessment of the severity of WMH and grouping

All patients completed 1.5 T or 3.0 T head MRI, which mainly included T1-weighted imaging (T1WI), T2-weighted imaging (T2WI), fluid-attenuated inversion recovery (FLAIR), and diffusion-weighted imaging (DWI) sequences. WMH was defined as the areas of intensity signal on the T2-weighted FLAIR sequence that are divided into periventricular WMH (PVWMH) and deep WMH (DWMH) (10). The severity of WMH on cranial MRI was graded using the Fazekas scale: (1) PVWMH: presenting a cap-like or pencil-like thin layer lesion, 1 point; presenting a smooth halo, 2 points; presenting irregular PVWMH even extending into the deep white matter of the brain, 3 points; (2) DWMH: presenting a punctate lesion, 1 point; beginning confluence of lesion, 2 points; and merging in a large area of the lesion, 3 points. The scores of the two parts were added together to form a total score, indicating the severity of WMH (2). The imaging assessment of each WMH was rated by two well-trained neurologic imaging physicians who were blinded to the participant’s clinical data, and images with inconsistent results were finally assessed by another senior neurologist who was blinded to the initial results. Finally, a total score of 1 to 2 was categorized as mild group, 3 to 4 as moderate group, and 5 to 6 as severe group.



2.5 Data collection

We collected patient demographics (age and sex), risk factors (smoking history and alcohol consumption), medical history (hypertension, diabetes, and hyperlipidemia), laboratory indexes including alkaline phosphatase (ALP), γ-glutamyltransferase (GGT), uric acid (UA), β2-microglobulin (β2-M), D-dimer, and fibrinogen. Fasting venous blood samples were collected at baseline. All patient data were collected from the electronic medical record system of the hospital.



2.6 MR study design

We further designed a two-sample MR approach to estimate the effect of fibrinogen and D-dimer on WMH. MR analysis can be used for unbiased detection of causal effects of risk factors on diseases because the genetic variations are allocated randomly at conception (11). The genetic variants used in an MR design must meet three assumptions: (1) the genetic variants used as instrumental variables are strongly associated with the risk factor of interest (D-dimer, fibrinogen); (2) the genetic variants should not be associated with other confounders; and (3) the genetic variants are associated with the disease (WMH) only through the investigated risk factors (D-dimer, fibrinogen) (12) (Figure 1). The authors obtained the latest published summary-level GWAS data for WMH from the Cerebrovascular Disease Knowledge Portal (13).1 The GWAS summary statistics data of D-dimer were obtained from the genomic atlas of plasma proteome of 3,301 individuals (14), and the GWAS summary statistics data of fibrinogen were obtained from genome-wide analysis of biomarkers of 9,762 individuals (15). Appropriate ethical approval and patient-informed consent were obtained from the original studies. Analyses of all phenotypes were based on subjects of European ancestry.

[image: Diagram illustrating a causal relationship model. Instrumental Variables (SNPs) lead to Exposure (D-dimer, fibrinogen) marked as (1). Exposure affects Outcome (WMH volume). Unmeasured Confounders influence Exposure and Outcome. Arrows (2) and (3) from Instrumental Variables and Outcome to Exposure are blocked, indicating no direct effect.]

FIGURE 1
 Mendelian randomization design and main hypotheses.


Single nucleotide polymorphisms (SNPs) associated with D-dimer and fibrinogen were selected as instrumental variables (IVs), which reached genome-wide significant levels (p < 5 × 10−6). The authors removed SNPs with linkage disequilibrium based on the r2 < 0.01 linkage disequilibrium threshold within 1,000 kb as instrumental variables for the final MR study to avoid bias caused by relevant instrumental variables. The inverse-variance weighted (IVW) method was used to calculate the odds ratio (OR) and 95% confidence interval as the main method to estimate the association of genetically predicted D-dimer and fibrinogen with WMH. MR-Egger and weighted median methods were used as supplementary methods to IVW (16). In the sensitivity analysis, the authors used the MR-Egger intercept test and MR-PRESSO (Pleiotropy Residual Sum and Outlier) to assess horizontal pleiotropy. The mr_heterogeneity test was used to assess heterogeneity. All analyses were conducted by the “TwoSampleMR” package in version R 4.2.3, and a p-value <0.05 was considered statistically significant.



2.7 Statistical analysis

Statistical analysis was performed using SPSS 25.0 software, and normality was tested using the Shapiro–Wilk test. Continuous variables conforming to normal distribution were expressed as mean ± standard deviation ([image: Mean symbol, represented as an "x" with a horizontal line above it, commonly used in statistics to denote the average of a set of values.] ± s). The ANOVA test was used for comparison between multiple groups, and if the difference between groups was statistically significant, the LSD method was further used to compare with one another. Categorical variables were summarized as count (percentage) [n (%)] and compared using the chi-square test. Categorical variables were analyzed using Spearman correlation analysis, and continuous variables were analyzed by Pearson correlation analysis. The independent influencing factors of the degree of WMH damage were analyzed by a multivariate ordered logistic regression model, and a p-value <0.05 was considered statistically significant.




3 Results


3.1 Baseline characterization

A total of 120 patients with CSVD were included, 54 (45%) individuals were men and 66 (55%) were women; the age range was 50–89 years, with a mean of (71.1 ± 9.3) years. There was no statistically significant difference between the mild group in terms of sex, smoking, alcohol consumption, diabetes mellitus, hyperlipidemia, ALP, GGT, and UA compared with the moderate and severe groups (p > 0.05); as the severity of WMH increased, the age, β2-M, D-dimer, and fibrinogen levels of the three groups increased gradually, and there exist statistically significant differences among the three groups (all p < 0.05). A history of hypertension was also a risk factor for the severity of WMH. The severe group had the highest proportion of people suffering from hypertension, 82.4% (28 cases), followed by the moderate group, 75% (33 cases), and finally the mild group, 54.8% (23 cases), with statistically significant differences (p < 0.05) (Table 1; Figure 2).



TABLE 1 Comparison of baseline information of three groups of CSVD patients.
[image: A table compares three groups—mild (n=42), moderate (n=44), and severe (n=34)—based on variables such as sex, age, personal history, past medical history, and serum markers. It includes F/x² and p-values for each variable. Significant differences are marked for age, hypertension, β2-M, D-dimer, and fibrinogen. Definitions for abbreviations like ALP and GGT are provided.]

[image: Box plots comparing mild, moderate, and severe WMH groups are shown in three panels. Panel A displays D-dimer levels, Panel B shows fibrinogen levels, and Panel C depicts pAI1 levels. Each plot shows an increase in values from mild to severe WMH.]

FIGURE 2
 Comparison of D-dimer, fibrinogen, and β2-M levels in CSVD patients with different WMH severity. (A) Comparison of D-dimer levels in the mild, moderate, and severe groups; (B) comparison of fibrinogen levels in the mild, moderate, and severe groups; and (C) comparison of β2M levels in the mild, moderate, and severe groups.




3.2 Spearman and Pearson correlation analysis

Spearman correlation analysis of age, hypertension, β2-M, D-dimer, and fibrinogen with WMH was performed. As shown in Table 2, age (r = 0.275, p = 0.002), history of hypertension (r = 0.239, p = 0.009), β2-M (r = 0.474, p < 0.001), D-dimer (r = 0.656, p < 0.001), and fibrinogen (r = 0.797, p < 0.001) were all positively correlated with the severity of WMH. Pearson correlation analysis was performed for age, β2-M, D-dimer, and fibrinogen. Continuous variables met the normality test (p > 0.05). As shown in Table 3, there was a positive correlation between fibrinogen and age; and β2-M, D-dimer, and fibrinogen were all positively correlated with each other (all p < 0.05). Spearman correlation analysis of age, β2-M, D-dimer, and fibrinogen with hypertension was performed. As shown in Table 4, there was a correlation between fibrinogen and history of hypertension (p < 0.05) (Tables 2–4).



TABLE 2 Spearman correlation analysis.
[image: Correlation table showing the relationship between WMH score and variables: Age (r = 0.275, p = 0.002), Hypertension (r = 0.239, p = 0.009), β2-M (r = 0.474, p < 0.001), D-dimer (r = 0.656, p < 0.001), and fibrinogen (r = 0.797, p < 0.001). Significant differences are indicated with asterisks.]



TABLE 3 Pearson correlation analysis.
[image: Table comparing variables age, β2-M, and D-dimer with β2-M, D-dimer, and fibrinogen. Age shows r-value/p-value: 0.151/0.100, 0.119/0.194, 0.213/0.019*. β2-M shows 0.282/0.002* for D-dimer, 0.432/<0.001** for fibrinogen. D-dimer shows 0.572/<0.001** for fibrinogen. Notes indicate significance levels: *p<0.05, **p<0.001.]



TABLE 4 Spearman correlation analysis.
[image: Table showing the correlation between hypertension and variables: age, beta-2-microglobulin, D-dimer, and fibrinogen. R-values are 0.156, 0.087, -0.016, and 0.202, respectively. Corresponding p-values are 0.088, 0.344, 0.864, and 0.027, with fibrinogen's p-value marked significant at less than 0.05.]



3.3 Multivariate ordered logistic regression analysis

WMH severity was used as the dependent variable (X = 1, mild; X = 2, moderate; and X = 3, severe), hypertension as the factor (X = 0, absent; X = 1, present), and age, β2-M, D-dimer, and fibrinogen as covariates were included in the multivariate ordered logistic regression model. Our logistic regression model passed the parallel line test (p = 0.499) and satisfied the “proportional odds” assumption. The results showed that after adjusting for the relevant covariates, D-dimer (OR = 5.998, 95% CI 2.213–16.252, p < 0.001) and fibrinogen (OR = 9.074, 95% CI 4.054–20.311, p < 0.001) remained independent risk factors for the severity of WMH. An increase of 1 mg/L D-dimer suggested a 4.9 times increased risk of WMH severity, and an increase of 1 g/L fibrinogen suggested an 8.1 times increased risk of WMH severity (Table 5).



TABLE 5 Multivariate ordered logistic regression analysis of the degree of WMH.
[image: A table displays statistical analysis results for five variables: Age, Hypertension, β2-M, D-dimer, and Fibrinogen. Columns include B, SE, Wald, Df, p-value, OR, and 95% CI for each variable. D-dimer and Fibrinogen show significant p-values less than 0.001, with ORs of 5.998 and 9.074, respectively. The table notes that β2-M is β2-microglobulin, OR is odds ratio, and CI is confidence interval.]



3.4 Two-sample Mendelian studies

In two-sample MR analyses, the authors identified nine and three SNPs as IVs in our MR analyses of D-dimer and fibrinogen on WMH, respectively. The random-effects IVW models showed that genetically predicted increased levels of D-dimer (OR,1.01; 95% CI 0.95–1.06; p = 0.81) and fibrinogen (OR,1.91; 95% CI 0.97–3.78; p = 0.06) were not associated with increased WMH volume. The authors did not obtain strong evidence of a direct causal relationship between genetically mediated coagulation markers (D-dimer and fibrinogen) and WMH. The MR-Egger and weighted-median methods were consistent with the results of the IVW analyses. There was no multiplicity and heterogeneity in sensitivity analyses for both D-dimer and fibrinogen (all p > 0.05). The MR-Egger analysis did not show any genetic correlation between fibrinogen concentration and WMH, probably because the number of exposed SNPs in fibrinogen is low (Figures 3–5; Table 6).

[image: Table with Mendelian randomization methods comparing D-dimer and fibrinogen exposures. It includes odds ratios with 95% confidence intervals, P-values, and SNP counts. Graph shows confidence intervals for each method. D-dimer methods: IVW, Weighted Median, MR-Egger. Fibrinogen methods: IVW, Weighted Median. Horizontal axis labels indicate protective and risk factors.]

FIGURE 3
 Results of the Mendelian randomization analysis for the effect of the D-dimer and fibrinogen concentration on WMH.


[image: Scatter plot illustrating the relationship between SNP effect on D-dimer concentration and SNP effect on WMH volume. Data points are shown with error bars. Lines for various MR tests are included: inverse variance weighted (blue), MR Egger (green), simple mode (orange), weighted median (purple), and weighted mode (pink).]

FIGURE 4
 Mendelian randomization analysis of the effect of D-dimer on WMH.


[image: Scatter plot with lines representing different Mendelian randomization tests: inverse variance weighted (blue), simple mode (light blue), weighted median (gray), and weighted mode (green). The x-axis shows SNP effect on fibrinogen concentration, ranging from 0.030 to 0.050. The y-axis shows SNP effect on WMH volume, ranging from 0.000 to 0.070. Data points are plotted with lines showing trends.]

FIGURE 5
 Mendelian randomization analysis of the effect of fibrinogen on WMH.




TABLE 6 SNPs in MR studies.
[image: Table listing MR studies and associated SNPs. Under "D-dimer-WMH," the SNPs are rs144846383, rs150224075, rs16850834, rs1891118, rs28399331, rs59234924, rs608406, rs6556833, and rs9404903. Under "Fibrinogen-WMH," the SNPs are rs113688763, rs77048498, and rs78965196.]




4 Discussion

The authors examined associations between coagulation markers and WMH using retrospective analysis and complementary MR analyses. Our retrospective analysis showed that elevated D-dimer and fibrinogen levels suggested a correlation with WMH severity. After adjusting for associated risk factors, the multivariate ordered logistic regression model showed that elevated D-dimer and fibrinogen levels were independent risk factors for WMH severity, independent of traditional vascular risk factors. However, in two-sample MR analyses, there was no strong evidence of a causal effect of D-dimer, fibrinogen, and WMH. The authors consider that D-dimer and fibrinogen may indirectly contribute to the development of WMH through other mechanisms. To the best of our knowledge, this is the first MR study on the relationship between WMH and coagulation markers.

The pathological mechanisms of WMH mainly include insufficient cerebral perfusion, blood–brain barrier damage, and endothelial cerebrovascular dysfunction (17, 18). Coagulation mechanisms play a critical role in this. Our results are consistent with previous studies that a cluster of plasma markers reflecting coagulation correlated with WMH (6). On the one hand, coagulation abnormalities are the basis of endothelial dysfunction, causing damage to endothelial cells and thus disrupting the integrity of the blood–brain barrier (19). On the other hand, hypercoagulable states reduce cerebral blood flow, leading to microcirculatory disturbances that promote the progression of WMH (20).

Fibrinogen, as coagulation factor I in the coagulation system, is an indicator of the hypercoagulable state of the blood. High concentration of fibrinogen leads to excessive blood viscosity and increases platelet aggregation and the release of endothelial cell adhesion molecules. Then, it induces the formation of thrombosis in small arteries and veins and promotes small arterial sclerosis; at the same time, excessive blood viscosity leads to a decrease in cerebral blood flow (21). Insufficient blood flow to the cerebral white matter terminals, secondary to microcirculatory disturbances, causes diffuse demyelinating changes in the cerebral white matter, and the development of long-term chronic cerebral ischemia exacerbates WMH. Previous studies have shown that cerebral blood flow is lower in the periventricular NAWM in patients with ischemic WMH compared with controls (22). Low cerebral blood flow in the NAWM correlates strongly with new-onset WMH (20). A postmortem study confirmed a significant correlation between fibrinogen and microvascular stenosis in the cerebral white matter. The levels of fibrinogen were significantly higher in patients with PVWMH who had an infarction than patients without PVWMH. Periventricular white matter, as a watershed, is highly susceptible to hypoperfusion due to small artery stenosis. Chronic hypoperfusion caused by microvascular stenosis leads to blood–brain barrier dysfunction through loss of pericytes and impairment of endothelial integrity, which results in extravasation of fibrinogen and promotes the accumulation of microglia. At the same time, microvascular stenosis results in a reduction of cerebral blood flow, leading to chronic ischemia of cerebral white matter, which ultimately results in demyelination of cerebral white matter (23). Studies revealed that increased blood–brain barrier damage was correlated with decreased cerebral blood flow. This relationship is strongest in the WMH and its vicinity and is less pronounced at greater distances (24). A 2-year follow-up study showed that fibrinogen was significantly associated with the risk of new lacunes or white matter lesions progression, supporting the role of coagulation factors in CSVD imaging progression (25).

D-dimer as a biomarker reflecting coagulation also plays an important role in the coagulation mechanism. D-dimer is a plasmin-derived soluble degradation product of cross-linked fibrin, produced under the action of coagulation factor XIIIa, mainly reflecting the function of fibrinolysis. D-dimer can be used as a specific molecular marker of hypercoagulable states and hyperfibrinolysis, which is of great value in the diagnosis of thrombosis (26). Consistent with previous studies, a retrospective analysis showed that D-dimer levels were significantly higher in the CSVD group than in the healthy control group and significantly higher in the severe WMH group than in the mild group (27). High levels of D-dimer indicate a hypercoagulable state of the blood, which promotes vascular thrombosis, then increases the risk of small vessel occlusion, and leads to microcirculatory disturbances. The ARIC study found a positive correlation between D-dimer and silent brain infarcts (28). A single-center cohort study showed a correlation between elevated D-dimer and WMH, with elevated fibrinogen and D-dimer, suggesting a prethrombotic profile. The low inflammatory state associated with this feature is related to the degree of WMH (8).

Components of the coagulation system can also drive CNS inflammation leading to WMH. Fibrinogen is not only an indicator of hypercoagulable states, but also a biomarker of the inflammatory response (29). When the blood–brain barrier is disrupted, fibrinogen enters the CNS and is rapidly converted to fibrin, which promotes microglia activation and generates reactive oxygen species and nitric oxide. It further promotes endothelial cell and neuronal damage leading to endothelial dysfunction (30). At the same time, the release of inflammatory mediators, such as TNF-α and IL-6, which exacerbate local oxidative stress and lead to inflammatory response and neurodegeneration (31). Studies have shown that the number of periventricular and subcortical microglia is significantly positively correlated with fibrinogen (23). Previous studies have also demonstrated that CNS inflammation is associated with the inward flow of fibrinogen through the dysfunctional blood–brain barrier and the activation of the intrathecal coagulation cascade (32). Chronic cerebral ischemia and low perfusion environments provide conditions for neurological inflammatory responses. Neurological immune inflammation leads to disruption of the blood–brain barrier by mediating endothelial dysfunction, which contributes to disruption of the neurovascular unit and induces WMH changes.


4.1 Limitations

This study analyzed the relationship between fibrinogen, D-dimer, and the severity of WMH in CSVD, which has some limitations. First, this is a small-sample retrospective study, and clinical trials with larger sample sizes are needed to explore the relationship between coagulation markers and WMH in depth. Second, in the retrospective and MR studies, the authors focused on a subset of coagulation markers (fibrinogen and D-dimer), and future studies should examine other coagulation markers. Third, in the observational analyses, our results showed that there was a positive correlation between D-dimer, fibrinogen, and the severity of WMH, but unavoidable residual confounders may still exist. Meanwhile, in MR analysis, there was not found obvious causal relationship. Fourth, this article focused only on WMH, without considering all the other features of CSVD. Finally, in MR analyses, the population was limited to individuals of European ancestry and further genome-wide correlation studies of CSVD in East Asian ethnic groups should be performed to confirm the correlation between coagulation markers and WMH.




5 Conclusion

In conclusion, our study showed that there was a positive correlation association between D-dimer, fibrinogen, and the severity of WMH. Moreover, D-dimer and fibrinogen were independent risk factors for the severity of WMH in patients with CSVD. However, in the MR analyses, there was no significant causal relationship. A larger GWAS is needed to investigate in depth the relationship between other coagulation markers and WMH, and a larger sample size is needed for the experimental studies to further explore causality.
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Background: The clinical course of ischemic and hemorrhagic strokes can be influenced by the coagulation status of individual patients. The prior use of antiplatelet therapy (APT) such as acetylsalicylic acid (ASA) or P2Y12-antagonists has been inconsistently described as possibly increasing the risk of hemorrhagic transformation or expansion. Since clinical studies describing prior use of antiplatelet medication are overwhelmingly lacking specific functional tests, we aimed to implement testing in routine stroke care.
Methods: We used fluorescence-activated cell sorting (FACS) with antibodies against CD61 for thrombocyte identification and CD62p or platelet activation complex-1 (PAC-1) to determine platelet activation. Aggregometry and automated platelet functioning analyzer (PFA-200) were employed to test thrombocyte reactivity. FACS and aggregometry samples were stimulated in vitro with arachidonic acid (AA) and adenosine diphosphate (ADP) to measure increase in CD62p-/PAC-1-expression or aggregation, respectively.
Results: Between February and July 2023, 20 blood samples (n = 11 ischemic strokes; n = 7 hemorrhagic strokes; n = 2 controls) were acquired and analyzed within 24 h of symptom onset. N = 11 patients had taken ASA, n = 8 patients no APT and n = 1 ASA+clopidogrel. ASA intake compared to no APT was associated with lower CD62p expression after stimulation with AA on FACS analysis (median 15.8% [interquartile range {IQR} 12.6–37.2%] vs. 40.1% [IQR 20.3–56.3%]; p = 0.020), lower platelet aggregation (9.0% [IQR 7.0–12.0%] vs. 88.5% [IQR 11.8–92.0%]; p = 0.015) and longer time to plug formation with PFA-200 (248.0 s [IQR 157.0–297] vs. 121.5 s [IQR 99.8–174.3]; p = 0.027). Significant correlations were noted between AA-induced CD62p expression and aggregometry analysis (n = 18; ρ = 0.714; p < 0.001) as well as a negative correlation between CD62p increase and PFA clot formation time (n = 18; ρ = −0.613; p = 0.007). Sensitivity for ASA intake was highest for PFA (81.8% for values ≥155.5 s). The combination of ASA + clopidogrel also affected ADP-induced CD62p and PAC-1 expression.
Conclusion: In the clinical setting it is feasible to use differentiated platelet analytics to determine alterations caused by antiplatelet therapy. Among the tests under investigation, PFA-200 showed the highest sensitivity for the intake of ASA in stroke patients. FACS analysis on the other hand might be able to provide a more nuanced approach to altered platelet reactivity.
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Introduction

In synchrony with other vascular diseases, the use of antiplatelet therapy (APT) in the form of acetylsalicylic acid (ASA) or P2Y12 inhibitors such as clopidogrel and ticagrelor has become a mainstay in the prevention of ischemic stroke (1, 2). For minor ischemic stroke and high risk transient ischemic attacks (TIAs), the administration of dual antiplatelet therapy (DAPT) for 21–90 days has recently been established as a way to further decrease the risk of recurrent stroke, albeit with an increased risk of hemorrhage (3, 4). So far, the individual risk of hemorrhage is difficult to predict. Particularly, in cases of recurrent ischemic stroke or hemorrhagic stroke the literature on possibly deleterious effects of pre-treatment with single or dual antiplatelet medication yields heterogenous results.

In ischemic stroke, the use of thrombolysis for ischemic stroke patients on antiplatelet medication, especially in combination, has been suggested to increase the risk of symptomatic hemorrhage in some studies (5–7) whereas other authors have concluded that no significant difference in symptomatic hemorrhage can be observed, and more importantly, the outcome was independent of prior APT (8, 9).

Similarly, the outcome of hemorrhagic stroke in patients with prior APT has been described at variance with either increased mortality, but equal functional outcomes (10), no effects if not combined with vitamin K antagonists (11), or even increased hematoma expansion and worse outcomes (12). A common problem in these study designs is the reliability of patient history when it comes to the regular intake of APT as well as possible intraindividual effects on platelet reactivity. The latter might manifest as potential APT-non-responders, which have been identified in previous studies as at risk for neurological deterioration after stroke (13, 14).

Unlike thrombocyte counts, the platelet function is oftentimes not measured in standard care for stroke or large trials. Yet, there are several measuring methods, among which light-transmission aggregation (LTA) is frequently cited as the gold standard and can monitor APT in patients (15). In the past, automatized methods such as point-of-care Multiplate devices measuring platelet aggregometry via impedance changes have been studied in patients with acute brain injury, showing a significant proportion of platelet inhibition with and without known APT, which led to a targeted hemostatic therapy in the majority of patients (16). Another method utilizes an automated platelet-functioning-analyzer (PFA), which uses high shear forces to measure a closure time of a coated aperture but may show wide variations in APT response (16, 17). Progressively, the use of fluorescence-activated cell sorting has been researched in clinical and preclinical settings to determine the effects on APT (18, 19).

In this study, we aimed to evaluate the feasibility and comparability of different platelet functioning tests in patients with acute ischemic or hemorrhagic strokes presenting to a tertiary stroke center and correlate the results with prior intake of APT before stroke.



Methods

The protocol was designed as a monocentric, prospective biomarker study, performed at the University Hospital Frankfurt, Goethe University. Inclusion criteria were (1) age ≥ 18 years, (2) diagnosis of an acute ischemic or hemorrhagic stroke, confirmed by brain imaging (computed tomography or magnetic resonance tomography), and hospital admission within 24 h of symptom onset. Groups were classified according to prior intake of antiplatelet therapy or presumed normal coagulation status. Healthy volunteers with or without prior antiplatelet therapy served as controls. Exclusion criteria were therapy with vitamin K antagonists or direct oral anticoagulants, relevant thrombocytopenia (< 100/nL) or administration of intravenous thrombolysis with recombinant tissue plasminogen activator prior to blood sampling as well as known coagulation disorders such as von Willebrand disease or hemophilia. After study inclusion, blood samples (15–20 mL) were drawn and immediately mixed with 0.106 mol/L sodium citrate by slowly inverting the tube to prevent coagulation. Within 90 min (min) samples were transported to the local specialized coagulation laboratory for platelet-functioning analyzer (PFA-200) and thrombocyte aggregometry, which was completed within 180 min of venipuncture. The PFA-200 examines closure times in seconds after aspiration of whole blood through disposable test cartridges, which are coated with epinephrine resulting in a plug formation inside a microscopic aperture (20). To measure platelet aggregation, light transmission aggregometry (LTA) was performed. The principle of the test involves measuring the photometric properties of platelet-rich plasma (PRP) after it has undergone platelet aggregation due to the action of certain activators. This process of in vitro platelet aggregation is a result of platelet activation triggered by different soluble activators. The activation process engages specific membrane receptors and triggers downstream signaling pathways, as well as amplification pathways. These pathways and their intensity vary depending on both the kind and quantity of the activator introduced. For this, arachidonic acid was added to platelet-rich plasma and thrombocyte aggregation is detected via changes in light transmission and measured as percentage (21).

For FACS measurement, blood samples were within 5–15 min of venipuncture centrifuged at 120 g without brake for 10 min. After spinning, 35 μL of platelet-rich-plasma (PRP) was transferred into tubes containing 15 μL phosphate-buffered saline (PBS), containing 0.32% sodium citrate. To initiate thrombocyte activation either 4 μl arachidonic acid (AA; concentration 15 mmol/L; Hyphen BioMed; item no. AG003K) or 4 μl adenosine diphosphate (ADP; concentration 20 μmol/L; Hyphen BioMed; item no. AG001K) were added to the diluted PRP and incubated at 37°C for 5 min. A subset of samples was also stimulated by 4 μl of thrombin (concentration 100 U/mL; Sigma Aldrich; item no. T6884-100UN) to test the maximum of activation. To inhibit fibrinogen polymerization, 10 mM Gly-Pro-Arg-Pro (GPRP; Sigma Aldrich; item no. G1895-25MG) was added before stimulation with thrombin. Afterwards, samples were stained using 10 μl of fluorescent anti-human antibodies against CD61 (fluorochrome PerCP) as a platelet-specific marker, CD62p (fluorochrome PE), also known as P-selectin, which is externalized upon platelet-activation, or platelet activation complex-1 (PAC-1) (fluorochrome FITC), which targets the active glycoprotein IIb/IIIa complex. Additionally, corresponding isotype controls (antibodies and isotype controls all by BD Biosciences) were used to distinguish possible binding to unspecific cells. To ensure specific PAC-1 binding, a subset of samples included 10 μl Arg-Gly-Asp-Ser (RGDS; Abcam; item no. 230365) solution, which competitively inhibits PAC-1 binding (22).

The samples were then incubated for 20 min at room temperature in the dark. Afterwards, samples were fixed by adding 650 μl cold fixative solution (650 μl PBS containing 0.1% paraformaldehyde, 0.1% glucose, and 0.2% bovine serum albumin to a final volume of 720 μl). After incubation for 60 min at 2°C−8°C, protected from light, all samples were analyzed with a FACS Canto II device (BD Biosciences) within 5 h of venipuncture.

Statistical analyses were performed with the Statistical Package for the Social Sciences (SPSS, version 27.0.1.0, Armonk, N.Y., USA) and GraphPad Prism (Version 10.1.0, Boston, MA, USA). The Kolmogorov-Smirnov-test was used to test for normal distribution. Categorical data were assessed for significance by Pearson-χ2-tests, continuous variables were analyzed using the Mann–Whitney–U-test for two independent samples. The results of the different platelet test methods were compared calculating Pearson correlation coefficients. A receiver-operator-characteristics (ROC) curve analysis was performed in order to obtain sensitivity values in regard to the presence of APT. All tests were two-sided and statistical significance was set to p < 0.05. FACS data were analyzed with Flowjo (version 10.9.0, BD Biosciences, Franklin Lakes, N.J., USA).

The study was conducted in accordance with the Declaration of Helsinki and approved by the local Ethics Committee of the Goethe University Frankfurt (2022-989). Written informed consent was provided by all patients before enrolment. The study was registered in the German Clinical Trials Register (ID DRKS00030574; https://www.drks.de).



Results


Study population

Between February and July 2023, 20 blood samples (n = 11 ischemic strokes; n = 7 hemorrhagic strokes; n = 2 controls) were acquired. N = 11 patients had taken ASA, n = 8 patients no APT and n = 1 ASA and clopidogrel. Mean age was 63.4 ± 15.6 years and 30% were female (Table 1). The median time from symptom onset to hospital admission was 08 h 23 min.


TABLE 1 Baseline characteristics of all patients, ischemic and hemorrhagic strokes as well as healthy controls.

[image: A table comparing demographics and clinical characteristics across four groups: all participants, ischemic stroke patients, hemorrhagic stroke patients, and healthy controls. Columns include the number of participants, mean age, sex ratio, median time from symptom onset, NIHSS at admission, ASA and Clopidogrel pretreatment percentages, prevalence of arterial hypertension, diabetes, coronary heart disease, and mRS scores at discharge. Values are indicated with mean, median, interquartile ranges, and percentages as applicable. Terms like SD, NIHSS, ASA, and mRS are defined in a note.]



Platelet activation measurements

Median time from venipuncture to start of FACS measurements was 168 min (interquartile range [IQR] 159.5–206.0 min). Visual inspection of CD62p-expression with and without AA- and ADP-stimulation demonstrated differences in regard to medication with ASA and clopidogrel (Figure 1). Unstimulated, CD62p-expression was measured as median 2.21% (IQR 0.98–5.2%) without significant difference between hemorrhagic and ischemic strokes (median 1.26% [IQR 1.19–2.74] vs. 2.27 [IQR 0.8–5.41]; p = 0.68). Notably, ASA intake compared to no APT was associated with lower CD62p expression after stimulation with AA (15.8%; IQR 12.6–37.2% vs. 40.1%; IQR 20.3–56.3%; p = 0.020). Additionally, the median fluorescence intensity (MFI) was calculated for CD62p-expression. Mann–Whitney–U-test for group differences revealed significant higher values for CD62p-MFI in the absence of APT compared to the ASA group (mean ± standard deviation 2103 ± 734 vs. 1477 ± 117; p = 0.006; Figure 2). PAC-1 specificity of antibodies was confirmed with RGDS-inhibition (n = 7) leading to a complete suppression of PAC-1 expression despite ADP-stimulation. No significant differences for PAC-1 expression were observed between unstimulated and AA-stimulated samples (median 7.18%; IQR 3.86–12.80% vs. 5.87%; IQR 3.15–12.40%; p = 0.62). ADP-stimulation resulted in a significant increase of PAC-1 positive cells (median 47.30%; IQR 32.6–52.6%, p < 0.0001), but no difference between the ASA-group and patients without APT was detected in this setting (median 48.0%; IQR 32.55–55.43% vs. 44.85%; IQR 33.0–52.55; p = 0.79). The exploratory use of thrombin to stimulate platelet activation resulted in an almost complete expression of CD62p-positive cells (n = 4; median 85.45%, IQR 79.0–90.6%) and a majority of PAC-1-positive cells (median 70.55%; IQR 57.5–80.8%) as well as reaching 98% respectively in a subject with confirmed ASA-intake.


[image: Flow cytometry histograms for four patients evaluating AA-induced and ADP-induced CD62p and PAC-1 expressions. Each patient has four graphs: AA-induced CD62p, ADP-induced CD62p, AA-induced PAC-1, and ADP-induced PAC-1. Pink and blue colors represent different expression levels.]
FIGURE 1
 Fluorescence-activated cell sorting (FACS) analysis of CD62p and platelet activation complex-1 (PAC-1) expression as proportion of CD61-positive cells (all thrombocytes) signifying platelet activation in unstimulated samples (blue) and after stimulation (red) induced by arachidonic acid (AA) or adenosine diphosphate (ADP). The values were normalized to mode to facilitate comparability. Exemplarily, four patients are shown [control; hemorrhagic stroke (HS); ischemic stroke (IS)] with different antiplatelet therapy: none (control), acetylsalicylic acid (ASA), and clopidogrel (CPG). Differences in AA-induced platelet reactivity were noted for ASA intake, whereas CPG chiefly reduced ADP-induced platelet activation.



[image: Box plot showing median fluorescence intensity for control and ASA groups under unstimulated, AA, and ADP conditions. Control group shows higher fluorescence, especially under AA stimulation, with p-value of 0.006464 indicating significance.]
FIGURE 2
 Median fluorescence intensity (MFI) in fluorescence-activated cell sorting (FACS) is depicted as box plots for CD62p-expression in unstimulated samples and after stimulation with arachidonic acid (AA) and adenosine diphosphate (ADP) for patients without (control) or with acetylsalicylic acid (ASA) pretreatment. Multiple Mann–Whitney–U-tests for group differences revealed significant higher values for CD62p-MFI in the absence of antiplatelet therapy compared to the ASA group (mean ± standard deviation 2103 ± 734 vs. 1477 ± 117; p = 0.006).


PFA-200 and LTA results were obtained in a median time of 149 min (IQR 129.0–146.5 min) after venipuncture. LTA revealed lower platelet aggregation in ASA-pretreated patients compared to no APT (9.0%; IQR 7.0–12.0% vs. 88.5%; IQR 11.8–92.0%; p = 0.015). And PFA showed and longer time to plug formation with ASA compared to without (248.0 s; IQR 157.0–297 s vs. 121.5 s; IQR 99.8–174.3 s; p = 0.027; Table 2; Figure 3). Significant correlations were noted between AA-induced CD62p expression and aggregometry analysis (n = 18; ρ = 0.714; p < 0.001 as well as a negative correlation between CD62p increase and PFA clot formation time (n = 18; ρ = −0.613; p = 0.007; Figure 4). In the ROC-curve analysis, the sensitivity and specificity for ASA intake was highest for PFA (cut-off value ≥ 155.5; sensitivity 81.8%; specificity 71.4%). The respective areas under the curve (AUC) were for FACS-CD62p 0.212 (95%-CI 0.000–0.424; p = 0.030), for LTA 0.232 (95%-CI 0.000–0.491; p = 0.044) and PFA 0.838 (95%-CI 0.661–1.000, p = 0.011).


TABLE 2 Overview of fluorescence-activated cell sorting (FACS), light transmission aggregometry (LTA), and platelet-functioning analyzer (PFA-200) results for patients with and without acetylsalicylic acid (ASA) pretreatment.

[image: A table compares No ASA and ASA groups for FACS, LTA, and PFA-200 measurements. For unstimulated FACS, No ASA has 2.7% while ASA has 2.1%; p-value is 0.692. For AA-stimulated FACS, No ASA is 40.1% and ASA is 15.8%; p-value is 0.020. For LTA, No ASA shows 88.5% while ASA is 9.0%; p-value is 0.015. For PFA-200, No ASA records 131 seconds and ASA 248 seconds; p-value is 0.027. FACS refers to CD62p-positive cells percentage, LTA to platelets activation, and PFA-200 to plug formation time.]


[image: Four box plots labeled A, B, C, and D compare different metrics between ASA groups NO and YES. Plot A shows altered CD69 expression with a p-value of 0.020, plot B shows dimmed CD69 expression with a p-value of 0.016, plot C shows mast cell degranulation with a p-value of 0.015, and plot D shows PS exposure with a p-value of 0.027. Each plot displays a difference in medians between the groups.]
FIGURE 3
 Comparison of the effects of acetylsalicylic acid (ASA) on different platelet functioning parameters. Firstly, CD62-expression is demonstrated as percentage of all platelets (CD61-positive cells) after stimulation with arachidonic acid (AA; A). Additionally, the difference between unstimulated and AA-stimulated CD62p-expression on CD61-positive cells is shown (B). Light transmission aggregometry (LTA) revealed the percentage of platelet aggregation after stimulation with AA (C). Platelet functioning analyzer (PFA-200) measurements show the time to plug formation after stimulation with epinephrine (D).



[image: Scatter plots showing the relationship between AA-induced CD62p expression and two variables. Plot A depicts a positive correlation with AA-induced platelet aggregation, with an R-squared value of 0.690. Plot B shows a negative correlation with PFA seconds, having an R-squared value of 0.376. Data points are colored based on ASA presence: red for no and blue for yes. Both plots include linear trendlines.]
FIGURE 4
 Correlation between fluorescence-activated cell sorting (FACS)-analysis of platelet activation, as measured by percentage of CD62p-positive cells, and aggregometry (A) as well as platelet functioning analyzer (PFA-200) plug formation time (B).





Discussion

The present study outlines the feasibility of three different methods to study platelet activation in acute stroke patients to evaluate the effects of preexisting antiplatelet therapy. The in vitro measurement of platelets presents a particular challenge due to the rapid degranulation of thrombocytes after venipuncture as well as several other confounding mechanisms such as prolonged blood stasis and transport artifacts (23). Hence, utmost care was taken in our study to ensure minimal platelet pre-activation and rapid transport times. Expected values for CD62p-expression in patients with ischemic stroke within 24 h in previous studies were reported between 1 and 5%, which is comparable to our observation (median 2.21%; IQR 0.98–5.2%) (24, 25). The significant correlation between FACS results and aggregometry as well as PFA highlights the clinical utility of the chosen methods. Some outliers with unexpected low platelet reactivity despite no APT or high reactivity despite ASA intake were observed, which point toward secondary effects on platelet reactivity such as preceding chemotherapy or non-compliance, respectively.

From our results it becomes evident why aggregometry is oftentimes considered the gold standard for the measurement of platelet function as it demonstrated the highest significance in detecting differences between patients with aspirin and without antiplatelet treatment. However, in the exploratory ROC-curve analysis, PFA ultimately demonstrated the highest sensitivity to predict ASA pretreatment. Due to the small sample size, this finding should be regarded cautiously. The positive correlation between FACS results and the routine diagnostic methods allows for the possibility of future implementation, especially if a standardized approach for in-vitro platelet stimulation and FACS protocols can be established.

Another relevant discussion point for future trials would be the necessary waiting time to obtain results from these methods and whether it would be feasible to base therapeutic decisions on specific test results. Whereas, it appears hardly reasonable to wait for thrombocyte functioning tests for intravenous thrombolysis in acute ischemic stroke, therapeutic decisions regarding the use of thrombocyte concentrate or desmopressin before surgical approaches in intracerebral hemorrhage occurring under APT might be a realistic scenario (26). In our study, time to results differed between FACS (168 min; IQR 159.5–206.0 min) and the composite of LTA and PFA (149 min; IQR 129.0–146.5 min). Even more rapid platelet functioning testing can be obtained with thrombelastography, though available devices lack standardization (27, 28).

In previous studies, FACS of specific coated platelets, which exhibit procoagulant proteins and phosphatidylserine, has been investigated as a tool to differentiate between hemorrhagic and thrombotic stroke with notable results, highlighting the potential of this method (29). Interestingly, in a study of patients with acute ischemic stroke a weaker response of CD62p expression on platelets to stimulation with thrombin was observed compared to healthy individuals, which was attributed to cleavage of the protease-activated receptor-1 (30). This might constitute another mechanism by which patients with acute stroke are more prone to hemorrhagic complications, which might be enhanced by APT. Another advantage of FACS is the possibility to adjust for pre-activation of platelets, so regardless of stroke type it is possible to determine the quantity of additional in-vitro stimulability. To achieve this, it is essential to use an appropriate dose of stimulant (in this case AA or ADP). In our study, the use of thrombin lead to a maximum stimulation, which did escape pretreatment with ASA, hence AA and ADP should be preferred agents for platelet stimulation in vitro. In addition to clinical tests, the successful implementation of FACS analyses have been described in experimental animal studies, for which is well-suited due to the limited demand of blood volume required for testing (31).

Strength of our study include the measurement of platelet activation as a percentage of circulating platelets, which was ensured by staining for CD61. Interestingly, antibody staining for PAC1 showed higher pre-activation and markedly less activation in response to AA compared to ADP, suggesting different mechanisms in the recruitment of the glycoprotein (GP) IIb/IIIa complex in response to AA and ADP. Further research could potentially elicit the underlying mechanisms. Meanwhile, if platelet reactivity after ASA intake is the focus of interest, PAC-1 seems to bear little relevance, but is potentially more useful to evaluate the effectiveness of GP IIb/IIIa antagonists such as clopidogrel, prasugrel, or ticagrelor.



Limitations

During the course of measurements, it became apparent that the laser signal intensity of the channel detecting PE (CD62p) was set too low, resulting in values below 0 in unstimulated samples. However, since platelets still demonstrated significant activity levels, especially compared to isotype control, we continued the measurements with the identical settings to maintain continuity. Another limitation of this study was the single measurement of thrombocyte activation markers after stroke, considering that in a previous study fluctuations were observed in the time period after a stroke index event, most notably showing a rapid decrease in CD62p-expression within 2 weeks (25). As the peak of CD62p-positive platelets was observed on day 1, it seems to be the most appropriate timepoint for measurement, however, it remains unclear how fast changes occur in the immediate period within 24 h after stroke.

To our knowledge, this work represents the first description of multiple platelet activation tests in acute stroke patients. Considering the effort to establish standardized measuring techniques for clinical trials, the comparison of FACS with aggregometry and PFA represents a valuable contribution for future research. From the clinical perspective, it is desirable to establish a reliable, standardized method to determine thrombocyte function in individual patients, which might guide therapeutic decisions in cases with intracranial hemorrhage such as the administration of desmopressin or platelet transfusions (26). The results from this study are likely to guide future projects by providing estimates of the effect size of ASA on different platelet functioning tests as well as highlighting the feasibility and time frame of performing these tests in the setting of acute stroke. By enrolling more patients with different subtypes of stroke, a correlation of clinical outcomes with laboratory parameters can be envisaged. Ideally, these tests would also provide a basis for timely detection of non-responders of APT, which might be at increased for thrombotic complications such as recurrent strokes.



Conclusion

In the setting of acute stroke, it is feasible to use differentiated platelet analytics to determine alterations caused by antiplatelet therapy. Among the tests under investigation, PFA showed the highest sensitivity for the intake of ASA in stroke patients. FACS analysis, particularly of CD62p-expression after in-vitro stimulation with arachidonic acid, on the other hand might be able to provide a more nuanced approach to altered platelet reactivity and prove beneficial for clinical and preclinical research.
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Background: The optimal treatment for asymptomatic atherosclerotic carotid artery disease remains controversial. Data on the efficacy of antiplatelet agents and stroke outcomes are limited. This study aimed to examine the efficacy and safety of cilostazol-based dual antiplatelet therapy in patients with ischemic stroke or transient ischemic attack and asymptomatic carotid artery disease.
Methods: This retrospective cohort study was conducted in a tertiary-care setting and included baseline characteristics and clinical outcomes of participants. The study included patients who had experienced first-ever ischemic stroke or transient ischemic attack and asymptomatic atherosclerotic carotid artery stenosis, with a minimum follow-up period of 1 year. Asymptomatic carotid artery stenosis refers to stenosis in patients without neurological symptoms referable to the carotid arteries. Propensity scores were estimated using a logistic regression model based on participants’ baseline characteristics. The efficacy outcome was the composite outcome of recurrent ischemic events and vascular-related death in patients with ischemic stroke or transient ischemic attack and asymptomatic carotid artery stenosis. The safety outcome was the occurrence of hemorrhagic complications such as intracranial hemorrhages or extracranial hemorrhages. The effectiveness of dual therapy compared to monotherapy was evaluated at various time points following the initiation of antiplatelet treatment.
Results: This study included 516 patients with a 1-year follow-up period. At 1 year, composite events occurred in 10 (6.3%) patients in the dual antiplatelet group compared with 12 (7.6%) in the single antiplatelet group (HR, 0.74; 95% CI, 0.61–0.90; p = 0.024). Extracranial hemorrhage occurred in 12 (7.6%) patients in the dual antiplatelet group compared with nine (5.7%) in the single antiplatelet group (HR, 1.35; 95% CI, 1.13–1.48; p = 0.017). No intracranial hemorrhages were observed in this cohort.
Conclusion: Patients with asymptomatic carotid artery stenosis who received cilostazol-based dual antiplatelet therapy had a lower risk of composite events but a higher risk of minor extracranial hemorrhage than those who received a single antiplatelet agent.
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Introduction

Ischemic stroke can result from carotid artery disease. The treatment approach for symptomatic carotid artery stenosis is well established; however, the optimal approach for asymptomatic carotid artery stenosis remains controversial. Asymptomatic carotid artery stenosis refers to stenosis in persons without a history of ischemic stroke, transient ischemic attack, or other neurologic symptoms referable to the carotid arteries. Regarding diagnosing carotid artery stenosis, one usually uses the least invasive and inexpensive test, such as carotid doppler ultrasonography. As a confirmatory test, some form of contrast examination such as digital subtraction angiography, magnetic resonance angiography or computed tomographic angiography is required to confirm the diagnosis. Current treatment guidelines recommend medical therapy and carotid revascularization, including carotid endarterectomy and stenting, for asymptomatic carotid artery stenosis with a high risk of progression. The limitations of previous studies have resulted in different treatment guidelines for patients with asymptomatic carotid artery stenosis. Therefore, early evaluation and appropriate treatment of asymptomatic carotid artery stenosis are crucial. The best medical treatment has evolved from its loose definition in asymptomatic carotid artery trials and now encompasses different antiplatelet regimens (1). Dual antiplatelet therapy has demonstrated efficacy in reducing the recurrence of cerebral ischemia (2, 3). Evidence regarding the association between outcomes and type of dual antiplatelet regimen in patients with asymptomatic carotid artery disease is limited. Landmark trials of dual antiplatelet therapy in certain populations, including patients with asymptomatic carotid artery stenosis, have not been specifically evaluated. Additionally, the outcomes from randomized controlled trials may not accurately reflect real-world clinical practice. Data on the efficacy of dual antiplatelet efficacy are scarce. A large multicenter real-life study is currently at the ending point and preliminary results have shown substantial discrepancies from randomized controlled trials (4). Therefore, this study aimed to examine the efficacy and safety of cilostazol-based dual antiplatelet therapy in patients with ischemic stroke or transient ischemic attack and asymptomatic carotid artery disease.



Materials and methods


Study design

This retrospective cohort study was conducted between January 2018 and September 2022 at the Neurological Institute of Thailand, a tertiary care and referral center for neurological disorders.



Study participants

The participants in this study were individuals who had experienced their first-ever transient ischemic attack or acute ischemic stroke and asymptomatic atherosclerotic carotid artery stenosis, having at least 1 year of follow-up, were included in this study. A vascular neurologist (T. T.), and a geriatrician (C.P.) evaluated the medical records of these patients. Transient ischemic attack or ischemic stroke patients were adjudicated by consensus between the two investigators, and any discrepancies were excluded. Only patients whose eligibility was confirmed by both investigators were included in this study.

Patients were excluded from this study if they (1) had carotid artery disease from other mechanisms such as radiation-related carotid stenosis/occlusion, Takayasu disease, fibromuscular dysplasia; (2) received vitamin K oral antagonist or direct oral anticoagulant; (3) had underwent carotid endarterectomy or carotid artery stenting for asymptomatic carotid artery stenosis; (4) had moderate or severe intracranial atherosclerosis; (5) had cardiac arrhythmia or congestive heart failure.

Study participants were categorized into two groups: (1) patients who received cilostazol-based dual antiplatelet therapy and (2) those who received single antiplatelet therapy (Figure 1).

[image: Flowchart depicting the selection process for a study on ischemic stroke or TIA patients between January 2018 and September 2022 at the Neurological Institute of Thailand. Out of 4,362 patients, 927 with asymptomatic carotid artery stenosis were identified. Exclusions based on criteria such as intracranial atherosclerosis, lack of antiplatelet treatment, cardio-embolic stroke, anticoagulant indication, carotid procedures, and insufficient follow-up resulted in 516 participants. These were divided into dual and single antiplatelet groups, each with 157 patients, after propensity score-matched analysis.]

FIGURE 1
 Flow diagram of the study.




Data collection and definitions

The patients’ baseline characteristics included sex, age, baseline National Institutes of Health Stroke Scale (NIHSS), baseline ABCD2 score (the risk of stroke on the basis of age, blood pressure, clinical features, duration of transient ischemic attack, and presence or absence of diabetes), antiplatelet agent type, treatment duration, underlying disease, smoking, low-density lipoprotein cholesterol level (LDL-C), HbA1c level, radiographic data of carotid artery disease, medication non-adherence, and the Fazekas scale. We excluded patients with incomplete or incorrect data for the following variables: age, NIHSS, ABCD2, HbA1C level, LDL-C level, clopidogrel loading dose, and time to dual antiplatelet therapy.

Cilostazol-based dual antiplatelet therapy was defined as a combination of 200 mg/day of cilostazol and either aspirin 81–100 mg per day or clopidogrel (75 mg/day).

Single antiplatelet therapy was defined as aspirin 81–325 mg per day or clopidogrel 75 mg/day.

Medication adherence was monitored through electronic prescription refills, with non-adherence defined as the proportion of patients with a refill lag >1 month during follow-up over 1 year.

Achieved target blood pressure was defined as the proportion of patients with hypertension whose systolic blood pressure measured at each visit was <140 mmHg (<130 mmHg if diabetic) for >80% of the follow-up visits within 1 year.

Achieved target LDL-C level was defined as the proportion of patients with hypercholesterolemia with LDL-C levels measured at each visit <1.8 mmol/L for >80% of the follow-up visits within 1 year.

Achieved target HbA1c was defined as the proportion of patients with diabetes mellitus with HbA1c levels measured at each visit of <53 mmol/mol for >80% of the follow-up visits within 1 year.

Smoking cessation was defined as the proportion of smokers who discontinued tobacco smoking within 6 months of the onset of ischemic stroke/transient ischemic attack.

Asymptomatic carotid artery stenosis refers to stenosis in first-ever transient ischemic attack or acute ischemic stroke patients without neurological symptoms referable to the carotid arteries. Asymptomatic carotid artery stenosis was defined as the presence of atherosclerotic narrowing of the proximal internal carotid artery by ≥50% at the level of bifurcation.

Ischemic events were classified as recurrent ischemic stroke or transient ischemic attacks. Recurrent ischemic stroke was defined as the first episode of neurological deficit persisting for over 24 h, localized to previous asymptomatic carotid artery stenosis. Recurrent transient ischemic attack was defined as a focal and localizable (such as hemispheric neurological deficit) transient ischemic attack or monocular blindness persisting for less than 24 h, localized to a previous asymptomatic carotid artery stenosis.

Carotid artery stenosis can be diagnosed using either gadolinium-enhanced magnetic resonance angiography or contrast-enhanced computed tomographic angiography and measured using the North American Symptomatic Carotid Endarterectomy Trial (NASCET) (5) criteria.

Hemorrhagic complications were classified as major or minor. Major hemorrhage was defined as (1) life-threatening hemorrhage with or without any blood component transfusion, (2) hemorrhage requiring any blood component transfusion, and (3) hemorrhage in visceral/vital organs, such as intra-orbital hemorrhage, intracranial hemorrhage, or intraspinal hemorrhage. Minor hemorrhage was defined as any hemorrhagic event not meeting the criteria for major hemorrhage.

Death was defined as vascular-related death, such as myocardial infarction or stroke-related death.

Number of new ischemic lesions, which were defined as any new ischemic lesions apart from the index lesions on follow-up fluid attenuation inversion recovery using slice-to-slice comparison with the baseline diffusion-weighted imaging and fluid attenuation inversion recovery.



Efficacy outcomes

The primary efficacy outcome of this study was the first episode of composite recurrent ischemic events and vascular-related death. The secondary efficacy outcomes included the first occurrence of ischemic event recurrence, vascular-related death, and number of new ischemic lesions.



Safety outcomes

The primary safety outcome of this study was the occurrence of hemorrhagic complications such as intracranial hemorrhages or extracranial hemorrhages. Other secondary safety outcome was the occurrence of adverse events.



Statistical analyses

Propensity scores were estimated using a logistic regression model based on the study participants’ baseline characteristics. We matched the dual antiplatelet treatment group with the single antiplatelet treatment group in a 1:1 ratio using the nearest-neighbor matching method.

We calculated that a sample size of 516 patients would provide 80% power and thereby avoid a type 2 error to detect a 64% risk reduction in the dual antiplatelet treatment group, assuming an 11% event rate of the composite endpoint in the single antiplatelet group (6–8). This study’s sample size calculation formula was derived from a textbook (9). Categorical variables were reported as numbers (%), while continuous variables were reported as mean ± SD or median and interquartile range (IQR) as appropriate. Survival analysis for composite outcomes was estimated using Kaplan–Meier survival curves and compared using Cox regression analysis. Hazard ratios with 95% confidence intervals (CI) are reported. If multiple events of similar type occurred, the time to the first event was used in the model. A value of p less than 0.05 was considered significant. Statistical analyses were performed using SPSS for Windows (version 22.0; IBM Corp., Armonk, NY).




Results


Baseline characteristics of the study participants

Between January 2018 and September 2022, 4,362 transient ischemic attack or acute ischemic stroke patients were admitted to the stroke unit. 927 patients who had experienced their first-ever transient ischemic attack or acute ischemic stroke and asymptomatic atherosclerotic carotid artery disease were enrolled. This study excluded 64 (6.9%) patients who had moderate or severe intracranial atherosclerosis, 60 (6.5%) patients who had no antiplatelet treatment or received combination of aspirin plus clopidogrel, 43 (4.6%) patients who had cardio-embolic stroke, 25 (2.7%) patients who had indication for anticoagulants, 48 (5.2%) patients who had underwent either carotid endarterectomy or stenting, 120 (12.9%) patients who had follow up less than 1 year, and 38 (4.1%) patients who had congestive heart failure or cardiac arrhythmia. Nevertheless, none of the continuous variables were absent in the database. However, 13 patients were excluded due to the absence of radiographic data (Figure 1).

This single-center, tertiary care setting included 516 patients (Figure 1) with asymptomatic carotid artery stenosis (308 men and 208 women), with a median age of 64 years (Table 1). The baseline characteristics of the study participants are summarized in Table 1. Before propensity score matching, the proportion of patients with coronary artery disease was higher in the dual antiplatelet group. After propensity score matching, all imbalanced baseline characteristics between the study groups were well-balanced, eliminating significant differences.



TABLE 1 Demographic data of the study participants.
[image: A detailed table compares various characteristics between dual and single antiplatelet groups in overall and propensity score-matched cohorts. It includes metrics like gender percentage, age, body mass index, transient ischemic attack percentage, baseline NIHSS, ABCD2 score, hypertension, diabetes, hypercholesterolemia, medication non-adherence, chronic kidney disease, coronary artery disease, smoking, HbA1c, LDL-C levels, stenosis degree, and Fazekas scale, with corresponding p-values.]

Table 2 shows the types of antiplatelet treatments used by study participants. The median duration of the dual antiplatelet therapy was 6 months. In this study, 97(56.4%) patients received cilostazol plus clopidogrel, and 75(43.6%) received cilostazol plus aspirin.



TABLE 2 Types of antiplatelet treatments used by study participants.
[image: Table comparing characteristics of antiplatelet therapies in cohorts. Overall cohort: dual antiplatelet (172), single antiplatelet (344). Propensity score-matched cohort: dual (157), single (157). Lists combinations, dosing, time to start, and duration of therapy.]



Six month outcomes of dual antiplatelet treatment in propensity score-matched cohort

Table 3 shows the 6-month outcomes of dual antiplatelet therapy in the propensity score-matched cohort. Composite events occurred in six (3.8%) patients in the dual antiplatelet group compared with six (3.8%) patients in the single antiplatelet group (HR, 1.02; 95% CI, 0.94–1.11; p = 0.343). Recurrent ischemic events occurred in four (2.5%) patients in the dual antiplatelet group and three (1.9%) patients in the single antiplatelet group (HR, 1.28; 95% CI, 0.99–1.47; p = 0.149). Vascular-related death occurred in two (1.3%) patients in the dual antiplatelet group and three (1.9%) patients in the single antiplatelet group (HR, 0.76; 95% CI, 0.51–1.03; p = 0.094).



TABLE 3 Outcomes of dual antiplatelet therapy in propensity score-matched cohort.
[image: A table comparing dual and single antiplatelet therapy in ischemic stroke and related outcomes. It includes percentages of composite events, recurrent strokes, vascular-related deaths, and new ischemic lesions at 6 months and 1 year. Adverse events such as hemorrhages, dyspepsia, headaches, dizziness, and palpitations are also listed with their respective percentages and hazard ratios. Key p-values indicate statistical significance in some comparisons.]



One year outcomes of dual antiplatelet treatment in propensity score-matched cohort

Table 3 shows the 1-year outcomes of the dual antiplatelet therapy in the propensity score-matched cohort. Composite events occurred in 10 (6.3%) patients in the dual antiplatelet group compared with 12 (7.6%) in the single antiplatelet group (HR, 0.74; 95% CI, 0.61–0.90; p = 0.024). Recurrent ischemic events occurred in six (3.8%) patients in the dual antiplatelet group compared with seven (4.5%) in the single antiplatelet group (HR, 0.88; 95% CI, 0.71–1.05; p = 0.263). Vascular-related death occurred in four (2.5%) patients in the dual antiplatelet group and five (3.2%) in the single antiplatelet group (HR, 0.85; 95% CI, 0.69–1.02; p = 0.118). The number of new ischemic lesions was significantly lower in the dual antiplatelet group (HR, 0.88; 95% CI, 0.77–0.98; p = 0.032).



Adverse events of dual antiplatelet treatment in propensity score-matched cohort

Extracranial hemorrhage occurred in 12 (7.6%) patients in the dual antiplatelet group compared to nine (5.7%) in the single antiplatelet group (HR, 1.35; 95% CI, 1.13–1.48; p = 0.017). No intracranial hemorrhages were observed in this cohort.



Subgroup analysis of composite events and survival analysis of study participants

In the subgroup analyses, we compared the main outcomes between the dual and single antiplatelet groups according to sex, age, hypertension, diabetes mellitus, hypercholesterolemia, chronic kidney disease, coronary artery disease, smoking, and degree of carotid artery stenosis >70% (Figure 2). A reduced risk of composite events was observed in the presence of coronary artery disease, and the degree of stenosis was >70%. Figure 3 shows the survival analysis of the study participants based on the composite events.

[image: Forest plot showing hazard ratios comparing dual and single antiplatelet therapy across subgroups: gender, age, hypertension, diabetes mellitus, hypercholesterolemia, chronic kidney disease, coronary artery disease, smoking, and degree of stenosis. Each subgroup displays event numbers, hazard ratios, and p-values. The plot illustrates varying effects, with coronary artery disease and stenosis showing significant differences (p-values of 0.023 and 0.011, respectively), favoring dual therapy.]

FIGURE 2
 Subgroup analysis based on the composite events.


[image: Kaplan-Meier survival curve comparing single and dual antiplatelet treatments over 15 months. The green line represents dual antiplatelet therapy, and the blue line represents single antiplatelet therapy, with censored data indicated by marks. The dual therapy shows higher survival probabilities over time.]

FIGURE 3
 Kaplan–Meier curves showing overall survival among study participants based on composite events.





Discussion

In this single-center tertiary care setting, conducted with cilostazol-based dual antiplatelet therapy in patients with asymptomatic atherosclerotic carotid artery stenosis, dual antiplatelet therapy reduced composite events compared with single antiplatelet therapy. The incidence of hemorrhagic complications was higher in patients who received dual antiplatelet therapy for at least 1 year.

The incidence of recurrent cerebral ischemia was 3.8–4.5% in the study participants. However, the method of measuring the degree of carotid artery stenosis using the North American Symptomatic Carotid Endarterectomy Trial (NASCET) (5) or the European Carotid Surgery Trial (ECST) (10) affects the degree of stenosis, which also varies across different studies. A 50% NASCET stenosis equates to a 75% ECST, whereas a 70% NASCET stenosis equates to an 85% ECST (11). The proportion of patients with >70% carotid artery stenosis was approximately 25.5% in this study, potentially explaining why the event rate of ischemic stroke in this study was higher than that reported in other previously published studies (12–14).

This study included multiple vascular risk factors, such as hypertension, diabetes mellitus, hypercholesterolemia, and smoking. Carotid artery stenosis and coronary artery disease may share similar mechanisms owing to atherosclerosis. The presence of platelet-rich atheromatous plaques characterizes atherosclerosis. Therefore, dual antiplatelet therapy can halt atheromatous plaque formation and stabilize unstable atheromatous plaques (15, 16). However, combining it with antiplatelet therapy increased the risk of hemorrhagic complications during long-term clinical follow-up. These results align with those of a recently published study (17, 18).

In this study, all participants with asymptomatic carotid artery stenosis had a recent ischemic stroke or transient ischemic attack in the contralateral carotid territory. Contralateral ischemic stroke is associated with an increased risk of late stroke in patients with medically treated asymptomatic carotid artery stenosis (19). Current treatment approaches for asymptomatic carotid artery stenosis involve medication and lifestyle modifications (20–22). Vascular risk factor control requires time to show results, potentially resulting in a lower incidence of stroke during the follow-up period and supporting the effectiveness of dual antiplatelet therapy. In the dual antiplatelet group, patients with asymptomatic carotid artery stenosis achieved a target blood pressure of 75.4%, HbA1c of 83%, low-density lipoprotein cholesterol level of 75.7%, and smoking cessation rate of 81.1%. The combination of dual antiplatelet therapy and strict vascular risk factor control affected the composite events in this study. Cognitive impairment (23, 24) can indirectly affect patient outcomes, such as medication adherence and lack of stroke awareness. However, the participants in this study had lower Fazekas scale scores and a lower proportion of medication non-adherence.

The treatment of atherosclerosis is based on the use of oral antiplatelet agents. Aspirin is the most commonly used antiplatelet agent for treating asymptomatic carotid artery stenosis. However, evidence of aspirin’s use in asymptomatic carotid artery stenosis is significantly weaker (25, 26). Clopidogrel has not been studied in patients with asymptomatic carotid artery stenosis. Combining antiplatelets with different mechanisms is expected to be more effective than monotherapy in preventing the recurrence of ischemic stroke. Short-term dual antiplatelet treatment with aspirin and clopidogrel prevented recurrent ischemic stroke in acute non-cardioembolic ischemic stroke (27). In this study, 97(56.4%) patients received cilostazol plus clopidogrel; the efficacy of clopidogrel-based dual antiplatelet was shown in many previously published research (27–29). However, most randomized controlled studies have not specifically recruited patients with asymptomatic atherosclerotic carotid artery disease (25, 30, 31). The combination of cilostazol and another antiplatelet agent is expected to decrease stroke recurrence without increasing the risk of hemorrhagic complications. In recent studies (32, 33), cilostazol-based dual antiplatelet therapy is not beneficial in preventing recurrent stroke with extracranial atherosclerosis.

Currently, the optimal medical treatment approach for patients with asymptomatic atherosclerotic carotid artery disease remains unclear. Most primary prevention randomized controlled trials did not specifically recruit asymptomatic patients with carotid artery stenosis (34). Risk stratification is an important aspect of deriving benefits from antiplatelet treatment plans. In subgroup analyses, dual antiplatelet therapy may be beneficial in patients with coronary artery disease or a degree of asymptomatic carotid artery stenosis of >70%. Additionally, atherosclerosis may underlie the pathogenic mechanisms of both carotid artery and small-vessel diseases. Recently, a large prospective observational study (35) demonstrated that dual antiplatelet therapy can improve the outcomes of capsular warning syndrome, which is thought to result from thrombosis of the small arteries affected by atherosclerosis, and is considered the final stage in the progression of lacunar stroke.

This study has several strengths and limitations. The strength of this study is that it directly examined the association between dual antiplatelet efficacy and safety in patients with asymptomatic atherosclerotic carotid artery disease with long-term follow-up. However, this study has some limitations. First, all patients with ischemic stroke and transient ischemic attack received other secondary prevention medications such as antihypertensive, antidiabetic, and lipid-lowering agents. These agents may have affected the efficacy of the antiplatelet agents in the study participants. Second, patients with asymptomatic atherosclerotic carotid artery disease in this study had lower composite outcome rates. The number of outcomes in some subgroups cannot be interpreted as meaningful when divided into subgroups. Third, this study did not consider the potential influence of transient ischemic attack characteristics, which have been shown to be associated with a higher short-term risk of stroke. This is particularly significant given the results of large prospective cohort studies, which have demonstrated a strong association between recurrent ischemic events and a higher risk of stroke (35, 36). Fourth, owing to the retrospective study design and analysis of enrollment data, unmeasured bias or uncollected confounders may have existed. However, this limitation was addressed using a propensity score matching analysis. Finally, the outcomes of this study may need confirmation in a larger study population or randomized controlled study in the future.



Conclusion

Among patients with asymptomatic carotid artery stenosis, those who received dual antiplatelet therapy had a lower risk of composite events but a higher risk of minor extracranial hemorrhage than those who received single antiplatelet therapy.
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Introduction: Endovascular thrombectomy (EVT) and concomitant usage of intravenous alteplase (alteplase) in large vessel occlusion stroke may produce unwanted excess intracerebral hemorrhage (ICH). Whether this applies specifically to isolated occlusion of the M1 segment of the middle cerebral artery (MCA) is unknown.
Methods: A retrospective study from two tertiary thrombectomy centers. ICH was determined according to Heidelberg Bleeding Classification (HBC). Factors associated with the occurrence of ICH in EVT alone vs. EVT with alteplase were evaluated using logistic regression analysis. Factors related to the clinical outcome as determined with a modified Rankin scale (mRS) were investigated with univariate and adjusted multivariate logistic regression analysis. The interaction between clinical variables and the usage of alteplase on the occurrence of ICH was evaluated.
Results: Any ICH occurred in 156/457 (34.1%) patients Class 1a bleeding in 37 (8.1%), type 2 in 45 (9.8%) Class 1c in 22 (4.8%), Class 2 in 25 (5.5%), and Class 3 (extraparenchymal) in 27 (5.9%). ICH occurred in similar frequency between alteplase-treated patients vs. EVT alone (85/262 [32%] vs. 71/195 [36%]; OR 1.19 (95% CI 0.81–1.76). After adjustment, odds for clinical outcome were lower in ICH patients (OR 0.44 [95% CI 0.25–0.74]), p = 0.002). Higher ICH rate was associated with more EVT steps (p for interaction −0.005), and usage of only stent-retriever (p for interaction =0.005).
Conclusion: Utilization of alteplase alongside EVT for MCA M1 occlusion did not result in excessive ICH occurrences or clinical deterioration.
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 stroke; intracerebral hemorrhage; alteplase (rt-PA); mechanical thrombectomy (MT); modified Rankin scale (mRS)


Introduction

Endovascular thrombectomy (EVT) is a widely used treatment for acute anterior circulation occlusion, particularly in carefully selected patients. The procedure may be performed up to 24 h after the onset of symptoms and can be effective even in patients with large areas of ischemic core (1–4). Nevertheless, when the treatment is administered in the extended time window, there is a greater likelihood of intracranial hemorrhage (ICH) occurring (4). In the early time window (up to 6 h from symptom onset to groin puncture), EVT has been shown to have a number needed to treat (NNT) of only two patients to achieve a good functional outcome (5). Among all intracranial vessels, solitary middle cerebral artery (MCA) M1 occlusion impacts patients mostly, and from all solitary vessel occlusions, it is found to be the most frequent (28%) (6).

In the appropriate time window, alteplase is recommended as the first-line treatment for acute anterior circulation occlusion and should be administered before EVT when possible (7, 8). Intracranial hemorrhage (ICH), and particularly symptomatic ICH (sICH) are significant concerns associated with the use of alteplase. In all ischemic stroke patients, irrelevant of the presence of visible occlusion or not, up to 7% of patients receiving alteplase may experience sICH, which can have a detrimental effect on clinical outcomes (9, 10). The reperfusion of the affected brain region following EVT or alteplase treatment can increase the risk of ICH. It was shown that some types of ICH, especially PH-1 (that is, hematoma within the infarcted tissue occupying <30% without substantive mass effect) are more frequent when alteplase and EVT are concomitantly used (11). However, the occurrence of ICH is a complex process that is influenced by multiple factors, including the biological effects of alteplase on the coagulation system, reperfusion injury, and the disruption of the blood–brain barrier (12).

Known predictors for ICH after concomitant alteplase and EVT administration are higher initial National Institutes of Health Stroke Score (NIHSS), higher initial systolic blood pressure, diabetes mellitus, poor collaterals, internal carotid artery occlusion, longer procedure time, and passes of retriever >3, and modified thrombolysis in cerebral infarction score ≥ 2b was associated with a decreased risk of sICH (13).

It should be noted that the data used in the analysis were pooled for all vessels in the anterior circulation, and it is unclear whether these results can be generalized to isolated MCA M1 occlusion. Further research is needed to clarify this issue (11).

The aim of this study was to explore the relationship between alteplase administration, the occurrence of ICH, and the clinical outcomes in a large cohort of patients who underwent EVT for emergent MCA M1 occlusion. Utilizing real-world data from two tertiary centers during the contemporary era of EVT, we specifically aimed to address the following research questions:

	1. Does the use of alteplase correlate with an increased incidence of ICH, as classified by the Heidelberg Bleeding Classification, in cases of emergent MCA M1 occlusion?
	2. Are the administration of alteplase and the presence of different types of ICH associated with clinical outcomes following mechanical thrombectomy for MCA M1 occlusion?



Methods


Study design

This retrospective study took place in two comprehensive stroke centers located in Austria, Europe. The study design received approval from the local ethics committees in both centers. Informed consent was not required because the study was conducted retrospectively. Both centers keep ongoing records of all patients who undergo endovascular therapy (EVT) at their respective locations.



Selection criteria

We recruited patients who underwent EVT for emergent solitary M1 occlusion of MCA as seen on the first non-invasive angiographic imaging without any specific exclusion criteria prior to EVT. Patients without follow-up imaging within the first 36 h after EVT were excluded from the study.



Data collection

Patient’s demographic and clinical history, National Institutes of Health Stroke Scale (NIHSS), blood glucose level at admission, time data points, and administration of thrombolytic therapy with related data points were collected in both registries. Specifically, every effort was made to collect relevant data on the recent (within 48 h) intake of oral anticoagulation. The sources of data included (1) the patient, (2) the relatives, and (3) the medical records. The medical records in both centers were cross-referenced with medication pickup data from the pharmacy along with the withdrawal date. This strategy was employed to minimize the occurrence of missing or false-positive data. Imaging data points were obtained from initial triage imaging, where a brain computed tomography (CT) scan with CT angiography was used. The Alberta Stroke Program Early CT Score (ASPECTS) was evaluated by a noninterventionist neuroradiologist for each patient, using a diffusion-weighted-imaging sequence or CT scan (14). Treatment was performed in a dedicated neuro angiography suite with up-to-date equipment under conscious sedation or general anesthesia (GA) based on local practice. The initial angiogram allowed for occlusion site and collateral status assessment using the American Society of Interventional and Therapeutic Neuroradiology/Society of Interventional Radiology scoring system, where a score < 3 indicated poor collateral status (15). The EVT revascularization technique used either a stent retriever or a direct contact aspiration technique or a combination of both techniques, based on the discretion of the local operator. Recanalization results were evaluated using the modified Thrombolysis in Cerebral Ischemia (mTICI) score, where a score ≥ 2b at the end of the procedure indicated successful recanalization (15). Time from symptom onset to initiation of IV tPA (intravenous tissue-type plasminogen activator)/to groin puncture/to recanalization was recorded. Post-interventional imaging, primarily CT scans, conducted within 36 h was used to assess the presence of intracranial hemorrhage (ICH) with Heidelberg Bleeding Classification (HBC) (16). Any imaging performed after this 36-h window was not included in the evaluation. Per HBC, ICH is divided into three classes, comprising seven types: Class 1a = hemorrhagic infarction type 1 (HI-1), that is, scattered small petechiae, no mass effect; Class 1b = hemorrhagic infarction type 2 (HI-2), that is, confluent petechiae without mass effect; Class 1c = parenchymal hematoma type 1 (PH-1), that is, hematoma within the infarcted tissue occupying <30% without substantive mass effect; and HBC Class 2 = parenchymal hematoma type 2 (PH-2), that is, ICH within and beyond infarcted brain tissue occupying 30% or more of the infarcted tissue with obvious mass effect. ICH outside the infarcted brain tissue or intracranial-extracerebral hemorrhage was divided into parenchymal hematoma remote from infarcted brain tissue (HBC Class 3a), intraventricular hemorrhage (HBC Class 3b), subarachnoid hemorrhage (HBC Class 3c), and subdural hemorrhage (HBC Class 3d). After conducting a thorough examination (which included long-term monitoring available at each center, heart ultrasound in almost all patients, and vascular ultrasound), the stroke etiology was determined using the TOAST classification system (Trial of ORG 10172 in Acute Stroke Treatment) (17). A noninterventionist vascular neurologist or a clinical research associate with certified training in modified Rankin Scale (mRS) assessment conducted a clinical outcome assessment encounter at 90 days, which involved face-to-face interviews, and telephone conversations with the patient, their relatives, or their general practitioner. Poor clinical outcome was defined as an mRS score of ≥3.



Statistical methods

Categorical variables were presented as frequencies and percentages. Continuous variables were expressed as mean (standard deviation) or median (interquartile range [IQR]) for non-normally distributed data. The data distribution was assessed visually and through the Shapiro–Wilk test to determine if it was normally distributed. ICH presence was evaluated with Heidelberg bleeding classification and considered in total as “any ICH,” and grouped as symptomatic ICH (defined by the National Institute of Neurological Disorders and Stroke (NINDS) criteria) (18) vs. other types of ICH (Table 1). The association between baseline characteristics, such as demographics, medical history, and stroke event characteristics, with the occurrence of any intracranial hemorrhage was evaluated. Univariate analysis was performed using Fisher’s test or chi-squared test for binary and categorical data, and the Student’s t-test or Mann–Whitney test for continuous data. Variables with a value of p less than 0.10 were selected for the multivariable model. Age, anticoagulant use, prior use of alteplase, and history of diabetes mellitus were also included in the model based on prior hypotheses and biological plausibility.



TABLE 1 Intracerebral hemorrhage according to Heidelberg Bleeding Classification across treatment groups in the patients treated with endovascular thrombectomy for emergent M1 segment middle cerebral artery occlusion in two centers, N = 457.
[image: Table comparing hemorrhage occurrences among patients treated with Alteplase and EVT (Endovascular Therapy), EVT-only, and overall. Variables include any hemorrhage, symptomatic hemorrhage, and hemorrhage class and type. The table provides counts and percentages, odds ratios with confidence intervals, and p-values. Hemorrhage classes include HI-1, HI-2, PH-1, PH-2, and extra-parenchymal. The overall sample size is four hundred fifty-seven, with two hundred sixty-two for Alteplase and EVT, and one hundred ninety-five for EVT-only. The table highlights significant differences, with p-values indicating statistical significance.]

To handle missing values in the predictors, a multivariable imputation technique known as the “chained equation” method was employed. Continuous variables were imputed using predictive mean-matching, binary variables were imputed using logistic regression, and categorical variables were not imputed. Since less than 10% of the data were missing, five imputed datasets were generated. All results presented are from the pooled dataset. We used variance inflation factor to detect multicollinearity in a regression model. The value >5 was considered problematic. A backward selection approach was used to develop the prediction model using the Akaike information criterion on each of the imputed datasets. Predictors that appeared in at least half of the models were selected for the final model. Statistical environment R v. 4.2.2 was used for analysis, and p < 0.05 was used as statistically significant (19).




Results

A total of 636 patients were treated due to large vessel occlusion (LVO) at the study center Linz in the period 2018–2020 (both inclusive). Of them, 219 were treated for MCA M1. At the Salzburg site, we included patients in the range 2015–2020 (both inclusive), where a total of 560 patients were treated with EVT due to LVO, of them 238 for MCA M1 occlusion, therefore, 457 patients were treated for isolated MCA M1 occlusion in both centers during the study periods (Supplemental Figure 1).


Clinical outcome

A total of 395 patients has available 90-day mRS assessment. Good clinical outcome (mRS 0–2) was observed in 192 (48.7%). One hundred sixty patients (41%) were male. The median age was 77 [interquartile range (IQR) 66–83] years.

Good outcome was associated with lower age (72 vs. 80 years of age, p < 0.001), absence of arterial hypertension (86/203 [42%] vs. 59/192 [31%], p = 0.016), absence of diabetes (93/192 [48%] vs. 132/203 [65%], p < 0.001), absence of atrial fibrillation (15/192 [7.8%] vs. 29/203 [14%], p = 0.041), absence of oral anticoagulation (OAC) intake prior to intervention (5/192 [2.6%] vs. 20/203 [9.9%], p = 0.003), lower glucose level at admission (118 vs. 126 mg/dL, p < 0.001), lower NIHSS at admission (15.0 vs. 18.0, p < 0.001), lower presence of symptoms at awakening (34/192 [18%], vs. 58/203 [29%]), lower procedure time (35 vs. 54 min, p < 0.001), higher ASPECTS (>6) (176/191 [92%] vs. 169/199 [85%], p = 0.026), good leptomeningeal collaterals (130/192 [68%], vs. 109/197 [55%], p = 0.012), higher frequency of aspiration only EVT device usage (99/179 [55%] vs. 69/178 [39%], p = 0.005), lower number of EVT steps (1 vs. 2, p < 0.001), better mTICI outcome (2b-3 vs. 0–2a) (180/92 [94%] vs. 157/203 [77%], p < 0.001), absence of HI-2 type of ICH (14/192 [7.3%] vs. 26/203 [13%], p = 0.015) and absence of any type of hemorrhage (146/192 [76%] vs. 120/203 [59%], p < 0.001), all comparisons for good vs. bad clinical outcome (Supplementary Table 1).

When the association of variables was examined with univariate logistic regression, the patients with ICH (N = 266) had a lower rate of a good outcome, 46/129 (35.6%) vs. 146/266 (54.8%), OR 0.46 (0.29–0.70), p < 0.001 (Figure 1). Among the ICH patients, symptomatic ICH had the worst clinical outcome; only 2 (1.1%), OR 0.19 (0.03–0.71) achieved a good outcome (Table 2).
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FIGURE 1
 The outcome measured by the modified Rankin Scale at 90 days after thrombectomy for M1 segment middle cerebral artery occlusion, stratified by the presence of any intracranial hemorrhage after 08–36 h, in 395 patients.




TABLE 2 Multivariate logistic regression analysis on 395 patients for good clinical outcome [assessed by modified Rankin Scale (mRS) at 3 months, good outcome: 0–2], treated with endovascular thrombectomy due to emergent M1 segment middle cerebral artery occlusion at two centers.
[image: Table displaying the association of various characteristics with the outcome of mRS 0-2. It includes groups: No ICH (146 out of 266), ICH (46 out of 129), and Symptomatic (2 out of 18). Each provides OR 95% CI and p-values. Further sections detail subcategories under ICH: HI Total (27 out of 70), PH Total (11 out of 35), and Extraparenchymal (8 out of 24), with respective statistical data. Definitions: CI, confidence interval; ICH, intracerebral hemorrhage; HI, hemorrhagic infarctions; PH, parenchymal hematoma.]

After adjustments for age, OAC, glucosis per mg/dl increase, NIHSS at admission, per point increase, presence of known time for onset of symptoms, more than the score 6 on ASPECTS, number of EVT steps performed, and EVT outcome, any ICH was significantly associated with less odds for a good outcome, aOR 0.44 (0.25–0.74), p = 0.002 (Table 2).



Radiological outcome

ICH occurred in 156/457 (34%) of patients. PH-1 was significantly less present in patients with alteplase (6/262 [2.3%] vs. 16/195 [8.2%], p = 0.007, for those with alteplase vs. only EVT group). In univariate logistic regression analysis, odds for PH-1 were higher for patients taking OAC (OR 3.51 [0.96–10.2], p = 0.033), and with a higher number of EVT steps performed, (2 [IQR 1–3] vs. 1 [IQR 1–3] [no PH-1], OR 1.25 [1.00–1.52], p = 0.035).



Alteplase in MCA M1 occlusion

The alteplase was administered in 262 (57%) patients. The patients treated with alteplase were significantly younger (76 vs. 79, p = 0.004) and male (47% vs. 69%, p = 0.013). Atrial fibrillation (AFib) was present or detected in 170 (37%) of patients and more common in those not treated with alteplase (89/195 [46%] vs. 81/262 [31%], p = 0.001). Patients with AFib were more common in older individuals (80 vs. 73 years of age, p < 0.001) and in women (109/170 [64%] vs. 61/170 [36%], p = 0.041). They also exhibited a higher frequency of OAC and direct anticoagulation (DOAC) usage (25/170 [15%] vs. 5/287 [1.7%] and 44/170 [26%] vs. 2/287 [0.7%] for OAC vs. DOAC, respectively, p < 0.001 for both).

The patients with atrial fibrillation (AFib) also experienced a less favorable outcome at 3 months, with 41% (59 out of 145) compared to 53% (133 out of 250) in the non-AFib group (p = 0.016). The alteplase-treated group showed a higher frequency of a history of previous ischemic stroke (18% vs. 12%, p = 0.048). Additionally, the intake of OAC and DOAC was lower in the alteplase group, both for patients with a history of OAC (2.7% vs. 12%) and those with a history of DOAC (4.2% vs. 18%), both p < 0.001.

Despite these differences, the alteplase group demonstrated a better good outcome at 3 months (64% vs. 52%, p = 0.023). The presence of any intracranial hemorrhage (ICH) and parenchymal hematoma (PH-2) did not differ between the groups. However, there were numerically more hemorrhagic infarctions type 2 (HI-2) in alteplase-treated patients (11% vs. 7.7%).

Several factors were identified as interacting with alteplase, resulting in higher ICH rates in patients treated with both alteplase and endovascular therapy (EVT). These factors included a history of OAC intake (aOR 10.6 [2.09–70.9] vs. aOR 1.64 [0.59–4.39], p for interaction = 0.007), the number of EVT steps (aOR 1.30 [1.09–1.56] vs. aOR 1.24 [1.02–1.51], p for interaction = 0.005), and the usage of only stent-retriever (aOR 4.22 [1.46–8.62] vs. aOR 0.53 [0.16–1.60], p for interaction = 0.005; Supplementary Tables 1, 3).




Discussion

This two-center contemporary retrospective study shows that in the event of emergent solitary MCA M1 occlusion and after EVT treatment: (1) More than one-third of patients (34%) developed any ICH; (2) concomitant treatment with alteplase is not associated with overall ICH frequency; and (3) after adjustment for confounding factors, clinical outcome was worse in the event of ICH.

Several randomized and observational studies investigated whether alteplase with EVT conjures higher ICH risk.

The study by Hu et al. included 591 patients from the DIRECT-MT trial, and they reported intracranial hemorrhage (ICH) based on Heidelberg Bleeding Classification (HBC) (11). The MCA M1 segment was involved in about 51.7% of patients. The overall occurrence of ICH was 43.0%, with symptomatic ICH (sICH) accounting for 5.4%. In our population, the rate of ICH was smaller than in Hu et al.’s study. The frequency of hemorrhagic infarction and parenchymal hematoma was similar between the two studies, but the association with clinical outcomes differed. The use of alteplase in Hu et al.’s study showed a significant association with PH, unlike in our study where the absence of alteplase was associated with PH. Similar to our study presence of ICH and sICH was associated with less odds for a good outcome as measured by mRS (0–2); however in contrast with Hu et al. study, we did not found an association of HI or PH with clinical outcome.

The DEVT Randomized clinical trial, investigating alteplase simultaneously with EVT in 239 patients, found a similar occurrence of sICH in EVT alone vs. alteplase + EVT groups (20). The SKIP randomized trial (204 patients) compared alteplase + EVT with EVT alone, favoring EVT alone based on a lower rate of ICH (21).

Results from the MR CLEAN–NO IV trial and a randomized study by Fischer et al. favored alteplase + EVT (22, 23). Mitchell et al. reported that EVT + alteplase was non-inferior to EVT alone (24). Boisseau et al.’s multicenter registry (1,316 patients) found parenchymal hematoma to be associated with a lower rate of favorable outcomes and increased mortality (25). Zhang et al.’s observational study (629 patients) identified various predictors of sICH but did not find alteplase to be a significant predictor (26).

The referenced randomized trials showed in the majority non-inferiority of combination therapy and most of them reports no significantly higher frequency of ICH combination therapy. The differences regarding primary outcome – non-inferiority of EVT alone, between the studies are most likely explained by a combination of various factors, including ethnicity, sample size, prior use of antiplatelet or anticoagulation therapy, and the duration between onset of symptoms and intravenous alteplase administration.

Above mentioned reports have a variable frequency of MCA M1 occlusion in patients treated with EVT, ranging from 51% up to 83%. Most comparable to our results is, therefore DEVT study, where indeed sICH occurred in marginally smaller proportion to our results 6.1% vs. 3.6% for EVT alone and, 6.8% vs. 5.3% for EVT + alteplase (20). Frequency of sICH, when compared with other studies using HBC methodology, showed lower rates in comparison (DIRECT-MT 5.4%, DEVT 6.5%, and MR CLEAN–NO IV 5.6%) vs. 4.6% (11, 20, 22). The smaller number in our population is coming from the fact that we did not include ICA and M2 occlusions that could have more propensity for later hemorrhagic transformations. ICA occlusion alone or in combination with distal occlusions after EVT with and without alteplase is reported to have 8.5% sICH frequency, which is higher than any study reported above (27). M2 occlusion treated with EVT could have sICH rate of up to 10% (28, 29). Such high rates, as pointed by authors, probably arise due to technical issues during EVT in small-caliber vessels (29). This discrepancy could explain lower rate of ICH in our cohort.

Our study did not show a higher frequency of PH in the alteplase group, as in Hu et al., on the contrary, the absence of alteplase raised the frequency of PH, which can probably be explained by a higher number of patients treated with OAC and higher number of EVT steps in these cases.

According to results from our interaction analysis, in the event of a patient having a history of taking OAC, the alteplase usage is associated with the occurrence of ICH. These results could warrant caution of applying alteplase to patients having an OAC history, therefore, EVT alone should be the treatment of choice for these patients. However, our data is small in numbers and large in confidence intervals, therefore, no firm conclusion can be drawn. We could also not corroborate findings from previous interaction analysis where additional factors such are diabetes, hypertension, antiplatelet therapy, and statin administration were found to have interactions with alteplase leading to a higher frequency of ICH (Hu et al.). Again, as mentioned above, study type and different vessels probably contributed to significant discrepancies between our studies.

According to our experience, HBC is feasible to apply and could emerge as the preferred methodology in future studies, facilitating comparison between studies.

The limitations of our study are its retrospective design, however, we included patients from two centers in the contemporary period of EVT. Around 10% of patients were without information for 3-months outcome, limiting our prognostic conclusions.



Conclusion

Based on our results, considering all limitations, we can conclude that in the event of solitary MCA M1 occlusion, alteplase is not associated with ICH and may be safe to apply.
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Background and purpose: Significant differences in the outcomes observed in patients with acute ischemic stroke (AIS) have led to research investigations for identifying the predictors. In this retrospective study, we aimed to investigate the relationship of different clinical and imaging factors with the prognosis of AIS.
Materials and methods: All clinical and imaging metrics were compared between the good and poor prognosis groups according to the modified Rankin Scale (mRS) score at 90 days after discharge. Clinical factors included gender, age, NIHSS scores at admission, and other medical history risk factors. Imaging markers included the lesion’s size and location, diffusion, and perfusion metrics of infarction core and peripheral regions, and the state of collateral circulation. Spearman’s correlations were analyzed for age and imaging markers between the different groups. The Chi-square test and Cramer’s V coefficient analysis were performed for gender, collateral circulation status, NIHSS score, and other stroke risk factors.
Results: A total of 89 patients with AIS were divided into the good (mRS score ≤ 2) and poor prognosis groups (mRS score ≥ 3). There were differences in NIHSS score at the admission; relative MK (rMK), relative MD (rMD), relative CBF (rCBF) of the infarction core; relative mean transit time (rMTT), relative time to peak (rTTP), and relative CBF (rCBF) of peripheral regions; and collateral circulation status between the two groups (p < 0.05). Among them, the rMK of infarction lesions had the strongest correlation with the mRS score at 90 days after discharge (r = 0.545, p < 0.001).
Conclusion: Perfusion and diffusion metrics could reflect the microstructure and blood flow characteristics of the lesion, which were the key factors for the salvage ability and prognosis of the infarction tissue. The characteristics of the infarction core and peripheral regions have different effects on the outcomes. Diffusion of infarction core has strong relations with the prognosis, whereas the time metrics (MTT, TTP) were more important for peripheral regions. MK had a more significant association with prognosis than MD. These factors were the primary markers influencing the prognosis of cerebral infarction patients.
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Introduction

Acute ischemic stroke (AIS) is one of the common causes of death and disability worldwide (1). The recurrence rate is also high, which greatly reduces the patient’s quality of life. Many stroke survivors continue to experience dysfunction or long-term negative effects despite continuous rehabilitation (2). Therefore, stroke is a significant health problem and a financial burden on society (3). Prognostic prediction of AIS is essential to help patients and caregivers set appropriate clinical plans and monitor treatment during recovery and adaptation. In recent years, the mRS score has been used to evaluate neurological functional status after stroke (4), which can reflect characteristics of stroke recovery that are directly relevant to patients’ daily activities (5). Yet, it is challenging to predict neural function after an ischemic stroke. There are some potential indicators for long-term outcomes, such as age (6) and NIHSS score (4).

Magnetic resonance imaging (MRI) is commonly used for the diagnosis and evaluation of ischemic stroke, in which diffusion-weighted imaging (DWI) is particularly sensitive to reveal the range of cytotoxic edema (7, 8). Diffusion kurtosis imaging (DKI) complements the directionality of molecular diffusion (9). Both DWI and DKI could reveal the microstructure characteristics of the brain tissue (10). The lesion size obtained by DWI is an independent risk factor for the clinical outcome (11). Previous studies have shown that MD and MK closely relate to the necrotic regions at follow-up (12, 13). In addition, PWI provides the hemodynamic status of the infarct lesion and surrounding tissues. It can detect the severity and extent of the impaired perfusion for both the ischemic core and the surrounding brain regions (14, 15). Previous research has demonstrated a strong correlation between impaired brain perfusion and stroke recurrence and functional outcomes (16). MRA results can be used to evaluate the feeding artery of the lesion and can reflect the status of collateral circulation. Studies have found that the status of collateral circulation at the distal end of the lesion is significantly correlated with different prognoses (17).

This study aimed to investigate the correlation between the characteristics of an infarction, including the clinical and imaging features with its neurological outcome at the follow-up to explore the key factors in predicting the prognosis of an ischemic stroke.



Methods


Patients and groups

AIS patients admitted to the Tianjin First Central Hospital were recruited for the study. All patients had an apparent onset of neurological impairment (communication dysfunction, unilateral face or limb numbness, etc.). Acute cerebral infarction was confirmed by the admission MRI scan, which included T1WI, T2WI, DWI, DKI, Magnetic Resonance Angiography (MRA), and perfusion-weighted imaging (PWI). The clinical history, including demographics, risk factors, neurological evaluation, and NIHSS score (18), was collected. The NIHSS score ranged from 0 to 42, where 0–1 was defined as normal or nearly normal; 2–4 was considered mild; 5–15 was considered moderate; 16–20 was considered moderate–severe and 21–42 was defined as a severe stroke (19). The exclusion criteria were small lesions (minimum diameter < 10 mm), bilateral lesions, intracranial hemorrhage or lesions, craniocerebral trauma or surgery history, and endovascular or intravenous thrombolytic therapy.

During the study period, 250 AIS patients were collected. Of them, 161 patients were excluded due to other intracranial space occupation or history of craniocerebral surgery, bilateral cerebral infarction (62 patients), and the maximum diameter of DWI high signal <10 mm. Finally, 89 patients were enrolled in the present study (Figure 1). After 3 months of admission, the mRS score was assessed and used as an indicator of the prognosis of AIS (20), with mRS ranging from 0 (asymptomatic) to 6 (death). For the patients with mRS Score between 0 and 2, it indicated that the patients could live independently, while the patients with mRS Score higher than 2 would need different degrees of help from others (21–23). Therefore, 89 patients were divided into two groups: the good prognosis group and the poor prognosis group. The good prognosis was defined as mRS score ≤ 2, and the poor prognosis was defined as mRS score ≥ 3 at 90 days after discharge. Their demographic characteristics are shown in Table 1.

[image: Flowchart depicting patient selection for a study. Initially, 250 patients with acute ischemic stroke underwent MR examination. Seven were excluded due to surgical history or other intracranial space occupation. From 243 patients with infarction, 92 with small lesions were excluded. Of 151 patients with large lesions, 62 with bilateral lesions were excluded, resulting in 89 patients finally included.]

FIGURE 1
 Flow chart of patients’ enrollment and exclusion processes.




TABLE 1 The demographic, clinical and imaging features in different groups of patients (mean ± SD).
[image: Table comparing clinical risk factors and imaging metrics of infarction lesions between patients with good and poor prognosis. Includes data on age, gender, NIHSS score, hypertension, diabetes, smoking, drinking, previous stroke history, lesion size, and types. Statistical significance levels are marked with asterisks: *P<0.05, **P<0.01, ***P<0.001. Correlation coefficients are provided with r and P values.]



MR protocol

All MRI examinations (including T1WI, T2WI, DWI, DKI, MRA, and PWI) were performed using a 3 T Siemens Trio imager with a 32-channel head coil (Siemens Healthineers, Erlangen, Germany). The DWI was performed using a single-shot echo-planar sequence with repetition time (TR)/echo time (TE) = 5,000/93 ms, field of view (FOV) = 221 × 211 mm2, matrix = 183 × 384, axial slices (number/thickness/gap) = 20/5.0 mm/1.25 mm, and three diffusion directions with two b values (0, 1,000 s/mm)2; DKI was performed using a multi-band echo-planar sequence with TR/TE = 3,000/95 ms, FOV = 230 × 230 mm2, matrix = 183 × 384, axial slices (number/thickness/gap) = 20/5.0 mm/1.25 mm, and 20 diffusion directions with three b values (0, 1,000, 2,000 s/mm)2. PWI was collected after the injection of intravenous contrast agent, TR/TE = 1,480/32 ms, FOV = 230 × 230 mm2, axial slices (number/thickness/gap) = 20/5 mm/1.25 mm; MRA sequence was performed using TOF-3D technology, TR/TE = 27/3.59 ms, FOV = 230 × 230 mm2, slice thickness = 0.7 mm; total scan time for the imaging protocol was about 15 min.



Data processing

The DKI data were converted to the NIfTI format and then processed for motion correction, eddy current correction, and Gaussian smoothing noise reduction (FMRIB Software Library, http://www.fmrib.ox.ac.uk/fsl/). The mean diffusivity (MD) and mean kurtosis (MK) maps were derived from diffusional kurtosis estimator software.1

The PWI data were post-processed by Siemens “Neuro Perfusion” software package to obtain the mean transit time (MTT) (s) and the time to peak (TTP) (s), cerebral blood flow (CBF) (ml/min/100 g), and cerebral blood volume (CBV) (ml/100 g).



Infarction lesions, peripheral regions, and collaterals evaluation

The volume of the lesions was obtained by the area of all slices multiplied by the slice thickness. All other imaging metrics of infarction lesions and peripheral regions were measured at the maximum slice of the lesions.

The lesions were delineated in MRIcron software, and the ROI of the maximum slice was saved and copied to the DKI and PWI maps to obtain MD, MK, MTT, TTP, CBF, and CBV values. In addition to the acute infarct lesions, the ROI were also flipped to the opposite side to obtain the above metrics of the contra-lateral normal brain regions. The relative metrics of diffusion and perfusion were the ratio between the lesion’s values and the contra-lateral normal values, referred to as the rMTT, rTTP, rCBF, rCBV, rMD, and rMK of the infarction lesions.

Besides the characteristics of the infarction lesions, the relative metrics (rMTT, rTTP, rCBF, rCBV, rMD, and rMK) of the peripheral regions outside the infarction were also measured. The ROI of the peripheral region would be within the 2 cm outside the lesions and at the same blood supply region of the infarction.

The MRA vessels distal to the occlusion were evaluated as an indication of leptomeningeal collateral supply to the ischemic area. Compared to the contra-lateral normal cerebral hemisphere, a 3-point grading scale was used (0 = none/poor, 1 = fair, 2 = good/normal) (24).



Statistical analysis

Statistical analysis was performed using the Statistical Product and Service Solutions software (SPSS, Chicago, Ill). Medcalc and GraphPad Prism 82 software packages were used for graph rendering. All clinical and imaging metrics were compared between the good and poor prognosis groups. Student’s t-test or Mann–Whitney U-test was used for continuous variables with a normal or nonnormal distribution, and the Chi-square test was used for categorical variables. Continuous variables included age, lesion size, rMTT, rTTP, rCBF, rCBV, rMD, and rMK of infarction lesions and peripheral regions. Categorical variables included gender, history of hypertension, diabetes, smoking, drinking, previous stroke, NIHSS score, and grading of collateral circulation. Spearman’s correlations were determined between age, imaging markers, and different prognoses. The chi-square test and Cramer’s V coefficient were determined between gender, all risk factors, NIHSS score, grading of collateral circulation, and different prognoses. The ROC curve was used to compare the predictive efficacy of clinical and imaging metrics on the prognosis of the infarction, and the area under the curve (AUC) was calculated. p < 0.05 was considered a significant difference.




Results

A total of 250 patients with AIS were collected, among which seven cases with surgery or intracranial lesions, 92 cases with small lesions, and 62 cases with bilateral lesions were excluded. Finally, 89 cases (68 males, 21 females; mean age 61.9 ± 9.7 years, age range 37–80 years) were included. A flow chart of the patient inclusion process in the study is depicted in Figure 1. The NIHSS score of all patients was assessed on admission (mean score 4.876 ± 3.867, score range 0–16). Meanwhile, 41 cases were diagnosed as mild stroke by the neurologist, 33 as moderate stroke, 2 as moderate to severe stroke, and the remaining 13 patients had no significant neurological impairment. The collateral circulation status evaluated by MRA was grade 0 in 38 cases, grade 1 in 33 cases, and grade 2 in 18 cases. At 90 days after discharge, 42 patients had a good prognosis and 47 patients had a poor prognosis. The demographic and clinical features of all patients in the two groups are shown in Table 1.

All 89 patients completed imaging examinations successfully. DWI images showed high signal in all cases, and most cases showed low signal lesions on MD images, high signal lesions on MK images, increased MTT, TTP, and decreased CBF. In some cases, MK and MD images showed heterogeneous signals, and CBF changes were not obvious. These patients without significant imaging changes (MK, MD, and CBF) had a better prognosis. Two typical cases are shown in Figure 2.

[image: MRI brain scans in two rows labeled A and B, each with seven images. The labels underneath are DWI, MD, MK, CBF, CBV, MTT, and TTP. Each row displays different imaging modalities, showcasing varied color patterns and contrasts.]

FIGURE 2
 Two representative cases with acute ischemic stroke. (A) A 56-year-old man with left limb numbness for 3 days. The lesion adjacent to the right basal ganglia showed a low MD, high MK lesion, with a large area of increased MTT, TTP and decreased CBF. The admission NIHSS score was 3, 90-day mRS score was 4, indicating a poor prognosis. (B) A 62-year-old man with dysarthria for 2 h. The lesion at the left frontal cortex showed heterogeneous low MD, high MK, CBF, MTT, and TTP changes were not noticeable. The admission NIHSS score was 10, 90-day mRS score was 1, indicating a good prognosis.



Relationship between clinical features and the prognosis

Clinical information included age, gender, risk factors (hypertension, diabetes, previous stroke, smoking, and drinking history), and NIHSS score. As shown in Table 1, age and all history risk factors did not differ significantly with different prognoses. The prognosis of males was worse than that of females (p = 0.04). In addition, there was a significant positive correlation between NIHSS score and different prognoses (r = 0.384, p < 0.001). Despite having a weak correlation with prognosis, gender cannot be used as an independent indicator of prognosis, among all clinical features.



Relationship between imaging features of infarction lesions and the prognosis

Infarction was categorized into cortical, subcortical, basal ganglia, and subtentorial based on the locations and blood supply. Other imaging features included lesion size, normalized diffusion (rMD and rMK), perfusion metrics (rMTT, rTTP, rCBF, and rCBV), and collateral circulation status. As shown in Table 1, lesion size and the types of cerebral infarction did not differ significantly with different prognoses. The other imaging metrics were statistically different between the two prognosis groups. rMK (r = 0.545, p < 0.001), rMD (r = −0.449, p < 0.001), and rCBF (r = −0.348, p < 0.001) were significantly correlated with functional prognosis, rMTT (r = 0.261, p = 0.01), rTTP (r = 0.325, p = 0.001), and rCBV (r = −0.268, p = 0.008) were correlated with functional prognosis.

In addition, different collateral circulation status also showed a significant correlation with prognosis (r = 0.477, p < 0.001).



Relationship between imaging features of peripheral regions and the prognosis

As shown in Table 1, The diffusion characteristics (rMD and rMK) of the peripheral regions were not significant to the outcomes (Both p > 0.05). The rCBF of peripheral regions was mildly significant to the prognosis (r = −0.278, p = 0.011), but the time metrics (rMTT, rTTP) of peripheral regions showed more significant to the final prognosis (r = 0.329, p = 0.003 and r = 0.332, p = 0.002, respectively). The rCBV of peripheral regions showed no significance to the prognosis (r = −0.125, p = 0.263).



The efficiency of clinical and imaging metrics in predicting the prognosis

In all clinical and imaging metrics, the NIHSS score, rMD, rMK, rCBF of infarction lesions, and collateral circulation were most significantly correlated with the prognosis (p < 0.001). The ROC curves of these key markers in predicting the prognosis are presented in Figure 3. Areas under the curve of NIHSS score, rMD, rMK, rCBF, and collateral circulation were 0.701, 0.759, 0.815, 0.704, and 0.697, respectively.

[image: ROC curve graph displaying True Positive Rate versus False Positive Rate. Multiple curves represent different metrics: rCBF (blue), rMD (green), rMK (red), Collateral circulation (orange), and NIHSS score (brown) of infarction lesions.]

FIGURE 3
 The predictive efficiency of different metrics for the prognosis of strokes.





Discussion

AIS is one of the leading causes of disability and a significant cause of mortality among adults (25). The prevalence of AIS is high, and the annual incidence is steadily increasing, bringing a severe burden to patients and society. Therefore, early diagnosis, prognosis assessment, and treatment are essential.

Magnetic resonance imaging (MRI) is a commonly used diagnostic tool for stroke in the clinical setting (15). Imaging indicators are critical and can provide detailed information about the lesions. The prognosis of AIS is highly correlated with the imaging markers. The DWI sequence is widely used in the diagnosis of early cerebral infarction, and it is especially sensitive for detecting the location of cerebral infarction and the size of necrotic lesions in brain tissue (26). In addition to DWI, PWI can non-invasively and intuitively reflect the degree of cerebral blood flow perfusion attenuation. The changes in its perfusion indicators are consistent with the pathophysiological process of cerebral ischemia. PWI can detect a decrease in blood perfusion before DWI detects a cerebral infarction and can be used to assess perfusion improvement before and after cerebral ischemia treatment. Hence, PWI has clinical utility in the early detection and prognosis assessment of cerebral ischemic events (27).

DKI is a kurtosis imaging technology based on DWI and diffusion tensor imaging (DTI), and kurtosis is a statistical metric for quantifying the non-Gaussianity of a probability distribution (10). In normal tissues, the movement of water molecules usually deviates from Gaussian distribution due to the restrictions of the cell membrane and organelle membrane. Different physiological environments have different degrees of deviations from Gaussian distribution, and DKI technology can detect the deviation degree through high b values of diffusion gradients. A more significant deviation leads to a higher MK value. Therefore, the MK value can reflect the restricted degree of movement of water molecules in tissues, and thereby obtain information on subtle structural changes. Previous DKI studies on acute cerebral infarction have found higher MK and lower MD in infarction foci (28, 29). Although various parameters could be obtained from DKI, only MK and MD were mainly used in patients with AIS. Previous studies have shown that AK, RK, and other parameters are insufficient, and MK is the best evaluation parameter for ischemic lesions (30).

Various independent factors influence the prognosis of acute cerebral infarction. Numerous clinical metrics, including the patient’s age, onset time, symptoms, type and size of infarct lesions, concurrent diabetes and other disorders, as well as various treatment options, could affect the prognosis of patients (31, 32). The NIHSS score is frequently employed in the clinical setting to directly reflect patients’ neurological injury status. And the NIHSS score at admission was found to be correlated with the prognosis in this study; while other clinical information was not found to be significant when analyzed as independent variables. Zheng et al. (33) performed multiple evaluations of the NIHSS score after the onset of the disease and found a strong correlation between the NIHSS score at 7 days after the onset and the long-term prognosis of the patients. For imaging metrics, perfusion metrics that reflect the blood flow status of the infarct tissue are correlated with prognosis. In addition, other factors such as cell tolerance to ischemia and the presence or absence of penumbra may also affect the prognosis of patients. Due to the limitation of the examination technique, the mismatch between DWI and PWI cannot obtain the true penumbra, so the correlation between the penumbra condition around the lesion and different prognosis was not performed in this study. For the status of collateral circulation around the lesion, we found a significant correlation between it and prognosis, which is also consistent with some studies. The MK and MD metrics have a higher correlation with the prognosis and are apparent indicators of the degree of cell ischemia. They can indicate the swelling status of the cells in the infarct tissues after ischemia. The MK value has higher sensitivity and specificity than the MD value for predicting a patient’s prognosis. The inability of MD to fully capture structural complexity may be because it is influenced not only by tissue complexity but also by molecule concentration and other factors (9). Other studies also confirmed that MK has more specificity in determining tissue microstructural changes than MD (34).

Different cerebral infarction types and blood supply regions might have different sizes of infarction, as well as distinct imaging appearances and prognoses, which could be related to variations in local structure, blood supply, and peripheral circulation (35). However, our study did not find significant differences in prognosis among different types of cerebral infarctions, which may be due to the dependence of infarction types on other factors, particularly infarct size at admission.

This study had several limitations. First, the sample size was small. Due to the complexity of the clinical factors, the exclusion criteria were strict. For practical reasons, we could only include the lesions with diameter > 1 cm in the study, which might cause a bias in the results. Hence, large sample and multi-center studies are required. Second, the MRI examinations were performed on the second or third day of admission to avoid delays in emergency treatment. The imaging characteristics of the acute stage need to be further studied. Third, this study focused on the clinical history and key imaging indicators to evaluate the prognosis, but other factors, such as the laboratory tests, were not analyzed. Further studies are needed to confirm the results of this preliminary study.



Conclusion

Perfusion and diffusion metrics could reflect the microstructure and blood flow characteristics of the lesion, which were the key factors for the salvage ability and prognosis of the infarction tissue. The characteristics of the infarction core and peripheral regions have different effects on the outcomes. Diffusion of infarction core has strong relations with the prognosis, whereas the time metrics (MTT, TTP) were more important for peripheral regions. MK had a more significant association with prognosis than MD. The NIHSS score at admission could reflect the functional involvement and was correlated with patients’ outcomes. These factors were the primary clinical and imaging markers influencing the prognosis of cerebral infarction patients.
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Objectives: To investigate the safety and efficacy of the delipid extracorporeal lipoprotein filter from plasma (DELP) system, a new low-density lipoprotein cholesterol (LDL-C) adsorption system, in acute ischemic stroke (AIS) patients.
Patients and methods: In the present study, a total of 180 AIS patients were enrolled during March 2019 to February 2021. They were divided into DELP group (n1 = 90) and the control group (n2 = 90). The treatment protocol and vascular access of DELP treatment was established and evaluated. For the DELP group, clinical data and laboratory results including plasma lipid and safety parameters before and after the apheresis were collected and analyzed. For all participants, neurological scores were assessed and recorded.
Results: For the DELP group, 90 patients including 70 males and 20 females were included. The mean LDL-C was significantly decreased from 3.15 ± 0.80 mmol/L to 2.18 ± 0.63 mmol/L (30.79%, p < 0.001) during a single DELP treatment, and decreased from 3.42 ± 0.87 mmol/L to 1.87 ± 0.48 mmol/L (45.32%, p < 0.001) after two DELP treatments. No clinically relevant changes were observed in hematologic safety parameters and blood pressure levels except for hematocrit and total protein throughout the whole period of DELP treatment. The DELP group showed improvement relative to the control group in National Institute of Health stroke scale scores (NIHSS) on the 14th and 90th day after stroke. Moreover, the DELP group had a significantly higher ratio of mRS 0 to 1 on the 90th day after stroke.
Conclusion: The new LDL-C adsorption system, the DELP system, may provide a new option for intensive lipid lowering therapy in AIS patients in view of its safety, efficacy, and operation feasibility.

Keywords
 low-density lipoprotein apheresis; delipid extracorporeal lipoprotein filter from plasma; intensive lipid lowering therapy; acute ischemic stroke; cerebral protection; low flow


Introduction

Intensive lipid lowering therapy after ischemic stroke is recommended by the current guideline of the American Heart Association and the American Stroke Association (AHA/ASA) (1–3). This recommendation is based on clinical trials which showed that lipid lowering therapy could reduce the recurrent risk of stroke (4, 5). Furthermore, evidence is accumulating that the more the low-density lipoprotein (LDL) cholesterol (LDL-C) was decreased, the lower the risk for ischemic events, without any threshold effects (6–8).

LDL-C lowering methods mainly include pharmacotherapy and extracorporeal lipoprotein apheresis. Compared with pharmacotherapy, lipoprotein apheresis may be more effective and provide a more rapid response (9). Dating back to the 1990s, heparin-mediated extracorporeal LDL precipitation (HELP), a type of lipoprotein apheresis, was reported to be safe and effective in lowering plasma lipid in ischemic stroke patients, and may obtain extra therapeutic success by providing immediate improvements in hemorheological situation and perfusion (10).

However, research on lipoprotein apheresis in acute ischemic stroke (AIS) has been limited. The clinical application and development of lipoprotxin apheresis in AIS may be limited by several factors. Firstly, a large volume of processed blood is needed in most lipoprotein apheresis systems, which may increase the risk of hypoperfusion and intolerance (10–12). Secondly, numerous publications have demonstrated the problem of vascular access as the major drawback to lipoprotein apheresis (9, 13). The vascular access plays an important role in patients’ tolerance and compliance to treatment, and the placement of peripheral access catheters and needles should be carefully considered. In addition, Doherty et al. reported that high cost, time commitments and strict requirements for practitioner expertise may also slow down the pace of investigation in lipoprotein apheresis (14).

In the present study, we introduced a new lipoprotein apheresis system, delipid extracorporeal lipoprotein filter from plasma (DELP) system based on JX-DELP depth delipid filter technology (Jiangxia Blood Technology Corporation, Shanghai, China). Compared with traditional lipoprotein apheresis systems, the DELP system may have advantages in some aspects, including ease of operation, reliable vascular access, and lower cost. We performed this study to provide the first data on the operating protocol, LDL-lowering capability and the safety of DELP system in patients with AIS.



Patients and methods


Patients

We assembled a retrospective cohort of patients with acute ischemic stroke at the Department of Neurology, Huashan Hospital, Fudan University from March 2019 to February 2021. Neurological scores data were extracted from the inpatient and outpatient electronic health record system. We enrolled patients who had a new diagnosis of ischemic stroke with plasma LDL-C level ≥ 2.0 mmol/L. Exclusion criteria: (1) patients who showed hypersensitivity to sodium citrate; (2) patients with severe arrhythmia; (3) patients with end-stage renal or hepatic failure; (4) patients with active infection; (5) Stroke previously or received statin treatment before; (6) Died or lose to follow up within 90 days.

All patients accepted guideline-recommended drug therapy for AIS. All patients were treated with atorvastatin (20 mg/day) for lipid regulation. Among the patients who did not receive thrombolytic thepapy, patients with minor stroke (NIHSS≤3) or predominantly intracranial symptomatic stenosis were treated with short-term dual antiplatelet (aspirin and clopidogrel) followed by long-term monoclonal antiplatelet. And the other patients were treated with monoclonal antiplatelet (aspirin 100 mg/day or clopidogrel 75 mg/day) (15, 16). Patients undergoing first DELP were treated within 7 days of symptom onset after procedural risks were explained in detail. Part of them may be treated with one more DELP treatment after 24 h if LDL-C did not reach the target level after a single DELP treatment.

From those patients with AIS, we selected patients with DELP and control (patients without DELP) by 1:1 pairwise matching. We indetified a set of control patients who were in the same age category (≤49, 50–59, 60–69, 70–79). We then randomly chose one control for each patient with DELP and matched them by age (Supplementary Figure 1). The study was approved by Ethics Committee of Huashan Hospital, Fudan University (approval number: 2017-336). Informed consents were obtained from all patients for DELP system therapy.



DELP treatment protocol

The DELP system is derived from an extracorporeal blood plasma lipid filtering method which has been patented in China (Patent No. ZL 2003 10108368.1) and the United States (Patent No. US 7,686,777 B2). The DELP system consists of an extracorporeal lipoprotein filter JX-DELP (Jiangxia Blood Technology Corporation, Shanghai, China), a COM.TEC cell separator and a P1R plasma treatment set (Fresenius HemoCare, Bad Homburg, Germany). The JX-DELP filter is composed of five layers of three cellulose-based filtration membranes (Delipid Plus membrane, 90SP membrane, and 020SP membrane) (Figure 1). The size of the JX-DELP filter is 215 mm (millimeter) in diameter and 35 mm in height. The COM.TEC cell separator was equipped with an innovative separation chamber for apheresis plasma. Centrifugation speed up to 2,200 revolutions per minute (rpm) with high force increased purity (Figure 2). The single use, disposable P1R plasma treatment set was applied throughout the treatment (Figure 3).

[image: Diagram of a plasma filter with various membrane layers. Fluid enters from the separation chamber and exits to a drip chamber. Membranes include Delipid Plus Membrane, 90 SP Membrane, and 020 SP Membrane, arranged in layers. Air inlet is shown at the top.]

FIGURE 1
 The structure of the JX-DELP filter.


[image: Flowchart illustrating the JX-DELP plasma separation process. Whole blood enters through the inlet and is pumped into a separation chamber. The plasma pump directs plasma out, while red blood cells flow through the drip chamber and return via a return flow path. Arrows indicate the flow direction.]

FIGURE 2
 Disposable P1R plasma treatment set.


[image: Diagram of a blood circulation system. Components include saline, anticoagulation, and air bag units feeding into a drip chamber. Blood flows from the patient through labeled tubes into a separation chamber and back to the patient. Labels include "JX-DELP" and "COM.TEC." Color-coded valves indicate saline (blue), anticoagulation (red), and other functions.]

FIGURE 3
 Schematic description of the separation process in the P1R separation chamber.


Prior to the treatment, the plasma filter was rinsed with 2000 mL of physiological saline. The DELP system procedure was performed via peripheral antecubital venous access or peripherally inserted central venous access at a blood flow rate of 20–50 mL/min. Sodium citrate was used as the anticoagulant (AC) at a ratio of 1:14 during the initial stage. During the treatment, the AC ratios were kept in the range of 1:10–1:16. 10% calcium gluconate infusion was required to prevent hypocalcemia related to the use of citrate anticoagulation. One standard DELP procedure was one third of the total plasma volume (800–1000 mL) processed.

The LDL-C treatment target for patients was <2.0 mmol/L or > 50% reduction in the present study according to AHA/ASA guidelines (2, 3).



Vascular access for DELP system

Two separate venous access points in the extracorporeal circuit were established for the DELP system. Under normal conditions, peripheral antecubital venous access was established.

The large 20-gauge needle and the large 14-gauge needle were recommended for the blood outlet and inlet, respectively. For patients with poor peripheral venous access due to small veins or deep veins, peripherally inserted central venous access was required to maintain continuous blood flow. The 4F PowerPICC (Bard Medical, Inc., Covington, GA) was inserted into the antecubital vein using ultrasound-guided technique, which was routinely accessed for apheresis.



Laboratory and safety investigations

For patients of the DELP group, fasting blood samples were collected on the day of DELP treatment and the next morning after treatment. Laboratory parameters, including plasma total cholesterol (TC), triglycerides, LDL-C, high-density lipoprotein cholesterol (HDL-C), blood cell counts, hemoglobin, prothrombin time (PT), activated partial thromboplastin time (APTT), fibrinogen (FIB), D-dimer, thrombin time (TT), total protein (TP), albumin, blood urea nitrogen (BUN), creatinine (CRE), blood potassium (K+), blood sodium (Na+) and blood calcium (Ca2+) were measured by routine methods in the laboratories of the Huashan Hospital. Blood pressure (BP) levels were recorded during the DELP process at six time points: baseline level before DELP treatment, 30, 60, 90 and 120 min after the initiation of blood flow through the device, and 2 h after DELP treatment. Adverse reactions were monitored during the whole period of the study. Any adverse events were documented.



Neurological scores

For all patients, the National Institutes of Health Stroke Scale (NIHSS) scores (17) and the Modified Rankin Scale (mRS) scores (18) before treatment, 14 days and 90 days after stroke onset were assessed and recorded.



Statistical analysis

All analyses were performed by statistical analysis software (Stata/SE 13.1). In the matched population, continuous variables were displayed as mean ± standard deviation (SD) or median and range. Most variables were tested statistically with Student’s t-test. Categorical variables were represented as numbers (n) and percentages (%) and were tested statistically with Fisher’s exact test. For all statistical analyses, p < 0.05 was considered statistically significant. Reduction rates were calculated according to the following formula,

[image: Formula for calculating reduction percentage. Reduction (%) equals one minus the concentration post divided by concentration pre, all multiplied by one hundred.]




Results

We indentified 90 patients who underwent DELP during the study period. Pairwise matching created a final study cohort of 90 AIS patients with DELP and 90 controls.

For the DELP group, 138 DELP treatments were performed in 90 AIS patients (single treatment: n = 42, two treatments: n = 48). Demographic and clinical characteristics of the patients in the DELP group were summarized in Table 1. The mean age of patients including 70 males and 20 females was 61.73 ± 12.09 years. The average stroke onset time on admission was 2.5 ± 1.6 days. The average score of NIHSS before treatment was 6.91 ± 5.38. According to oxfordshire community stroke project (OCSP) classification, the partial anterior circulation stroke was the most common subtype in patients (58.89%). The background data of medication and anticoagulants were listed in Supplementary Table 1 and no significant difference were observed between two groups.



TABLE 1 Baseline characteristics of two groups.
[image: Table comparing the DELP group and the Control group, each with 90 participants. Key statistics include gender distribution, age, NIHSS scores, LDL-C levels, rtPA thrombolysis, and OCSP categories. P values indicate no significant differences between groups, with specific p values for each parameter: Male (0.860), Age (0.433), NIHSS (1.000), LDL-C (0.384), rtPA thrombolysis (0.707), and OCSP (0.933). Definitions: DELP refers to Delipid Extracorporeal Lipoprotein Filter from Plasma system, NIHSS to National Institute of Health Stroke Scale, rtPA to recombinant tissue-type plasminogen activator, and OCSP to Oxfordshire Community Stroke Project.]

To assess the safety of the DELP treatment, we analyzed laboratory parameters, blood pressure levels, and adverse event report forms for each patient. After a single DELP treatment, the average hematocrit (Hct) was reduced from 42.45 ± 4.32% to 41.02 ± 4.58% (p = 0.034), and no significant changes were observed in other hematological or biochemical laboratory parameters, including blood cell counts, coagulation parameters, albumin, creatinine, electrolytes, etc. In view of repetitive DELP treatments, significant reductions were only observed in Hct (from 41.87 ± 4.39% to 39.74 ± 4.84%, p = 0.026) and plasma total protein (from 69.92 ± 7.18 g/L to 65.21 ± 7.36 g/L, p = 0.002) (Table 2).



TABLE 2 Changes in blood lipid and routine laboratory parameters in single and repetitive DELP treatments.
[image: A table compares laboratory parameters before and after single and twice DELP treatments. It includes total cholesterol (TC), LDL-C, HDL-C, triglycerides (TG), white blood cell count (WBC), red blood cell count (RBC), hemoglobin (HGB), hematocrit (HCT), platelets (PLT), prothrombin time (PT), activated partial thromboplastin time (APTT), fibrinogen (FIB), D-dimer (D-D), thrombin time (TT), total protein (TP), albumin (ALB), blood urea nitrogen (BUN), creatinine (CRE), potassium (K+), sodium (Na+), and calcium (Ca2+). Significant p-values are indicated, highlighting changes post-treatment. Results are displayed as mean ± standard deviation.]

The average blood pressure values at six time points during the 138 DELP treatments were shown in Supplementary Table 2. No significant fluctuations were observed in blood pressure levels. A single DELP treatment lasted less than 120 min. In the total 138 treatments, only two cases of lip numbness were reported during DELP treatment. The lip numbness was considered to be caused by low ionized calcium, and patients’ symptoms resolved after decreasing the flow rate of sodium citrate solution. No major or life-threatening adverse events were observed during the treatments. All 138 DELP treatments were successfully completed.

The effect on lipid concentrations of single DELP treatmenta were summarized in Table 2. LDL-C was significantly reduced from 3.15 ± 0.80 mmol/L to 2.18 ± 0.63 mmol/L (p < 0.001). The average concentration of TC was significantly decreased from 4.99 ± 1.01 mmol/L to 3.56 ± 0.86 mmol/L (p < 0.001) during single apheresis. Triglyceride was significantly decreased from 2.01 ± 1.48 mmol/L to 1.60 ± 1.03 mmol/L (p = 0.033). No significant decrease was observed in HDL-C after single DELP treatments (from 0.97 ± 0.26 mmol/L to 0.92 ± 0.34 mmol/L, p = 0.275).

The lipid-lowering effect of the DELP system was further confirmed in repetitive treatments (Table 2). The average removal rate of LDL-C was 45.32% (from 3.42 ± 0.87 mmol/L to 1.87 ± 0.48 mmol/L, p < 0.001). The level of TC was reduced by 41.80% (from 5.43 ± 1.03 mmol/L to 3.16 ± 0.67 mmol/L, p < 0.001). The removal rate of triglycerides was 38.59% (from 2.41 ± 1.83 mmol/L to 1.48 ± 0.79 mmol/L, p = 0.002). HDL-C was reduced from 0.91 ± 0.23 mmol/L to 0.87 ± 0.44 mmol/L (p = 0.578) after two DELP treatments.

Neurological scores were used to evaluate the influence of DELP treatments on the prognosis of AIS patients. The DELP and the control groups were comparable in most baseline parameters, including sex, age, NIHSS scores before treatment, percentage of rtPA intravenous thrombolysis, OCSP classification, LDL-C levels before treatment (Table 1). The neurological follow-up results showed that the NIHSS scores of the DELP group on the 14th (4.07 ± 3.77) and 90th (1.76 ± 1.96) day were significantly lower than those of the control group (14 days from onset: 5.36 ± 4.65, p = 0.043; 90 days from onset: 2.57 ± 2.90, p = 0.029) (Table 3). In addition, the DELP group had a higher ratio of mRS 0 to 1 (66.67%) than the control group (45.56%, p = 0.007) 90 days after stroke diagnosis (Table 3).



TABLE 3 Comparison of NIHSS and mRS scores between two groups.
[image: Table comparing NIHSS and mRS scores for DELP and control groups, each with 90 participants. At 14 days, the DELP group shows a mean NIHSS of 4.07, while the control is 5.36 (p=0.043). At 90 days, DELP scores 1.76, control scores 2.57 (p=0.029). For mRS at 90 days, percentages for scores 0 to 5 are listed for each group, showing lower scores for DELP (p=0.019). DELP: Delipid Extracorporeal Lipoprotein Filter, NIHSS: National Institute of Health Stroke Scale, mRS: modified Rankin Scale.]



Discussion

Since 1970s, several kinds of lipoprotein apheresis methods have been developed, including plasma exchange, double membrane filtration, dextran sulfate-coated cellulose beads, heparin-induced LDL precipitation, LDL hemoperfusion, etc. They mainly reduce blood lipids based on molecular weight, filter pore size, physisorption and immunoadsorption mechanisms (19, 20). The DELP system is a new intensive lipid lowering method based upon depth filtration materials and is approved for the treatment of AIS by the China Food and Drug Administration. Plasma filter of DELP system consists of five layers of cellulose-based filtration membranes, which can effectively absorb lipids through silicon dioxide nanoparticles with hydrophobic groups on the surface, and intercept molecules above 1300 kD or over 0.2 μm. Additionally, the advantages of DELP system mainly include low blood flow during the extracorporeal circuit, easier available access to blood flow, relatively low price and potential pleiotropic effects, which will be discussed below.

Using the DELP system, LDL-C was reduced by 30.79% with about 2000 mL of blood volume processed, and by 45.32% with 4000 mL of blood volume processed, respectively. Indeed, the DELP system could actually decrease the concentration of plasma LDL-C to the target level. Additionally, TC and triglycerides were also reduced significantly by a single DELP treatment. HDL-C was reduced by 5.15% in single DELP treatment and 4.40% in two DELP treatments, respectively. The reduction rate was close to other reports concerning lipoprotein apheresis (10, 12, 21–23), and was insufficient for statistical significance.

In view of safety, firstly, only Hct and total protein were decreased significantly during DELP treatments. Such changes have been reported in some lipoprotein apheresis systems before, and those reductions could usually fully recover in a few days after apheresis (12, 21). No other significant changes were observed in hematological or biochemical parameters after single or repetitive DELP treatments, which may be attributed to the simple compositions and small quantity of rinsing solution required for DELP treatments.

Secondly, low blood flow in DELP treatment may help to prevent hypovolemia and hypotension. Blood pressure lowering may reduce cerebral perfusion which is associated with severe stroke events (24, 25). The required flow (20–40 mL/min) for the DELP system was lower than in other lipoprotein apheresis systems (10, 22). The COM.TEC device was applied for plasma collection, and the maximum extracorporeal blood volumes could be decreased to 126 mL. Owing to low blood flow and extracorporeal blood volumes, all patients including those with posterior circulation stroke and low body weight index completed DELP treatments and their blood pressure remained stable during the extracorporeal circuit. LDL-C lowering efficiency of different lipoprotein apheresis methods was summarized in Supplementary Table 3, which included 7 lipoprotein apheresis methods.

Moreover, access to blood flow was reliable, safe and satisfactory to patients in DELP treatments. We paid particular attention to vascular access management and needle selection. The needles were placed by puncture in superficial veins of the upper limb. Many AIS patients were admitted to the hospital with non-visible or non-palpable peripheral veins or disorders of consciousness, often resulting in multiple painful attempts at cannulation. Routinely, this would result in requiring a central venous catheter for the patients (26, 27). Ultrasound-guided peripherally inserted central venous access could be established for DELP. In a systematic review of six randomized control trials, the effect of ultrasound guidance versus traditional approaches to cannulation was investigated and the results suggested a fourfold increase in the success rates of ultrasound group (28). The ultrasound-guided PowerPICC catheter was an adequate venous access tool which could even support power injection of contrast media or blood sampling (29).

Additionally, the cost of a single DELP treatment, including JX-DELP plasma filter and tubing set was about $1700 (covered by National Healthcare Security Insurance). Above all, safety on extracorporeal circulation and operation feasibility made the DELP system applicable for intensive lipid lowering treatment for AIS patients.

Combined application of lipoprotein apheresis and lipid modifying agents may have complementary advantages. Lipoprotein apheresis could achieve a noticeable LDL-C reduction within hours via physical principle without worrying about medication side effect (30–32). Therefore, we hypothesized that combined therapy of lipid modifying drugs following initial lipoprotein apheresis may be a promising method for lipid management for AIS patients. More prospective trials are needed.

Furthermore, the DELP system may exert pleiotropic effects except for LDL-lowering capability in the treatment of ischemic stroke. Previous investigations indicated that lipoprotein apheresis may play a role in reducing plasma viscosity, improving endothelial function, anti-inflammatory and free radical scavenging (10, 11, 33–39).

Xue et al. found DELP treatment could decrease neuronal apoptosis in experimental stroke models (40). A retrospective study in venous thrombotic patients with ischemic stroke conducted by Cui et al. showed an increase in the proportion of mRS 0 ~ 1 at 90 days (p = 0.042) in the DELP group compared with NO DELP group (41). More prospective control trials are needed to evaluate the effect of the DELP treatment on the prognosis of AIS patients.

Elevated serum lipoprotein (a), also referred to as Lp (a), is a risk factor for atherosclerotic cardiovascular disease (ASCVD) (42). It can be removed by DELP system and need to be proved precisely in the future.



Limitations

The present study had certain limitations that needed to be considered. Firstly, this was a relatively small-sample single-center retrospective study and no randomization was performed. Matching on factor is only age. Secondly, due to the particularity of the treatment, blinding method could not be set up. Thirdly, the effect of lipid modifying drugs may be considered a potential factor influencing plasma lipids. Nonfasting blood samples were not collected after DELP treatment immediately. However, all DELP treatments were completed within 72 h and the effect of lipid modifying drugs may be relatively small. Last but not least, we do not have enough data on the influence of DELP treatment in long-term follow-up. Another notable limitation is the absence of documented evidence regarding Lp(a) as a risk factor for atherosclerotic cardiovascular disease. These investigations should be undertaken in the future.



Conclusion

This is the first clinical data on the operating protocol, LDL-C lowering capability and safety of DELP system. The present study confirmed the effectiveness and safety of DELP therapy for patients with AIS. Moreover, operation feasibility, low extracorporeal volume and low flow rate made the DELP system suitable for AIS patients. Thus, the DELP system may be a promising lipid-lowering treatment choice for AIS patients.
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Background: Minor ischemic stroke (MIS) is associated with early neurological deterioration (END) and poor prognosis. Here, we investigated whether argatroban administration can mitigate MIS-associated END and improve functional outcomes by monitoring activated partial thrombin time (APTT).
Methods: Data were collected for patients with MIS admitted to our hospital from January 2019 to December 2022. Patients were divided into a dual antiplatelet therapy (DAPT) group (aspirin + clopidogrel) and an argatroban group (aspirin + argatroban). Those in the latter group who achieved a target APTT of 1.5–3-fold that of baseline and <100 s at 2 h after argatroban infusion were included in the argatroban subgroup. The primary outcome was the END rate of the DAPT group versus that of the argatroban group or the argatroban subgroup. Secondary outcomes included the proportion of patients with modified Rankin Scale (mRS) 0–2 at 7 and 90 days. In addition, baseline date were compared between patients with and without END in the argatroban group.
Results: 363 patients were included in the DAPT group and 270 in the argatroban group. There were no significant differences in any above outcome between them. 207 pairs were included in the DAPT group and the argatroban subgroup after 1:1 propensity score matching (PSM). Significant differences were observed in the proportion of END (OR, 2.337; 95% CI, 1.200–4.550, p = 0.011) and mRS 0–2 at 7 days (OR, 0.624; 95% CI, 0.415–0.939, p = 0.023), but not in mRS 0–2 at 90 days or the hemorrhagic events between the two groups. In the argatroban group, univariate analysis showed that the rate of diabetes (OR, 2.316; 95% CI, 1.107–4.482, p = 0.023), initial random blood glucose (OR, 1.235; 95% CI, 1.070–1.425, p = 0.004), drinking history (OR, 0.445; 95% CI, 0.210–0.940, p = 0.031) or those reaching the target APTT (OR, 0.418; 95% CI, 0.184–0.949, p = 0.033) was significantly different among patients with and without END. However, there were no statistical differences in these parameters between them following multivariate analysis.
Conclusion: In patients with MIS, argatroban administration and reaching the target APTT can reduce the incidence of END and improve short-term functional prognosis.
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1 Introduction

Minor ischemic stroke (MIS) is common and accounts for 44.0 and 51.2% of all ischemic strokes according to two China National Stroke Registries (1). The results of the CHANCE trial suggested that dual therapy with aspirin and clopidogrel can significantly reduce the risk of 90 days stroke recurrence in patients with transient ischemic attack (TIA) and MIS, and this regimen is currently recommended in the guidelines for healthcare professionals from the American Heart Association/American Stroke Association (2, 3). However, in addition to the high risk of recurrence within 3 months, early neurological deterioration (END) is also a common occurrence in patients with MIS. It has been reported that the incidence of END in patients with MIS is as high as 21 to 50% (4–6). END not only increases the difficulty of treatment in the acute phase of MIS, but is also associated with poor prognosis (disability, dysfunction, or death). Approximately one-third of patients with MIS experience permanent dysfunction (7–9).

In addition to antiplatelet aggregation therapy, the use of anticoagulant therapy in the treatment of acute ischemic stroke (AIS) is currently also the focus of intensive research efforts. However, most anticoagulants are not currently recommended for the early treatment of AIS owing to concerns relating to bleeding risks. A systematic search involving 14 clinical trials found no evidence to support the early use of heparin, heparinoids, or low-molecular-weight heparin after stroke, and there was also no consistent evidence for warfarin or direct oral anticoagulants. Argatroban was found to be the only anticoagulant that achieved significant positive results in the early stage of large-artery ischemic stroke (10).

Argatroban, a direct thrombin inhibitor, has an immediate anticoagulant effect after intravenous administration. It not only can greatly prolong activated partial thrombin time (APTT), prothrombin time, and other coagulation factors at different doses but also has a half-life of drug clearance is 39 to 51 min, and APTT will return to normal within 2 to 4 h after drug withdrawal. Therefore, the infusion rate of drugs can be monitored and regulated by APTT in clinic. Its main contraindications includes patients with hemorrhagic disorders, cardiogenic cerebral embolism, and patients with hepatic insufficiency. At present, argatroban has been approved for the treatment of AIS in China, Japan, South Korea, and a few other countries. In china, it was officially listed in 2002 and approved by National Medical Products Administration in 2005 for AIS patients within 48 h of onset.

Here, based on APTT monitoring, we investigated whether the administration of argatroban plus aspirin can reduce the incidence of END and improve prognosis in patients with MIS compared with dual antiplatelet therapy (DAPT).



2 Materials and methods


2.1 Study design and patients

This was a retrospective, observational, cohort study involving data from the stroke database of the Affiliated Suzhou Hospital of Nanjing Medical University (Suzhou Municipal Hospital), obtained by neurologists using face-to-face assessments or telephone follow-up. Data for patients with MIS were continuously collected from January 2019 to December 2022. This study was approved by the Ethics Committee of Suzhou Municipal Hospital (approval number: KL901121), Patients were consented by an informed consent process that was reviewed by the Ethics Committee of Suzhou Municipal Hospital.

The inclusion criteria were as follows: (i) arrival within 24 h of the last known normal; (ii) an initial National Institutes of Health Stroke Scale (NIHSS) score of five or less; (iii) the patients were treated with one of two regimens, namely, aspirin 100 mg/day combined with clopidogrel 75 mg/day, clopidogrel loading dose 300 mg; or aspirin 100 mg/day combined with argatroban, in which argatroban 60 mg/d was continuously pumped for 48 h, followed by 10 mg infusion over 3 h twice daily for 5 days. The total treatment time for all the patients was not less than 7 days. Patients were excluded based on the following criteria: (i) experienced cardiogenic stroke; (ii) were intravenous thrombolysis; (iii) were pregnant or had malignant tumors, lower respiratory tract infections, heart failure, or severe anemia; and (iv) their follow-up records were incomplete.

The enrolled patients who received argatroban plus aspirin were assigned to the argatroban group and those treated with aspirin combined with clopidogrel were assigned to the dual antiplatelet therapy (DAPT) group. Subsequently, patients from the argatroban group whose APTT values were 1.5- to 3.0-fold those at baseline and less than 100 s 2 h after argatroban infusion were included in the argatroban subgroup.



2.2 Clinical and laboratory data collection

The following information was gathered for each patient from our database: baseline demographic data (age and gender); risk factors for stroke, including hypertension, diabetes mellitus, hyperlipidemia, previous stroke or TIA, and smoking or drinking history; laboratory results, such as initial random blood glucose (RBG), triglyceride (TG), total cholesterol (TC), low-density lipoprotein cholesterol (LDL-C), and APTT; clinical indexes, including initial blood pressure, time from onset to admission, NIHSS score for each of the 7 days, END or not, and modified Rankin Scale (mRS) score at 7 and 90 days after hospitalization. Data for bleeding events (e.g., intracranial, gastrointestinal, urinary tract, and skin mucosal hemorrhaging) were also collected.

APTT was detected by the CS-2100i coagulation analyzers (Sysmex Corporation, Japan), and the testing procedure was as follows: (i) blood samples (2.7 mL) and 3.8%(w/v) sodium citrate (0.3 mL) were mixed, and were centrifuged (3,000 r/min × 15 min) after collection at room temperature; (ii) 50 μL citrated plasma sample and 50 μL APTT reagent were mixed in a preheated test tube and incubated at 37°C for 3 min. Thereafter, 50 μL calcium chloride solution was added; (iii) the sample was illuminated with light with a wavelength of 660 nm, and the turbidity of the plasma during coagulation can be determined by measuring the change in the intensity of the scattered light; (iv) APTT can be obtained from the coagulation curve.



2.3 The definition of MIS, END, and favorable functional outcome

MIS referred to patients with an initial NIHSS score of 0–5 and a score of 0 or 1 for each baseline NIHSS score item (items 1a to 1c being 0) (11). END was defined as an incremental increase in the NIHSS score of ≥1 point in motor power or ≥2 points in the total score within 7 days of admission (12). Favorable functional outcome was defined as functional independence (mRS score of 0–2).

In addition, major bleeding was defined as follows: (i) fatal bleeding, and/or (ii) symptomatic bleeding in a critical area or organ, such as intracranial, intraspinal, intraocular, retroperitoneal, intraarticular or pericardial, or intramuscular with compartment syndrome, and/or (iii) bleeding causing a fall in hemoglobin level of 20 g/L−1 (1.24 mmol L−1) or more, or leading to transfusion of two or more units of whole blood or red cells (13).



2.4 Outcomes

The primary outcome was the incidence of END within 7 days after admission in patients of the DAPT group versus those of the argatroban group or the argatroban subgroup. Secondary outcomes included the proportion of patients with an mRS score of 0–2 at 7 and 90 days. The safety outcome was the incidence of hemorrhagic events, including intracranial, gastrointestinal, urinary tract, and skin mucosal hemorrhaging. In addition, baseline characteristics were compared between patients with and without END in the argatroban group.



2.5 Statistical analysis

Data were analyzed using SPSS 23.0 for Windows. The mean ± SD or median (interquartile range) was used to describe continuous variables depending on the normality of the distribution and were compared using the independent samples T-test or Mann–Whitney U test. Categorical variables are presented as frequency and were compared by Pearson’s χ2 test. Differences in baseline characteristics between patients in the argatroban subgroup and the DAPT group were adjusted with 1:1 propensity score matching (PSM) using the nearest-neighbor matching algorithm with a caliper width of 0.2. Univariate and multivariate logistic regression analyses were performed to describe the differences between patients with and those without END in the argatroban group. All tests of significance were two-tailed and p < 0.05 was considered significant.




3 Results


3.1 Baseline characteristics and outcome assessment

As shown in Figure 1 and Table 1, a total of 633 patients were enrolled in our study, including 363 in the DAPT group and 270 in the argatroban group. Overall, 87 patients (13.7%) experienced END, and 52 (8.2%) experienced bleeding events, including intracranial, gastrointestinal, urinary tract, and skin mucosal hemorrhage; however, no major bleeding occurred. The analyzed baseline characteristics, including age, sex, risk factors (hypertension, diabetes, hyperlipidemia, previous stroke or TIA, smoking, and drinking history), and clinical and laboratory findings (initial blood glucose, TG, TC, LDL-C, APTT, baseline SBP and DBP, time from onset to admission, and NIHSS score on admission) were similar between the two groups. In total, 53 patients (14.6%) had END and 28 (7.7%) experienced bleeding events in the DAPT group, compared with 34 (12.6%) and 24 (8.9%) in the argatroban group, respectively. There were no significant differences in the proportion of END and bleeding events between the two groups (p > 0.05). Similarly, no significant differences in secondary outcome parameters (proportion of mRS score 0–2 at 7 and 90 days) were detected between the two groups (p > 0.05).

[image: Flowchart of 633 acute minor ischemic stroke patients divided into DAPT group (363 patients) and Argatroban group (270 patients). Argatroban group excluded 45 patients not achieving target APTT, resulting in an Argatroban subgroup of 225. Propensity score matching was applied, leading to 207 patients each in the DAPT group and Argatroban subgroup.]

FIGURE 1
 Study flow chart of the patient selection process.




TABLE 1 Baseline characteristics and outcomes in the DAPT and argatroban groups.
[image: A table comparing characteristics between DAPT and Argatroban groups with statistical values and p-values. Key metrics include age, gender distribution, hypertension prevalence, diabetes, hyperlipidemia, smoking and drinking rates, blood pressure, and various medical scores. Data is provided for both groups, along with statistical significance.]



3.2 Subgroup analysis after PSM

In total, 43 patients had APTT values more than 1.5-fold lower than those at baseline after the 2 h argatroban infusion and 2 patients had APTT values more than 3-fold higher than those at baseline; however, no patient had APTT longer than 100 s. A total of 225 patients were enrolled in the argatroban subgroup. As shown in Table 2, most baseline data were balanced between the DAPT group and the argatroban subgroup, except for initial RBG and APTT. After 1:1 PSM, 207 pairs of patients were included, and all baseline characteristics, including age, sex, risk factors, and clinical and laboratory findings were balanced between the two groups.



TABLE 2 Baseline characteristics of patients in the DAPT group and the argatroban subgroup before and after PSM.
[image: Comparison table showing demographic and clinical characteristics before and after propensity score matching (PSM) for DAPT and Argatroban subgroups. It includes median values and percentages for variables like age, gender, hypertension, diabetes, cholesterol levels, and others. Statistical values and p-values are presented for group comparisons both before and after PSM.]

Among the matched populations, 30 patients (10.1%) experienced END, and 17 (8.2%) had bleeding events in the DAPT group, while in the argatroban subgroup, 14 (6.8%) and 21 (9.9%) patients experienced END and bleeding events, respectively (Table 3). The proportion of patients with END (OR, 2.337; 95% CI, 1.200–4.550, p = 0.011) differed significantly between the DAPT group and the argatroban subgroup; in contrast, no significant difference in the incidence of bleeding events was observed between these two treatment groups (p > 0.05). As shown in Figure 2, the END rate in both groups gradually increased within 7 days, with most instances occurring in the first 72 h (23 vs. 11, respectively), while the cumulative END rate was significantly different between the DAPT group and the argatroban subgroup (10.1% vs. 6.8%, p = 0.011).



TABLE 3 Comparative analysis of matched patients of the DAPT group and argatroban subgroup.
[image: Table comparing outcomes between the DAPT group and Argatroban subgroup, each with 207 participants. Primary outcome shows early neurological deterioration (END) at 14.5% for DAPT and 6.8% for Argatroban, with significant p-value 0.011 and odds ratio 2.337. Secondary outcomes include modified Rankin Scale (mRS) scores at seven and ninety days. Safety outcomes list intracranial, skin mucosal, urinary tract, and gastrointestinal hemorrhages with associated percentages, p-values, and odds ratios.]

[image: Kaplan-Meier survival curve showing the cumulative proportion of early neurological deterioration (END) over eight days for the DAPT group and Argatroban subgroup. The DAPT group, represented by a dotted line, shows a higher cumulative proportion compared to the Argatroban subgroup, shown by a solid line. The log-rank test indicates a significant difference with a p-value of 0.011. A table below lists the number of END events for each group over the days.]

FIGURE 2
 The early neurological deterioration (END) rate within 7 days in matched patients between the DAPT group and the argatroban group.




3.3 Evaluation of short-term and long-term functional prognosis

As shown in Table 3 and Figure 3, a total of 124 (59.9%) and 163 (78.7%) patients in the DAPT group and 146 (70.5%) and 171 (82.6%) patients in the argatroban subgroup achieved good functional outcomes (mRS score 0–2) at 7 and 90 days, respectively. The proportion of patients with a favorable functional outcome at 7 days was significantly higher in the argatroban subgroup than in the DAPT group (OR, 0.624; 95% CI, 0.415–0.939, p = 0.023), whereas no significant difference in this parameter was observed between the two groups at 90 days (p > 0.05).

[image: Bar charts compare the modified Rankin Scale scores between DAPT and Argatroban subgroups at seven and ninety days. At seven days, the DAPT group shows varied distribution across scores, with notable percentages at mRS 1 (75%). The Argatroban group has a higher percentage at mRS 1 (82%). At ninety days, scores shift with both groups showing increased mRS 5 and 6. DAPT scores have 92% at mRS 6, while Argatroban scores have 72% at mRS 5. Each group consists of 207 participants.]

FIGURE 3
 Distribution of the modified Rankin Scale (mRS) scores in the DAPT group and the argatroban group at 7 and 90 days.




3.4 Comparative analysis between patients with and those without END in the argatroban group

Univariate logistic regression analysis showed that the proportion of patients with diabetes (OR, 2.316; 95% CI, 1.107–4.482, p = 0.023) was significantly higher in the END than in the non-END group; meanwhile, initial RBG (OR, 1.235; 95% CI, 1.070–1.425, p = 0.004), the proportion of patients with a drinking history (OR, 0.445; 95% CI, 0.210–0.940, p = 0.031), and the proportion of patients reaching the target APTT (OR, 0.418; 95% CI, 0.184–0.949, p = 0.033) were also significantly higher in the END group. However, further multivariate logistic regression analysis showed that there was no statistical difference in any of these parameters between the two groups (Table 4).



TABLE 4 Univariate and multivariate analysis between patients with END and those without END in the argatroban group.
[image: Table comparing characteristics of patients with and without early neurological deterioration (END). It includes data on age, gender, hypertension, diabetes, hyperlipidemia, stroke history, smoking, drinking, blood glucose, triglycerides, cholesterol, and blood pressure. Statistical analyses are presented with p-values and odds ratios for univariate and multivariate analyses. Abbreviations include DAPT, PSM, TIA, RBG, TG, TC, LDL-C, APTT, SBP, DBP, NIHSS, and mRS.]




4 Discussion

Argatroban is a derivative of arginine and exerts its anticoagulant effects primarily by inhibiting reactions catalyzed or induced by thrombin, including fibrin formation, the activation of clotting factors, the activation of protease C, and platelet aggregation (14–16). In addition, animal trials have shown that argatroban provides a synergistic neuroprotective effect by decreasing C5a receptor synthesis and expression in the brain, reducing inflammatory cytokine levels, mitigating brain edema, and inhibiting nerve cell apoptosis (17).

Our study found no statistical difference between the argatroban and DAPT groups in terms of reducing END rate and improving functional outcomes. However, the proportion of END and favorable functional outcome at 7 days in the argatroban subgroup were superior to those in the DAPT group, indicating that focusing on the target APTT may be an important point for studying the clinical efficacy of argatroban.

A multi-center, randomized, double-blind, placebo-controlled study conducted in Japan in 1997 was the first to demonstrate the efficacy and safety of argatroban in the treatment of AIS caused by large artery atherosclerosis (15). More studies on the efficacy of argatroban in AIS have subsequently been undertaken. One clinical study found that argatroban increased regional basal vein of Rosenthal drainage in the ipsilateral hemisphere of the brains of patients with acute paraventricular ischemic stroke caused by intracranial large artery atherosclerosis; improved the NIHSS score on day 7 after stroke onset; and increased the proportion of patients with mRS scores of 0–1 on day 90 (18). Moreover, compared with aspirin alone, aspirin combined with agatroban can significantly reduce the levels of serum fibrinogen and neuropeptide Y in patients with AIS combined with END, as well as improve neurological impairment (19). A meta-analysis showed that, compared with the control treatment, argatroban infusion significantly ameliorated neurological function in patients with ischemic stroke, including improving NIHSS and the modified Barthel index scores, and decreasing the incidence of END (20). A largest randomized clinical trial showed among patients with AIS with END, treatment with argatroban and antiplatelet therapy resulted in a better functional outcome at 90 days in both unadjusted and adjusted analyses (21).

There are relatively few studies on argatroban in the treatment of MIS. A single-center study reported that argatroban was effective at decreasing the END rate and improving 7 days NIHSS scores, and also significantly improved the mRS score at 90 days within 48 h of stroke onset in patients with acute non-cardioembolic stroke not receiving IVT or EVT. Further subgroup analysis showed that for MIS, patients in the argatroban group had better clinical outcomes and lower END rates, although there was no significant difference in the 7 days NIHSS score between the argatroban group and the control group without argatroban (22). Another study found that compared with DAPT alone, DAPT plus argatroban reduced END occurrence and improved functional outcomes in branch atheromatous disease without increasing the risk of bleeding (23).

However, other studies have shown that argatroban combined with antiplatelet therapy has no advantage over antiplatelet monotherapy in improving neurological function in patients with AIS (24, 25). For patients with mild AIS, treatment regimens of argatroban combined with aspirin may be inferior to high-dose aspirin (aspirin 300 mg daily) in improving NIHSS scores (26). In patients with AIS within 4.5 h of symptom onset who received intravenous thrombolysis of alteplase, the combination of intravenous argatroban (100 μg/kg argatroban for 3 to 5 min within 1 h of the alteplase administered, followed by an argatroban infusion of 1.0 μg/kg per minute for 48 h) did not improve 90 days outcomes (27). Our study also showed that within 24 h after MIS onset, aspirin combined with argatroban (before the target APTT was taken into account) was not superior to DAPT in improving the END rate within 7 days.

Argatroban is short-acting and its anticoagulant actions can be monitored easily using tests such as activated clotting time and APTT (28). Currently, APTT is more commonly recommended for monitoring argatroban anticoagulation, with therapeutic anticoagulation being defined as an APTT value between 1.5- and 3-fold that at baseline and not exceeding 100 s (29, 30). Indeed, a proportion of stroke or TIA was the presenting manifestation of a haematologic disorder (31). Anticoagulant therapy may be more appropriate for stroke caused by hypercoagulable haematologic disorders. Cardiovascular risk factors, clinical features and early outcome of cerebral lacunar infarcts were also different from nonlacunar infarction (32). We speculate that the variation in the action of argatroban may be related to the differences in AIS pathogenesis, the level of APTT during treatment, and other factors. In a mouse model of carotid thrombosis, argatroban-treated animals with elevated levels of anticoagulation (2- to 3-fold the baseline APTT) exhibited an improved rate of rtPA-mediated recanalization (from 30% up to 45%) and a 2-fold improvement in carotid artery patency where recanalization occurred compared with rtPA therapy alone (33). In the ARTSS-2 trial, patients with AIS who were given a high-dose intravenous infusion of argatroban (100 μg/kg for 3–5 min within 1 h after rtPA followed by the continuous infusion with different doses of argatroban for 48 h) were divided into low-dose and high-dose groups adjusted to an APTT 1.75- and 2.25-fold that of baseline. It was found that the probability that combining argatroban with rtPA was superior to rtPA alone for the low, high, and low or high doses was 67, 74, and 79%, respectively (34).

In our study, after balancing baseline data with PSM, we also compared patients in the argatroban subgroup (those who achieved the target APTT in the argatroban group) with those in the DAPT group and found that the proportion of END and favorable functional outcomes at 7 days in the former group were superior to those in the latter group, which suggests that there is some clinical value in treating MIS based on the target APTT. However, there was no difference in long-term functional outcomes between the two groups. We further compared the baseline data between patients with and without END in the argatroban group using univariate analysis and found statistical differences in multiple baseline data, including the proportion of patients achieving the target APTT. However, after adjusting for confounding factors, we did not find that achieving the target APTT was an independent protective factor for END. It is unknown whether this is related to inappropriate target APTT setting or failure to maintain a continue target APTT.

Argatroban has shown promising results in safety studies. A systematic study showed an increase in systemic minor bleeding compared to placebo only at a high dose of argatroban [3 μg/(kg min−1)] (10). Another meta-analysis of 11 studies did not identify an increase in symptomatic intracranial hemorrhage, asymptomatic intracranial hemorrhage, gastrointestinal hemorrhage, systemic hemorrhage, or mortality, and only minor systemic hemorrhage (20). Our study also showed that there was no significant difference in the incidence of hemorrhage between the DAPT group and the argatroban group or the argatroban subgroup, and no symptomatic intracerebral hemorrhage occurred. Moreover, all the patients who experienced bleeding events did not require interruption of argatroban therapy after corresponding measures, including treatment with proton pump inhibitors, normal saline, bladder irrigation, and local compression, among other measures.

Our study had some limitations. First, this was a single-center, retrospective, observational study, which may produce assessment bias. Secondly, APTT was not continuously monitored during the use of argatroban. Again, we did not investigate the efficacy of agatroban in different pathogenesis or different types of stroke.

In conclusion, our findings suggested that, compared with DAPT, argatroban combined with aspirin, along with APTT monitoring, has some advantages in mitigating END in patients with MIS and improving their short-term functional prognosis without increasing the incidence of hemorrhage. However, whether or not an APTT level between 1.5 and 3 times that at baseline is a reasonable APTT target, and whether there are differences in the efficacy of agatroban for different pathogenesis and types of cerebral infarction, such as lacunar or non-lacunar, merits further investigation.
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Objective: To evaluate intracerebral hemorrhage (ICH) risk in patients with ischemic stroke (IS) and cerebral microbleeds (CMBs) undergoing anticoagulation therapy for non-valvular atrial fibrillation (AF).
Methods: We conducted a comprehensive search across multiple databases, including Embase, PubMed, Cochrane, UpToDate, Scopus, WOS, and SinoMed. The search covered observational literature published from each database inception until February 1, 2023. We analyzed the prevalence of CMBs during the follow-up period, compared future ICH risk between patients with and without baseline CMBs (CMBs presence/absence, ≧5 CMBs), and examined factors influencing ICH occurrence in patients with CMBs. Also studied recurrent stroke during anticoagulation therapy, the risk of future ICH when white matter hyperintensity (WMH) and CMBs coexist, and the effects of anticoagulants vitamin K antagonists (VKAs) and direct oral anticoagulants (DOACs) on future ICH.
Results: We included 7 articles involving 5,134 participants. The incidence of CMBs was 24%; baseline CMBs were associated with an increased ICH risk compared to patients without CMBs. ICH—risk was more significant in patients with baseline ≥5 CMBs. After anticoagulant therapy, ICH risk was higher than that of recurrent IS. The risk of future ICH was significantly increased with anticoagulant VKAs compared with NOAC.
Conclusion: Anticoagulant therapy for ischemic stroke patients with non-valvular AF and CMBs increases future ICH risk. Discontinuing anticoagulation due to ICH risk should be avoided. NOACs are safe and effective for patients with CMBs and IS.
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 cerebral microbleeds; anticoagulation; intracerebral hemorrhage; recurrent stroke; systematic review


1 Introduction

Cerebral small vessel disease (CSVD) was mainly manifested on MRI as cerebral microbleeds (CMB), lacunar infarction (LI), white matter hyperintensities (WMHs), and enlarged perivascular space (EPVS) (1). CMBs are usually caused by CSVD (generally 2–5 mm, up to 10 mm diameter) or hemosiderin deposition in brain tissue. On imaging, CMBs manifest as round or oval scattered low signal shadows using gradient recalled echo (GRE) T2-magnetic resonance imaging (MRI) or susceptibility weighted imaging (SWI) (2, 3). A 9 years follow-up study showed that CMBs did not disappear with time (4), although prevalence increased with age. CMB incidence was 11% in people aged 60–69, 22% in ages 70–79, and 39% in ages 80 and older (5). Although most patients with CMBs do not exhibit clinical symptoms, they face an elevated risk of future neurological diseases such as stroke, cognitive impairment, and dementia (6, 7). Additionally, in cases underlying cardiovascular and cerebrovascular diseases, CMBs are positively correlated with an increased mortality risk (8). Thus, this condition requires significant attention in clinical practice.

Atrial fibrillation (AF) is a common arrhythmia that can increase the risk of ischemic stroke (IS). AF is also an independent risk factor for acute IS (AIS) (9). For AIS patients with non-valvular AF, anticoagulant therapy can effectively reduce the recurrence of IS; however, it increases the risk of related bleeding events (10).

In clinical practice, it is not uncommon for AIS patients with non-valvular AF to have CMBs simultaneously. A previous study reported new CMBs in 12.7% of patients 1 week after onset, and the presence of CMBs at baseline increased the risk of developing new CMBs (11). The main problems in managing these patients are advancing and retreating anticoagulant strategies and addressing bleeding symptoms. The presence of CMBs has been associated with a 1.5-fold increased risk of recurrent stroke [hazards ratio (HR), 1.5; 95% confidence interval (CI), 1.0–2.3], a four-fold increased risk of intracerebral hemorrhage (ICH) (HR, 4.2; 95% CI, 1.3–13.9), and a two-fold increased risk of all-cause death (HR, 2.1; 95% CI, 1.1–4.3) (12). Charidimou et al. (13) included 990 patients with IS using anticoagulants and with atrial fibrillation in a meta-analysis and found that CMBs at baseline increased the risk of symptomatic intracranial hemorrhage (OR = 4.16, 95% CI: 1.54–11.25) was not associated with recurrent IS (OR = 0.76, 95% CI: 0.40–1.45). Wilson et al. (14) highlighted that patients with AF, with or without CMBs, exhibited a significantly higher incidence of recurrent IS and vascular-related death than oral anticoagulant-related hemorrhagic stroke.

The above observations pose a dilemma for clinicians managing patients with CMBs and a significant indication for anticoagulant therapy. Balancing the risk of bleeding against the need for oral anticoagulant therapy (OAC) poses a significant clinical problem. Therefore, we conducted a comprehensive analysis of the published literature to investigate the future risks of ICH in IS patients with non-valvular AF who received anticoagulant therapy in combination with CMBs.



2 Methods


2.1 Protocol registration

We performed a systematic review and meta-analysis according to the Preferred Reporting Items for Systematic Reviews and Meta-Analyses guidelines. In addition, we registered the protocol of this systematic review with PROSPERO (CRD42023397029).



2.2 Data sources and searches

We conducted comprehensive searches in Embase, PubMed, Cochrane, UpToDate, Scopus, Web of Science, and SinoMed, regardless of language. The search strategy covered the period from database inception to February 1, 2023: “Cerebral Microbleed *” OR “CMB” OR “microbleed.mp” AND “ischeamic stroke” OR “stroke”/exp” OR “stroke” OR “stroke, acute ischemic” AND “anticoagulation” OR “anticoagulation*” OR “anticoagulant drugs” etc. Three reviewers (YY, YC, and YC) independently screened the titles and abstracts, and full texts were sourced for relevant articles. Inclusion criteria were assessed independently, and inconsistencies were resolved by consensus. The reference lists of included trials and other published meta-analyses were also reviewed for relevant articles.



2.3 Inclusion and exclusion criteria

Studies that met the following inclusion criteria were included: cohort studies with a prospective or retrospective design that provided a complete publication of the study and reported follow-up data on the development of future ICH and recurrent IS. The specific inclusion criteria were as follows: (1) adult subjects with recent non-valvular AF combined with AIS, usually requiring OAC to prevent stroke recurrence; (2) T2-GRE/SWI MRI indicating the presence of baseline CMBs; (3) quantification of the risk for each outcome concerning the presence of CMBs; (4) minimum follow-up duration of 1 year; (5) present risk assessment of symptomatic spontaneous ICH and IS during follow-up with valid definitions. (Risk of symptomatic spontaneous ICH (primary outcome) and IS during follow-up). The exclusion criteria were as follows: (1) where publication was a review, letters, editorials, or population-based studies; (2) unavailable outcome measures; (3) Duplicated study populations; (4) follow-up duration <12 months.



2.4 Data extraction

After our initial assessment for eligibility, BY and WJ independently completed a data extraction form. YY, a third reviewer, resolved any disagreements. We classified the studies as prospective or retrospective based on how data were collected. The extracted data included the following: first author, year of publication, country of origin, characteristics of participants such as age range, sex, prevalence of hypertension, number of participants and cases, duration of follow-up, MRI Sequence, imaging parameters, presence of CMBs, research method, and participants with intracranial hemorrhage events or participants with IS events during the follow-up period.



2.5 Risk of bias assessment

Two researchers (BZ and ZL) used the Newcastle–Ottawa scale (NOS) (15) to assess the quality of the included literature. The scale has three items: selection, comparability, and outcome, each consisting of several subentries, resulting in eight subentries for assessment. The maximum score was 9 points; a total score ≥7 was considered high-quality research.



2.6 Statistical analysis

Statistical analysis was performed using Review Manager 5.2 software. The pooled overall prevalence of CMBs was calculated based on the “metaprob” routine using exact binomial procedures. Our primary analysis quantified the strength of any association with outcomes of interest using odds ratios (OR) and 95% CI in patients with any CMB and ≧5 CMBs vs. no CMBs as the reference group. Given possible heterogeneity between studies, we pooled estimates from eligible studies using a fixed-effects model. Heterogeneity observed within and between studies was assessed using the Cochrane Q statistic, p ≤ 0.1, or I2 ≥ 50% for heterogeneity; p > 0.10, or I2 < 50% for the absence of heterogeneity. For the primary endpoint, sensitivity analyses were performed by removing one study per iteration to confirm that any single study did not influence the conclusions of this study. Egger’s test and funnel plot were used to detect the publication bias of the primary endpoint for the five or more included pieces of literature. p < 0.05 was considered statistically significant. The results of the meta-analysis were presented using forest plots.




3 Results


3.1 Study selection

A total of 426 articles were identified according to the retrieval formula, after excluding 225 duplicate articles and 156 for which the titles and abstracts did not meet the inclusion criteria. After a careful evaluation, 7 studies were finally included, and all were observational studies (Figure 1).

[image: Flowchart illustrating the process of article selection for a meta-analysis. Initially, 416 records were identified from various databases. After removing 225 duplicates, 191 unique articles were screened. During the first screening, 156 abstracts, titles, and duplicates were excluded, leaving 35 potentially relevant articles. Following further exclusion of 28 reports, 7 studies were included in the meta-analysis.]

FIGURE 1
 Flowchart of literature search and study selection.




3.2 Study characteristics

A total of 7 articles (16–22), involving 5,134 participants, were included in our study. Table 1 summarizes the characteristics of the eligible studies. Among them, two from South Korea and one from China, Japan, Australia, Spain, and the United Kingdom. The median follow-up time ranged from 24 months (the follow-up period was 17–30 months). The participants included 2,902 male patients, 3,578 patients with a history of hypertension, and 1,251 patients with CMBs at baseline. All studies used T2-GRE or SWI MRI at baseline for CMB detection, with slightly different imaging parameters. Patients received oral anticoagulants of vitamin K antagonists (VKA) or direct oral anticoagulants (DOACs). Moreover, 6 of the 7 studies were prospective (16–21).



TABLE 1 Characteristics of included studies on prevalent cerebral microbleeds.
[image: Table summarizing various studies with columns for the first author, year of publication, country, sample size, percentage of male participants, mean age, median follow-up time, hypertension percentage, cerebral microbleeds, MRI sequence, ICH events, IS events, anticoagulants, and research method. Specific details include, for example, Wagner's study from Australia in 2022 with a sample size of 307, mean age of 78.1, and 236 hypertension cases. Other studies are from Korea, China, Spain, and more, with varying sample sizes, health data, and outcomes.]



3.3 Quality assessment

NOS was used to assess the quality of the 7 studies (Table 2). Two papers scored 9 points (20, 22), four scored 8 points (17, 19), four scored 7 points (16), and two scored 6 points (18, 21). All seven articles are of high quality studies.



TABLE 2 Study quality assessment (Newcastle–Ottawa Scale).
[image: Table listing publications with columns for first author, year of publication, selection, comparability, exposure, and quality score. Authors listed are Wagner, Choi, Soo, Martí-Fàbregas, Wilson, Charidimou, and Song, with publication years ranging from 2014 to 2022. Selection is marked with one to four asterisks, comparability and exposure are marked with one to three asterisks, and quality scores range from six to nine.]



3.4 Meta-analysis results

The risk of intracranial hemorrhage after anticoagulation treatment of AIS combined with CMBs was investigated in 7 articles included in the current study. Including the incidence of CMBs (n = 7); risk of recurrent stroke in the future (n = 4); risk of ICH occurrence in the future of CMBs (n = 7), especially the risk of ICH occurrence in the future of CMBs ≧5 (n = 2); and the effect of anticoagulants on the risk of future ICH (n = 4).


3.4.1 Incidence of CMBs and risk of future intracerebral hemorrhage

Among 7 included articles, the incidence rate of CMB was 24% (95% CI, 0.22–0.27; p = 0.25; Figure 2A). To more clearly analyze ICH risk in patients with CMBs at baseline, we reviewed 7 articles that provided detailed records of the presence of CMBs on MRI and the occurrence of ICH during follow-up (Figure 2B). Upon analysis, we found that patients with CMBs had an increased risk of future ICH as compared to patients without CMBs (OR, 3.14; 95% CI, 1.99–4.96; p = 0.98). Further analysis revealed that two studies (18, 22) mentioned the occurrence of ICH in patients with ≧5 CMBs (Figure 2C). Compared with patients without CMBs, the risk of ICH was more apparent in patients with CMB (OR, 6.02; 95% CI, 0.94–38.60; p = 0.92). There was no evidence of heterogeneity in this analysis.

[image: Forest plot with five panels analyzing cerebral microbleeds (CMBs) and their effects. Panel A shows the baseline incidence of CMBs. Panel B evaluates CMBs’ effect on future intracerebral hemorrhage (ICH). Panel C examines the impact of five or more CMBs on ICH. Panel D considers CMBs' presence with recurrent stroke risk. Panel E assesses the effects of vitamin K antagonists (VKA) and non-vitamin K antagonist oral anticoagulants (NOAC) on future ICH. Each panel includes study data, weights, and risk or odds ratios with confidence intervals.]

FIGURE 2
 Outcomes of meta-analysis.




3.4.2 Risk of recurrent stroke

We analyzed the risk of future recurrent strokes after OAC in IS patients with CMBs (Figure 2D). Among the four studies (16–18, 21), it was found that during the follow-up period, the occurrence of ICH in the future was significantly higher than that of recurrent IS (OR, 2.25; 95% CI, 0.97–5.21; p = 0.95) in patients with CMBs at baseline.



3.4.3 Effect of anticoagulants on the risk of future ICH

Finally, we investigated the future risk of anticoagulation in IS patients with CMBs (Figure 2E). We stratified the meta-analysis according to the type of OAC used, and four articles (16, 17, 20, 21) mentioned the effect of VKAs and DOACs in patients with CMBs. According to the combined effect size, in patients who took VKAs, the risk of ICH was significantly increased than that of NOAC patients (OR, 4.19; 95% CI, 1.94–9.04; p = 0.04) during the follow-up period.





4 Discussion

Our meta-analysis analyzed a specific population of AIS patients with non-valvular AF, who had CMBs at baseline as confirmed using MRI, and needed anticoagulant therapy to prevent future recurrent IS. Our study involved 7 articles in the Australia, Europe, and Asia. In nearly 5,000 IS patients with AF, the prevalence of CMBs at baseline was 24% (95% CI, 0.22–0.27; p = 0.25). The development of CMBs increases gradually over time, and most new CMBs develop gradually in patients with existing CMBs (11). However, new CMBs can also develop rapidly after AIS (23). As CMBs increase, the presence at baseline is more likely to develop into ICH while receiving OAC (24, 25). Our analysis of 7 studies revealed that CMBs at baseline in patients with AF receiving OAC had a significantly higher risk of future ICH (OR, 3.14; 95% CI, 1.99–4.96; p = 0.98). Charidimou et al. (26), among others, also reached similar conclusions as that in the current study. Their meta-analysis included nine clinical studies involving 1,552 patients followed for 6 months, demonstrating that those with CMBs at baseline had an increased risk of ICH (OR, 2.68; 95%CI, 1.19–6.01, p = 0.017). Compared to our study, this study showed a lower risk of future ICH.

To further analyze ICH risk, we stratified the burden of CMBs. After analyzing two studies involving CMBs ≥5, we found a significant increase in ICH risk with CMBs ≥5 (OR, 6.02; 95% CI, 0.94–38.60; p = 0.92). Choi et al. (17) also observed a correlation between the burden of CMBs and a high incidence of ICH, which can subsequently affect the risk of future cardiovascular events. Therefore, following up and monitoring disease progression is necessary for patients with a high burden of CMBs. However, due to the lack of data on the impact of CMB distribution on stroke risk, we could not perform the relevant analysis. Some scholars believe that lobar CMBs reflects cerebral amyloid angiopathy, and deep CMBs represent diseases caused by hypertension and arteriosclerosis (27, 28). Lobar CMBs may be more likely to develop ICH than deep CMBs (29). Especially in the case of OAC, the presence of lobar CMBs results in increased risk of ICH, while the risk of ICH was not found to be associated with presence of deep CMBs (26). Therefore, lobar CMBs can predict ICH risk (26, 30). However, some studies have found no significant correlation between the location of CMBs and ICH (31). Thus, more large-sample studies are needed in the future to determine the relationship between CMB burden, site distribution, and ICH. These studies will provide valuable insight into the best management of IS patients and CMBs requiring OAC.

Furthermore, compared with patients without CMBs, IS patients with CMBs had an increased risk of future ICH and recurrent IS (OR, 3.87; 95% CI, 0.91–16.4 and OR, 2.23; 95% CI, 1.29–3.85) (32). In a population-based study (33), 4,759 participants were followed up for an average of 4.9 years. CMBs at baseline accounted for 18.7% of participants (approximately 889 individuals) who exhibited CMBs overall. Of these participants, 72 had recurrent IS, and 11 had an ICH. This study suggested that the presence of CMBs at baseline was associated with an overall risk of recurrent stroke (HR, 1.93; 95% CI, 1.25–2.99), and the risk of stroke further increased with more CMBs. These studies indicate that CMBs, as a risk factor, increase the risk of future ICH and recurrent IS. Therefore, CMBs can be used as an independent predictor of recurrent stroke (HR, 3.66; 95% CI, 1.47–9.09; p = 0.005) (34).

The risk of ICH and recurrent IS may directly affect the anticoagulation strategy. Therefore, based on the four studies in this study, we analyzed that during the follow-up period, according to the analysis of recurrent stroke, 30 patients had ICH and 111 patients had recurrent ischemic stroke after AIS anticoagulant therapy. This indicates that the number of recurrent IS after anticoagulant therapy is higher than that of ICH. For patients with CMBs at baseline, 17 had ICH, 40 had recurrent IS, and the combined effect size showed that patients with CMBs at baseline had a higher incidence of long-term ICH than those with recurrent IS. Patients with CMBs at baseline and recurrent stroke during follow-up were analyzed and combined with the effect size, and it was found that the incidence of long-term ICH was higher in patients with CMBs at baseline (OR, 2.25; 95% CI, 0.97–5.21; p = 0.95). Similarly, in the NAVIGATE ESUS trial (11), 3,699 participants were treated with randomized, double-blind antithrombotic therapy. The post hoc analysis of the impact of CMBs showed that CMBs accounted for 11%, and the risk of stroke recurrence with CMBs at baseline increased by 1.5 times (HR, 1.5; 95% CI, 1.0–2.3), while the risk of cerebral hemorrhage increased by four times (HR, 4.2; 95% CI, 1.3–13.9). Therefore, patients with recurrent stroke appear to have an increased incidence of ICH compared with recurrent IS after anticoagulant therapy in CMBs patients at baseline. In the study by Charidimou et al. (26), involving 3,067 patients who experienced an IS/transient ischemic attack, the presence of CMBs at baseline increased the risk of recurrence of any stroke (OR, 2.25; 95% CI, 1.70–2.98). Moreover, subgroup analysis revealed that CMBs in the Asian population were more closely related to ICH (OR, 10.43; 95% CI, 4.59–23.72; p < 0.0001), while in the European and American populations, CMBs mainly increased the risk of IS recurrence (OR, 2.23; 95% CI, 1.29–3.85; p = 0.004). This suggests that ethnic differences may affect the predictive value of CMBs on recurrent stroke (35).

WMH, of presumed vascular origin, often coexists with CMBs in patients with IS and severe CMBs are often accompanied by more severe WMH (36, 37). At the same time, severe WMH is more common in patients with CMBs than those without CMBs (38). In recent years, both severe WMH and CMBs have been related to the occurrence and prognosis of ICH (39). Previous studies have shown that WMH can be an independent predictor of poor prognosis in patients with a hemorrhagic stroke, with increasing severity of WMH correlating with significantly higher mortality and disability rate at 90 days (40). A prospective study involving 153 patients from the Department of Neurosurgery and Neurology, West China Hospital, Sichuan University, China, observed over 5 years, revealed a significant increase in adverse long-term ICH outcomes when WMH and CMBs coexisted (OR, 2.124; 95% CI, 1.352–3.337; p = 0.002) (41). However, this study did not specifically address whether patients should use antithrombotic drugs. In a study by Martí-Fàbregas et al. (19) involving 121 patients, regarding antithrombotic therapy, CMBs and significant WMH coexisted, and this increased the risk of ICH reaching a rate of 3.76 per 100 patient-years. Unfortunately, due to insufficient data, our study was unable to analyze the long-term risk of ICH occurrence when WMH and CMBs co-existed and anticoagulants were used.

The prevention of recurrent stroke by OAC in patients with non-valvular AF has been widely recognized and recommended by guidelines for long. The higher relative bleeding risk of those anticoagulants is concerning. Notably, this study found that VKAs had an increased risk of long-term ICH as compared to DOACs (OR, 4.19; 95% CI, 1.94–9.04; p = 0.04). Similarly, a meta-analysis by Cheng et al. (42) found that the increased prevalence of CMBs was associated with warfarin use (OR, 1.64; 95% CI, 1.23–2.18) but not associated with DOACs (OR, 0.82; 95% CI, 0. 51–1. 33). Furthermore, Warfarin use has been associated with progression of CMBs burden (43), suggesting that patients with CMBs are at higher risk. Therefore, the benefits and risks should be evaluated when considering antithrombotic therapy for patients with CMBs at baseline on MRI (10). A small prospective study involving AF patients with CMBs at baseline who were treated with DOACs demonstrated that the duration of DOACs use was not significantly associated with the prevalence of CMBs and did not increase the risk of new CMBs (44, 45). Therefore, DOACs may have better efficacy and safety than warfarin (46). Current studies have not found a significant difference in the risk of ICH in IS patients with CMBs based on the type of OAC (DOACs or VKAs) (11).

Consequently, OAC should not be rejected solely because of the presence of CMBs (47). In cases of cerebral hemorrhage, there was some LI, and about 22.8% of the patients were discharged without any symptoms (48). However, whether the risk of bleeding is increased after anticoagulation in these patients needs further study. If the etiology of ICH has been identified and successfully treated, it is recommended to consider starting or restarting OAC therapy after 2–4 weeks, with DOACs being the preferred choice (49). Overall, DOAC drugs are increasingly used clinically and appear safe and effective for CMBs combined with IS. However, more large-sample, multi-center, high-quality randomized controlled trials are still needed to establish a more reliable basis for clinical application. The optimal stroke prevention strategy for patients with AF and IS should be elected accordingly.

This study has certain limitations. First, the incomplete or missing data on CMB distribution in the whole study makes it impossible to analyze the relationship between the location of CMBs and ICH; thus, it requires further study. Second, the types of OAC used during the follow-up period differed; most studies used warfarin, which limits the evaluation of DOACs efficacy. Third, due to insufficient data, our study lacks an examination of the coexistence of WMH and CMBs with recurrent IS. Therefore, future research should explore the relationship between the coexistence of WMH, CMBs, and recurrent stroke. Finally, future large-scale RCT studies are needed to evaluate the safety and efficacy of anticoagulant therapy in AIS patients with non-valvular AF concurrent CMBs.

A strength of this study lies in the use of high-quality data from prospective studies in most of the included literature (6/7), which were conducted with strict baseline evaluation and clinical follow-up. There was low heterogeneity between studies.



5 Conclusion

Our findings suggest that anticoagulated IS patients with non-valvular AF may have an increased risk of future ICH due to CMBs, especially with CMBs ≧5 or when WMH and CMBs coexist. However, anticoagulants cannot be discontinued because of the risk of ICH. DOACs appear to be safe and effective in patients with CMBs and IS.
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Objective: To explore the construction and application in the practice of green channel in No. 971 Naval Hospital of PLA (No. 971 Hospital mode) for the treatment of acute ischemic stroke (AIS).
Methods: This retrospective study involved a cohort of 694 suspected stroke patients from December 2022 to November 2023 undergoing emergency treatment for stroke at our institution. Among them, 483 patients were treated with standard green channel (the control group), and 211 patients adopted the No. 971 Hospital mode for treatment (the study group). The biggest difference between the two groups was that the treatment process started before admission. We compared the effectiveness of the emergency treatment between the two groups and the thrombolysis treatment.
Results: Compared with control group, the accuracy rate of determining stroke and the rate of thrombolysis were significantly higher (p = 0.002, 0.039) and the door to doctor arrival time (DAT) and the door to CT scan time (DCT) of the study group was significantly shorter (all p < 0.001). There were 49 patients (10.1%) and 33 patients (15.6%) from the control group and study group receiving thrombolysis, respectively. The DAT, DCT, imaging to needle time (INT), and door to needle time (DNT) of patients receiving thrombolysis in the study group were significantly shorter than that in the control group (all p < 0.01). The NIHSS in the study group after the thrombolysis was lower than that in the control group (p = 0.042).
Conclusion: No. 971 Hospital model can effectively shorten DAT, DCT, INT, and DNT, and improve the effectiveness of thrombolysis and prognoses of AIS patients.
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 acute ischemic stroke; intravenous thrombolysis; green channel; emergency treatment; effectiveness


Background

Stroke has become a main cause of death and disability in China (1), and ischemic stroke accounts for more than 70% of all stroke (2). Intravenous thrombolysis and endovascular treatment (EVT) have become the standard therapies for acute ischemic stroke (AIS) with large-vessel occlusion, and the effect of these treatments is significantly correlated with time (3, 4). It has been reported that each minute saved in onset-to-treatment time for AIS with large-vessel occlusion granted on average 4.2 days of extra healthy life (5). However, in China, only a small number of AIS patients could reach the emergency department within 3 h after onset. Therefore, shortening the reperfusion time and enabling more people to undergo thrombolysis and EVT within the time window are of great significance. The stroke center of our institution has utilized information technology to construct the green life-safety channel (No. 971 Hospital mode), moving part of the hospital’s treatment process forward to the ambulance to further shorten the thrombolysis time. Hence, we conducted this retrospective study to analyze the impact of “No. 971 Hospital mode” on the treatment and prognosis of AIS patients.



Materials and methods


Patients

We retrospectively reviewed all 694 suspected stroke patients who received green channel treatment for stroke at our institution from December 2022 to November 2023. 483 patients treated with standard green channel from December 2022 to June 2023 were divided into control group, and 211 patients from July 2023 to November 2023 were enrolled into the study group, who adopted the No. 971 Hospital mode for treatment. The inclusion criteria were: (1) age ≥ 18 years; (2) during the pre-examination, the highly suspected stroke including one of the following symptoms suddenly appeared: weakness or numbness of one side of body, one side of facial numbness or distortion of commissure, barylalia or language understanding difficulty, gaze with both eyes, loss or blurring of vision, dizziness with vomiting, previously rare severe headache, consciousness disorder or convulsion; (3) within 6 h after onset; (4) according to Chinese Guidelines for Diagnosis and Treatment of Acute Ischemic Stroke (2018), patients treated with intravenous thrombolysis were with National Institutes of Health Stroke Scale (NIHSS) score>5 and ≤ 25 (6). The exclusion criteria were: (1) patients who had contraindications to intravenous thrombolysis; (2) another stroke etiology such as dissection, moyamoya disease, or vasculitis; (3) patients without complete medical records. Patients’ demographics (age and gender), risk factors (hypertension, diabetes, hyperlipemia, smoking, and drinking), clinical characteristics, and treatment results were collected. This retrospective study was approved by our hospital institutional review board and the need for informed consent was waived.



Treatment details

In the study group, the biggest difference from the standard green channel was that the treatment process of No. 971 Hospital mode started before admission. In the ambulance, the emergency doctors collected the medical history, conducted the physical examination, screened out suspected acute stroke cases and made the video contact with the hospital stroke doctors through the 5G network to preliminarily judge the condition. The nurses performed routine procedures, including oxygen inhalation, blood pressure measurement, blood glucose measurement, establishing venous access, drawing blood and electrocardiogram measurement, and connect to the hospital to complete the patient registration and information transmission work. At the same time, the doctors informed the patients or family members of the related matters and potential risks of thrombolysis and EVT. After entering the hospital, the patient was directly transferred to the examination department to complete CT examination and blood test, and so on. After CT scan, the stroke doctors immediately decided whether to carry out intravenous thrombolytic therapy and required the informed consent. Meanwhile, for patients with high NIHSS score (>8 points), doctors immediately performed digital subtraction angiography (DSA) to evaluate the intracranial vessels and prepared for EVT. All medical procedures were post-paid (Figure 1A).

[image: Flowchart depicting two pathways for acute ischemic stroke (AIS) patients.   A: Patients arrive by ambulance, undergo nurse and doctor evaluations, then receive CT and blood tests. After consent, they are treated with intravenous thrombolysis or EVT.  B: Patients arrive by themselves or through the emergency system and are screened by triage nurses. Stroke nurses and doctors perform evaluations, followed by CT scans. Consent is obtained, and patients are treated in the ER with intravenous thrombolysis or EVT.]

FIGURE 1
 Flow chart showing the emergency treatment modes. (A) Green channel in No. 971 Naval Hospital of PLA. (B) Standard green channel in China. AIS, acute ischemic stroke; CT, computed tomography; EVT, endovascular treatment; ER, emergency room.


In the control group, the patients underwent the treatment of standard green channel. Patients came to the hospital through the emergency system or by themselves. In the emergency department, stroke nurses conducted pre-examination, triage and registration, and activated the green channel. Then, they informed the stroke doctors and established venous access. The stroke doctors went to the emergency room to evaluate the patient’s condition, prescribe laboratory tests, and perform the imaging examinations. Then, the doctor accompanied the patient to complete the CT scan, conducted a conversation before the thrombolysis and performed intravenous thrombolysis in the emergency department after signing the informed consent (Figure 1B).



Clinical assessment and follow-up

Evaluation of the effectiveness of the emergency treatment: (1) the onset to door time (ODT, the time from the patients realizing they were sick to arrival at hospital), (2) the door to doctor arrival time (DAT, the time from patient arrival at hospital to stroke doctor reception), (3) the door to CT scan time (DCT, the time from patient arrival at hospital to the beginning of CT scan), (4) the imaging to needle time (INT, the time between completion of CT scan and patient receiving thrombolysis), (5) the door to needle time (DNT, the time between patient arrival at hospital and receiving thrombolysis). The accuracy rate of determining stroke was also used as an evaluation index. Accuracy rate of determining stroke = (number of suspected stroke-number of non-stroke) / number of suspected stroke×100%. The neurological deficit scores (NIHSS) were used to assess the neurological deficit levels before and after the thrombolytic therapy (7). Clinical outcome was assessed also using NIHSS score at 3-month follow-up at the clinic or by phone interview, and then 6 months thereafter.



Statistical analysis

For normally distributed continuous variables (described as mean ± SD), analysis was performed using Student’s t-test, while for nonnormally distributed continuous variables (described as median and quartile), analysis was performed using the Mann–Whitney U test. Categorical variables were reported as proportions and analyzed by the chi-square test. A p-value ≤0.05 was considered statistically significant. Statistical analysis was performed using standard software (SPSS Version 21.0; IBM, Armonk, NY, USA).




Results


Comparison of the effectiveness of emergency procedures between the two groups

In the control group, a total 483 suspected patients were included, including 82 patients (17.0%) who were diagnosed as non-stroke by stroke doctor, 49 patients (10.1%) receiving thrombolysis, 96 patients (19.9%) with intracranial hemorrhage, 63 patients (13.0%) who refused examination or treatment, 14 patients (2.9%) who underwent EVT without thrombolysis, 151 patients (31.3%) beyond the time window, and 28 patients (5.8%) with transient ischemic attack (TIA); while there were 211 suspected patients in the study group, including 17 patients (8.1%) diagnosed as non-stroke by stroke doctor, 33 patients (15.6%) receiving thrombolysis, 44 patients (20.9%) with intracranial hemorrhage, 23 patients (10.9%) refusing examination or treatment, 10 patients (4.7%) treated EVT without thrombolysis, 74 patients (35.1%) beyond the time window, and 10 patients (4.7%) with TIA.

In the study group, the rate of thrombolysis and the accuracy rate of determining stroke were significantly higher than that in the control group (p = 0.039, 0.002). Compared with control group, the DAT of the study group was significantly shorter (1.2 ± 0.9 min vs. 7.8 ± 3.1 min, p < 0.001). Eventually, 360 patients (74.5%) and 176 patients (83.4%) from the control group and study group underwent CT scans, respectively. And, the DCT of study group was 5.7 ± 2.5 min (range, 1 to 13 min), which was significantly shorter than that (24.8 ± 7.9 min; range, 5 to 54 min) in control group (p < 0.001). There was no significant difference in ODT between the two groups (p = 0.052). Above data has been summarized in Table 1.



TABLE 1 Effectiveness of emergency procedures between two groups.
[image: Table comparing control group (483 participants) and study group (211 participants) regarding treatment variables. Key significant differences include thrombolysis (p=0.039), non-stroke (p=0.002), accuracy rate of determining stroke (p=0.002), DAT (doctor arrival time) (p<0.001), and DCT (door to CT scan time) (p<0.001). Other data show no significant differences.]



Comparison of the baseline characteristics and effectiveness of thrombolysis treatment between the two groups

There were 49 patients and 33 patients from the control group and study group receiving thrombolysis alone, although some patients underwent angiography evaluation. There were no significant differences in the baseline data and ODT of the patients receiving thrombolysis between the two groups (all p>0.05, Table 2).



TABLE 2 Clinical data and the effectiveness of thrombolysis treatment between two groups.
[image: Comparison table showing characteristics between control (n=49) and study groups (n=33) in thrombolysis treatment. Variables include age, sex, medical conditions, and treatment times. Significant differences are seen in DAT, DCT, INT, and DNT times with p-values below 0.05, indicating statistical significance. NIHSS scores show marginal significance post-thrombolysis. Values are presented as mean ± standard deviation, percentages, or percentile ranges.]

As shown in Table 2, the DAT, DCT, INT, and DNT in the study group were significantly shorter when compared with the corresponding times in the control group (all p < 0.01). The NIHSS in both groups after the thrombolysis were declined when compared with that at admission (both p < 0.05) and the NIHSS in the study group after the thrombolysis was lower than that in the control group (p = 0.042).

The mean clinical follow-up time of these patients of control group and study group were 10.9 ± 2.1 months (range 7 to 15 months) and 5.1 ± 1.2 months (range 7 to 15 months), respectively. There was no significant difference of NIHSS score at the latest clinical follow-up between the two groups (p = 0.194).




Discussion

AIS has the characteristics of rapid onset and quick progression, with high risk of morbidity and mortality. The treatment guidelines for the AIS at home and abroad have put forward the concept of “time is the brain,” which means that emergency clinician must carry out the treatment process of AIS as soon as possible, and quickly complete the patient identification, transfer, triage, condition evaluation, treatment plan formulation, treatment, and transfer to the stroke monitoring unit (8). At present, the green life-safety channel for emergency care has provided great convenience for all patients in critical and serious conditions, giving them priority in all aspects of treatment and providing valuable time for rescue. But in fact, even if the AIS patients have the priority, the emergency treatment process is not decreased, and the patients’ families hesitate to make the treatment decision in a short time, which may delay treatment. The No. 971 Hospital mode proposed in this study further compresses the diagnosis and treatment time on the way of out-of-hospital transfer of patients and makes the patient engagement process lead by the clinician, which shorten the intermediate stage time and ensure the patients receive prehospital treatment. Also, due to the doctors in the ambulance contacting stroke doctors through the network to make the diagnosis together, the accuracy rate of determining stroke in the study group was significantly higher than that in the control group, which could save medical resources.

Intravenous thrombolysis is the essential treatment for AIS and can significantly decrease the rates of disability and mortality and improve prognoses (9). But, there is a strict requirement on the thrombolytic therapy time window. Therefore, the timeliness of treatment and the complete AIS rescue system in the hospital are the key to make patients undergo thrombolysis and EVT as soon as possible. The DNT is the most critical index in evaluating the treatment effectiveness of hospital intravenous thrombolysis for AIS patients, and according to the American Heart Association/American Stroke Association, DNT should be controlled within 60 min as much as possible (10). Threlkeld et al. (11) reported that DNT could be significantly and substantially shortened by the multidisciplinary and collaborative interventions of thrombolysis process, and did not increase the risk of adverse events. In this study, for the No. 971 Hospital mode the medical staff in the ambulance contacted the stroke doctor before admission, so that the stroke doctor could wait early at the CT room, and the patients was directly transferred to the CT room without undergoing emergency department. Also, the thrombolysis room with alteplase was established next to the CT room. All these factors led to the significantly shorter DAT, DCT, and DNT in the study group compared to the control group. The DNT in the study group has reached 25.7 ± 8.0 min.

With shorter DNT in the study group, the rate of thrombolysis was higher than that in the control group, which allowed more AIS patients to receive intravenous thrombolysis. Previous studies have also shown that during pre-hospital and in-hospital emergency medical treatment, implementing targeted interventions related to thrombolysis, including direct CT transfer and administering alteplase in CT, can help reduce delays in the treatment of AIS patients, and increase the proportion of patients receiving intravenous thrombolysis (12, 13). In this study, the emergency doctors informed the patients and family members of the related matters about the thrombolysis and EVT in the ambulance to make them understand the severity of the disease and the importance of thrombolysis and EVT, giving them more time to consider and make decisions. Therefore, the INT and DNT of the study group were significantly shorter than that of the control group. The results of this study showed that No. 971 Hospital mode can minimize the delay in thrombolysis caused by patient’ family decision-making, signing informed consent, etc. during the treatment process, which may shorten the reperfusion time, protect the function of ischemic and hypoxic brain tissue, and prevent ischemia–reperfusion injury. And in this study, the NIHSS score in the study group after thrombolytic therapy was significantly lower than that in the control group. However, different from NIHSS score after thrombosis, there was no significant difference of NIHSS score at the latest clinical follow-up between the two groups. It may be that the patients in the control group had a longer clinical follow-up time, and the duration of rehabilitation exercise was longer than that of the study group. Therefore, the patients of control group may recover better. In addition, the patients with high NIHSS score was performed DSA evaluation as much as possible and the extension of the time window for EVT have provided more patients with opportunities for EVT (4, 14). Therefore, in the treatment process, the patient did not delay the treatment effectiveness because of the suspected cerebral hemorrhage or excessive thrombolysis time window.

There were several limitations of our study, including its retrospective design and the limited sample size from a single center. And the clinical and angiographic follow-up outcomes were needed further analysis. Furthermore, the CT room in our hospital is located at a certain distance from the emergency department, which is also a factor that can significantly reduce DCT time with the No.971 Hospital mode.



Conclusion

In summary, the emergency “No. 971 Hospital mode” in the treatment of AIS patients can effectively shorten the time from admission to receiving intravenous thrombolysis treatment and improve the effectiveness of thrombolysis, thus improving patients’ neurological functions to a greater extent. It is worthy of clinical application.
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Association between serum creatinine and 30 days all-cause mortality in critically ill patients with non-traumatic subarachnoid hemorrhage: analysis of the MIMIC-IV database
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Background: Serum creatinine is a prognostic marker for various conditions, but its significance of spontaneous subarachnoid hemorrhage is still poorly understood. This study aims to elucidate the correlation between admission serum creatinine (sCr) levels and all-cause mortality within 30 days among individuals affected by non-traumatic subarachnoid hemorrhage (SAH).
Methods: This cohort study included 672 non-traumatic SAH adults. It utilized data from the MIMIC-IV database from 2008 to 2019. The patients’ first-time serum creatinine was recorded. Subsequently, an examination of the 30-day all-cause mortality was conducted. Employing a multiple logistic regression model, a nomogram was constructed, while the association between sCr and 30-day all-cause mortality was evaluated using Kaplan–Meier survival curves. The calibration curve was employed to assess the model’s performance, while subgroup analysis was employed to examine the impact of additional complications and medication therapy on outcomes.
Results: A total of 672 patients diagnosed with non-traumatic subarachnoid hemorrhage were included in the study. The mortality rate within this timeframe was found to be 24.7%. Multiple logistic regression analysis revealed that sCr served as an independent prognostic indicator for all-cause mortality within 30 days of admission for SAH patients [OR: 2(1.18–3.41); p = 0.01]. A comprehensive model was constructed, incorporating age, sCr, white blood cell count (WBC), glucose, anion gap, and partial thromboplastin time (PTT), resulting in a prediction model with an AUC value of 0.806 (95% CI: 0.768, 0.843), while the AUC for the test set is 0.821 (95% CI: 0.777–0.865).
Conclusion: Creatinine emerges as a significant biomarker, closely associated with heightened in-hospital mortality in individuals suffering from SAH.
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Introduction

Non-traumatic subarachnoid hemorrhage (SAH) is a severe disease, mainly caused by the rupture of intracranial aneurysms, accounting for 2–7% of all strokes (1, 2). It is estimated that up to 40% of patients with non-traumatic SAH die in the hospital, resulting in disability and psychological disorders for the patients, and costing a massive amount of money and time (3, 4). Extensive clinical research and maximal treatment have been carried out, but SAH patients still show frustrating clinical outcomes (5). Therefore, there is an urgent need to establish non-invasive and cost-effective detection methods to help identify patients at increased risk of mortality and further optimize treatment.

Creatinine is related to the prognosis of various diseases, such as heart failure, coronary artery disease and cerebral hemorrhage transformation etc. (6–8). Creatinine is an important indicator of kidney function, and the elevation of creatinine levels may indicate kidney impairment (9). Acute kidney injury (AKI) is a common complication in critically ill patients and SAH patients, and its negative impact on outcomes is well known (10). Although the effect of sCr on the neurological function assessment of SAH patients has been described (11), the study’s sample size was small, and there was a lack of data on mortality in critically ill patients.

Therefore, we conducted a retrospective analysis through the MIMIC IV database to describe the association between sCr at admission and 30-day all-cause mortality.



Methods


Database introduction

The source of our data was the MIMIC-IV (v2.2), (Johnson, A, Bulgarelli, L, Pollard, T, Horng, S, Celi, LA, and Mark, R. MIMIC-IV (version 2.2). PhysioNet. (2022). doi: 10.13026/7vcr-e114a) large-scale, open-source database that was developed and maintained by the MIT Computational Physiology Laboratory. It included the records of all patients admitted to Beth Israel Deaconess Medical Center (BIDMC) from 2008 to 2019. The database offered comprehensive data for each patient, such as laboratory results, vital signs, medication administration, length of stay, etc. To protect patient privacy, all personal information was replaced with random codes and anonymized, so we did not need patient consent or ethical approval. The PhysioNet online platform allows downloading the MIMIC-IV (v2.2) database. One of the authors, Jiayi Huang, passed the exams on “Conflict of Interest” and “Data or Sample Only Research” (ID: 12408274) and completed the Collaborative Institutional Training Initiative (CITI) course to access the database. The research team then obtained the authorization to use the database and extract data. The main objective of the study is to construct a predictive model for mortality prediction.



Population selection criteria

We performed a retrospective analysis of 672 non-traumatic SAH cases extracted from the online international database Medical Information Mart for Intensive Care (MIMIC-IV) between 2008 and 2019 based on the records of ICD-9 code 430 and ICD-10 codes I60, I600 to I6012, I6000 to I6002, I6020 to I6022, I6030 to I6032, and I6050 to I6052 (15). Patients who met the following criteria were included: (1) diagnosed with non-traumatic SAH at ICU admission; (2) aged ≥18 years; (3) first admission to ICU. Finally, 672 patients (289 males and 383 females) were enrolled and complete baseline data were collected.



Data extraction

Creatinine, measured for the first time after admission to minimize the effect of subsequent treatments, was selected as the primary variable of interest. We also extracted potential confounders including demographics (age, sex), vital signs [heart rate, systolic and diastolic blood pressure, Mean arterial pressure (MAP), respiratory rate, and SpO2], comorbidities (myocardial infarction, peripheral vascular disease, peptic ulcer disease, liver disease, diabetes, paraplegia, cancer, and metastatic solid tumor), and laboratory tests (serum creatinine, white blood cells, neutrophils, lymphocytes, monocytes, serum glucose, anion gap, prothrombin time, international normalized ratio, and partial thromboplastin time). We used PostgreSQL software (v13.7.1) and Navicate Premium software (version 15) with structured query language (SQL) to perform data extraction. All the codes for computing demographic features, laboratory tests, comorbidities, and severity scores were obtained from the GitHub website (GitHub—MIT-LCP/mimic-iv: Deprecated. For the latest MIMIC-IV code see: https://github.com/MIT-LCP/mimic-code).



Grouping and endpoint events

This study divided the patients into two subgroups based on their survival status in the hospital: those who lived for 30 days (n = 506) and those who passed away within 30 days (n = 166). Additionally, the dataset was divided into a training set and a validation set in a 7:3 ratio for statistical analysis, and the results are presented in the Supplementary material. The main outcome of interest was the all-cause mortality within 30 days of admission.



Management of missing data

Variables with more than 15% missing values, such as monocytes, lymphocytes, neutrophils, basophils, eosinophils, albumin, GCS, albumin-globulin, total protein, and fibrinogen, were excluded to mitigate bias. For variables with less than 15% missing values (WBC, MCH, MCHC, MCV, RBC, RDW, heart rate, SBP, DBP, MBP, resp. rate, glucose, INR, PT, PTT, anion gap, sodium, bicarbonate, potassium, and creatinine), multiple imputation was applied to impute missing data using five replications and a chained equation approach. Rubin’s rules were then used for data pooling to combine the datasets, ensuring the robustness and reliability of the imputation results (12).



Statistical analysis

Continuous variables were described using standard deviation (SD) ± mean or median interquartile range (IQR), while categorical variables were presented as percentages. Statistical differences between the survival and non-survival groups at 30 days were examined using Fisher’s exact, chi-square, or Kruskal-Wallis tests. T-tests or Wilcoxon rank-sum tests were used for continuous variables, and chi-square tests were used for categorical variables to compare differences between the two groups. Variables with p values <0.05 were included in the binary logistic regression model. Univariate (unadjusted) and multivariate (adjusted) binary logistic regression models were used to evaluate the relationship between clinical characteristics and patient prognosis, although this approach may overlook important variables and include non-significant variables. The final predictive model was constructed using variables with p values <0.05 in the multivariable logistic regression model. We conducted Cox regression analysis and present the results in the Supplementary material 1–3. The findings from both logistic regression and Cox regression methods are consistent. Column plots were then generated based on the logistic predictive model. Receiver operating characteristic (ROC) curve analysis was performed to evaluate the performance of the predictive model in the MIMIC-IV cohort. The area under the ROC curve (AUC) was calculated to summarize the diagnostic accuracy, sensitivity, and specificity. Additionally, a calibration curve was conducted to assess the clinical utility of the model. Kaplan–Meier curves were used to observe the relationship between creatinine and mortality rate in SAH patients. Creatinine was divided into two groups based on the baseline mean: the low serum creatinine group (creatinine <0.9 mg/dL) and the high serum creatinine group (creatinine ≥0.9 mg/dL). Subgroup analyses were conducted to assess the potential synergistic effect between elevated creatinine levels and complications or medication treatment in SAH patients, and a forest plot was generated to visualize the results. All statistical analyses were conducted using R 3.3.2 (http://www.R-project.org, The R Foundation) and Free Statistics software version 1.6 (Beijing, China).




Results


Baseline demographic and clinical characteristics

Table 1 displays the baseline characteristics of the included study patients. Out of the 672 patients who fulfilled the inclusion criteria, as shown in Figure 1, 289 (43.0%) were male, and the median age was 61.6 (46.7, 76.5) years. The mortality rate within the 30-day timeframe amounted to 24.7%. Deceased individuals presented with an advanced age, augmented respiratory rate, elevated white blood cell count, increased red cell distribution width, heightened glucose levels, expanded anion gap, elevated international normalized ratio, prolonged prothrombin time, and activated partial thromboplastin time, along with elevated levels of creatinine (1.1 [0.1, 2.1] vs. 0.8 [0.4, 1.2], p < 0.001) in comparison to those who survived (all p < 0.05). The remaining covariates did not exhibit significant disparities between the two groups (p > 0.05).



TABLE 1 Differences between with favorable prognosis group and the unfavorable prognosis group in the development cohort.
[image: Table showing baseline characteristics between survivors and non-survivors across various variables such as gender, age, heart rate, blood pressure, and medical conditions. The total sample size is 672, with 506 survivors and 166 non-survivors. Statistical significance (p-values) is indicated for each variable, with significant differences observed in admission age, creatinine levels, white blood cell count, glucose, anion gap, and several coagulation measures. The table includes both numerical values and percentages for binary outcomes like myocardial infarction, heart failure, diabetes, and other diseases.]

[image: Flowchart detailing the selection process for a study from the Medical Information Mart for Intensive Care Database IV. From 831 ICU patients with non-traumatic subarachnoid hemorrhage, 672 met the criteria after excluding 158 for non-first ICU admissions, 1 for missing creatinine data, and 0 for age under eighteen. The study population is split into a survival group of 506 and a non-survival group of 166.]

FIGURE 1
 Flow of included patients.




The sCr is an independent risk factor for all-cause mortality at 30 days of hospital admission

Unadjusted sCr was found to have a significant association with all-cause mortality within the first 30 days of hospitalization (odds ratio [OR]: 4.12, 95% confidence interval [CI]: 2.45–6.93, p < 0.001). In the multiple logistic regression analysis, sCr (adjusted OR: 1.94, 95% CI: 1.17–3.21, p = 0.01), age (adjusted OR: 1.05, 95% CI: 1.03–1.06, p < 0.001), WBC (adjusted OR: 1.05, 95% CI: 1.01–1.09, p < 0.009), glucose (adjusted OR: 1.01, 95% CI: 1–1.01, p < 0.001), anion gap (adjusted OR: 1.11, 95% CI: 1.04–1.19, p < 0.001), and PTT (adjusted OR: 1.02, 95% CI: 1–1.03, p = 0.021) were independent prognostic factors for in-hospital mortality in patients with spontaneous subarachnoid hemorrhage (SAH) after adjusting for confounding variables (Table 2).



TABLE 2 Multivariate regression analysis of factors associated with unfavorable outcome (mRS of 3–6) at 3 months.
[image: A table displaying odds ratios (OR), confidence intervals (95CI), p-values, adjusted OR (adj.OR_95CI), and adjusted p-values for various medical variables. Significant values are bolded. Variables include gender, admission age, heart rate, blood pressure measures, respiratory rate, creatinine, white blood cell count, glucose, and others. Adjustments are noted for several variables like creatinine and white blood cell count, among others. The table highlights the statistical significance where p-values are less than 0.05.]



ROC curve analysis and nomogram for predicting in-hospital mortality risk

In Figures 2A,C, we used a multivariable logistic regression analysis to include the following variables: age, creatinine, WBC, glucose, anion gap, and PTT. We then plotted the ROC curves to assess the predictive ability of these variables for all-cause mortality within 30 days after admission of SAH patients. The area under the ROC curve was 0.806, with a 95% confidence interval of (0.768, 0.843). Moreover, the model exhibited a sensitivity of 80.72% and a specificity of 67.39%. The ROC curve for the test set was 0.821 (0.777, 0.865), with a sensitivity of 79.18% and a specificity of 62.89%. Based on the constructed model, nomogram was developed. Each patient would receive a total score based on the nomogram’s prognostic variables, corresponding to the predicted risk of in-hospital mortality (Figures 2B,E). A calibration curve was plotted to assess the consistency between the predicted probability of in-hospital mortality from the nomogram and the actual outcomes. As shown in Figures 2C,F, the calibration curve of the nomogram closely approximated the standard curve, indicating good consistency of the nomogram’s predictions (Figure 2D).

[image: Panel of six images displaying model predictions and calibration plots.   A and D: ROC curves showing the model's sensitivity and specificity with AUC values of 0.806 and 0.821, respectively.   B and E: Nomograms illustrating variable points like admission age, white blood cell count, and glucose levels contributing to the risk of an event.  C and F: Calibration plots depicting predicted probability against observed proportion, with ideal and model calibration lines highlighted.]

FIGURE 2
 (A) ROC curves of model for predicting 30 days mortality. Model includes age, sCr, WBC, glucose, anion gap, and PTT. (B) Nomogram of Model includes age, sCr, wbc, glucose, anion gap, and PTT. (C) Calibration curve for the sCr. Shaded ribbons denoting 95% confidence intervals. Panels (D–F) are based on the test set data.




Kaplan–Meier curve

Our study utilized an optimal threshold value to divide the SAH patients into two groups based on their creatinine levels. The high sCr group consisted of patients with sCr ≥ 0.9 (n = 166), while the low sCr group included patients with sCr < 0.9 (n = 506). To further evaluate the impact of sCr on patient outcomes, we conducted a Kaplan–Meier survival analysis and plotted the corresponding survival curves (Figure 3). The analysis revealed that the high sCr group had significantly higher mortality rates at 30, 180, and 365 days compared to the low sCr group (p < 0.001). This suggests that elevated sCr is associated with poorer prognosis and increased risk of mortality in SAH patients.

[image: Three survival probability graphs comparing groups with serum creatinine levels below 0.9 mg/dL (blue) and above or equal to 0.9 mg/dL (red) over time. All graphs show higher survival for the blue group. P-values for all graphs indicate statistical significance below 0.0001. The number at risk decreases over time for both groups in each graph.]

FIGURE 3
 Kaplan–Meier survival analysis curves for 30, 180, and 365 days all-cause mortality. Creatinine 1: (sCr <0.9 mg/dL); Creatinine 2: (sCr ≥ 0.9 mg/dL).




Subgroup analysis and forest plots

We performed additional stratification and interaction analyses to evaluate the relationship between sCr and the risk of in-hospital mortality in various subgroups, including myocardial infarction, peripheral vascular disease, peptic ulcer disease, liver disease, diabetes, paraplegia, cancer, and metastatic solid tumor. After adjusting for potential confounders such as age, WBC, glucose, anion gap, and partial thromboplastin time (PTT), the forest plot visually represented the results, demonstrating no significant interactions between creatinine and any of the subgroups (interaction p values ranging from 0.096 to 0.980) (Figure 4). These findings suggest that creatinine is an independent prognostic indicator for all-cause mortality in SAH patients. We conducted a subgroup analysis based on the use of antibiotics, CCB, alpha blockers, ARB, diuretics, ACEI, beta blockers, statins, 20% mannitol, and 25% albumin (Table 3). Only using CCB and 20% mannitol was associated with a lower mortality rate. We further analyzed the specific drugs within the CCB category (Table 4). We found that nimodipine significantly reduced the mortality rate in patients with elevated creatinine levels (OR: 0.3, 95% CI: 0.16–0.57, p < 0.001).

[image: Forest plot showing odds ratios (OR) and 95% confidence intervals (CI) for creatinine levels across various subgroups such as myocardial infarct, liver diseases, diabetes, paraplegia, cancer, and tumors. Each subgroup is evaluated for events, with OR depicted by red diamonds and horizontal lines representing CI. P-values for interaction are listed on the right.]

FIGURE 4
 Forest plot for subgroup analysis of the relationship between 30 days mortality and sCr.




TABLE 3 Subgroup analysis of different medicine treatments.
[image: A table displaying subgroup analysis of creatinine levels with various medications. Columns include n.total, n.event_%, OR_95CI, and p_value. Significant p_values below 0.05 are bolded. Medications listed are antibiotics, calcium channel blockers, α blockers, angiotensin II receptor blockers, diuretics, angiotensin converting enzyme inhibitors, β blockers, statins, 20% mannitol, and 25% albumin, with usage indicated as 0 or 1.]



TABLE 4 Subgroup analysis of different CCB medicine.
[image: A table summarizes the effect of Verapamil and Nimodipine on subgroups with creatinine levels below and above 0.9. Columns include subgroup, total number (n.total), percentage of events (n.event_% ), odds ratio with confidence interval (OR_95CI), and p-value. For Verapamil, no significant effects are found. Nimodipine shows a statistically significant effect for creatinine levels of 0.9 or above, indicated by a bold p-value less than 0.05. The notes explain that zero indicates no medicine use, while one indicates usage, with bold denoting statistical significance.]




Discussion

In this study, we analyzed the association between sCr levels and 30-day mortality rate in SAH patients. This study only focused on establishing a predictive model and did not explore causal relationships. Our results indicate that higher sCr is associated with worse 30-day mortality outcomes in SAH patients. Multiple regression analysis demonstrated that after adjusting for other confounding factors, sCr is an independent risk factor for 30-day mortality in SAH patients. The novel line graph based on creatinine levels shows high predictive value.

Creatinine is an assessment indicator of kidney function and is a byproduct of muscle metabolism, primarily derived from the spontaneous non-enzymatic degradation of creatine phosphate (12). Creatine phosphate is stored in muscles, and its degradation produces creatinine, which is then excreted by the kidneys (13). Elevated creatinine levels may indicate impaired kidney function (14).

Research has demonstrated that chronic kidney disease (CKD) has an impact on the mortality rate of patients with aneurysmal subarachnoid hemorrhage (aSAH). One study found that patients with CKD had a higher risk of death during hospitalization for aSAH (15). A systematic review and meta-analysis revealed that CKD affects the mortality rate of patients with subarachnoid hemorrhage (SAH). The study found that ischemic stroke occurred at a higher relative frequency in CKD patients compared to hemorrhagic stroke (78.3 vs. 21.7%). However, as renal function declined, the relative frequency of hemorrhagic stroke gradually increased (16). These research findings suggest that chronic kidney disease may increase the risk of death in patients with aneurysmal subarachnoid hemorrhage. However, diagnosing CKD in patients with acute SAH poses relative difficulties (17). In a clinical setting, obtaining serum creatinine is convenient. We analyzed the first serum creatinine after admission to quickly assess the condition of SAH patients, avoiding the errors associated with repeated measurements and the influence of treatment on post-admission indicators.

Recently, creatinine has been widely used as a prognostic indicator for various critically ill patients. For example, some studies have found that elevated creatinine levels may be associated with the severity of coronary artery disease (6), acute pancreatitis (18), myocardial infarction (19), and the prognosis of symptomatic intracerebral hemorrhage following venous thrombolysis after acute ischemic stroke (8). However, there is limited research on the association between sCr and mortality rates in SAH patients. A previous study involving 369 SAH patients showed that patients with a sCr level ≥ 1.0 mg/dL had a higher likelihood of poorer prognosis (modified Rankin Scale score > 3) compared to SAH patients with sCr levels <1.0 mg/dL (11). These findings align with our study, which demonstrated that patients with sCr level ≥ 0.9 mg/dL had a higher mortality rate compared to those with sCr level < 0.9 mg/dL. Another study involving 66 patients with aSAH found that an early increase in the urea-to-creatinine ratio (UCR) after aneurysmal subarachnoid hemorrhage was independently associated with adverse clinical outcomes (p = 0.026) (20). However, compared to previous studies, our study has several differences. Firstly, we had a larger sample size, focusing on the non-traumatic SAH population in ICU. Secondly, the adjusted variables were also different. We adjusted for several well-known outcome parameters, disease severity, and complications of common critical illnesses.

Nimodipine, a calcium channel blocker, is widely used to reduce the occurrence of cerebral vasospasm and ischemic neurological dysfunction in patients with subarachnoid hemorrhage (SAH). Studies have demonstrated the effectiveness of nimodipine in improving patient prognosis and reducing adverse outcomes (21). Additionally, nimodipine has been shown to decrease the risk of cerebral vasospasm, delayed ischemic neurological dysfunction, and cerebral infarction in SAH patients (22). It is the only effective medication currently available for preventing post-SAH cerebral vasospasm (23). Our study found that the use of nimodipine significantly reduces the 30-day mortality rate in SAH patients with elevated creatinine levels. However, no significant impact was observed in patients with normal creatinine levels. We speculate that this may be due to the slower metabolism of nimodipine in patients with elevated creatinine, resulting in higher drug concentrations and influencing the outcome. Further prospective experiments may be necessary to investigate this hypothesis.

The administration of mannitol has been shown to potentially benefit in reducing intracranial pressure (ICP). Studies have demonstrated the effectiveness of mannitol in lowering ICP and its therapeutic efficacy in patients with subarachnoid hemorrhage (SAH) (24). Particularly, for patients unable to achieve ICP reduction, mannitol treatment has a positive impact on prognosis (25). In summary, mannitol may have a beneficial effect on reducing the mortality rate in SAH patients, although the specific outcomes may vary due to individual differences. Our study found that using mannitol reduces the 30-day mortality risk in patients, regardless of elevated creatinine levels. However, we did not observe a difference in the effectiveness of mannitol between patients with elevated creatinine levels, which suggests that mannitol’s potential renal toxicity does not affect its efficacy. Further research is needed to explore this phenomenon.

It is challenging to elucidate the exact mechanisms through which sCr in non-traumatic SAH patients is closely associated with overall mortality. However, several possible explanations can be proposed. One explanation is that creatinine elevation may be related to coronary artery atherosclerosis. We speculate that it may also be associated with cerebral vasculopathy, leading to increased vessel fragility and susceptibility to damage. Such effect could result in a higher risk of bleeding. Another explanation is that the increase in sCr may be a predictive factor for adverse neurological outcomes due to pre-existing renal dysfunction before SAH. Further research is needed to explore these hypotheses and elucidate the underlying mechanisms.

In summary, the relationship between sCr and 30-day mortality in SAH patients involves specific physiological and metabolic changes that require further research to explore the specific mechanisms. Overall, the factors mentioned above that affect sCr may increase the risk of adverse outcomes in SAH patients, but the exact mechanisms need further investigation.



Limitation

Firstly, it is a retrospective cohort study with limitations such as potential measurement of missing data and data that may influence the results, such as mFisher grade, Hunt-Hess score, radiological data, and surgical information. Secondly, since creatinine data were only available at baseline upon ICU admission, this study can only establish the correlation between admission creatinine levels and hospital mortality, but not a causal relationship. The statistical methods we employed, such as univariate statistical tests, may lead to the risk of selecting insignificant variables while neglecting significant ones. Future studies may consider utilizing statistical techniques like Lasso regression to reduce statistical errors.



Conclusion

Creatinine can serve as a critical parameter for predicting the prognosis of patients with spontaneous subarachnoid hemorrhage (SAH). The use of a line graph prediction model in conjunction with creatinine can accurately predict in-hospital mortality rates in SAH patients. Applying this prediction model can assist clinicians in assessing the patient’s condition and guide treatment decisions.
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A novel nomogram to predict futile recanalization in patients with acute ischemic stroke undergoing mechanical thrombectomy
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Background and objective: Futile recanalization (FR) is defined as patients with acute ischemic stroke (AIS) due to large vessel occlusion who still exhibits functional dependence although undergoing successful mechanical thrombectomy (MT). We aimed to develop and validate a simple nomogram for predicting the probability of FR after MT treatment in AIS patients.
Methods: Clinical data of AIS patients in the Jrecan clinical trial in China from March 2018 to June 2019 were collected as the derivation set (n = 162). Meanwhile, clinical data of AIS patients who underwent MT in Baotou Central Hospital and Ningbo No.2 Hospital from 2019 to 2021 were collected as the validation set (n = 170). Multivariate logistic regression analysis was performed for all variables that had p < 0.2 in the univariate analysis in the derivation set. The independent risk factors of FR were further screened out and a nomogram was constructed. The performance of the nomogram was analyzed in the derivation and validation set using C-index, calibration plots, and decision curves.
Results: No significant difference in FR rate was detected between the derivation set and the validation set [88/162 (54.32%) and 82/170 (48.23%), p = 0.267]. Multivariate logistic regression analysis showed that age ≥ 65 years old (OR = 2.096, 95%CI 1.024–4.289, p = 0.043), systolic blood pressure (SBP) ≥ 180 mmHg (OR = 5.624, 95%CI 1.141–27.717, p = 0.034), onset to recanalization time (OTR) ≥ 453 min (OR = 2.759, 95%CI 1.323–5.754, p = 0.007), 24 h intracerebral hemorrhage (ICH; OR = 4.029, 95%CI 1.844 ~ 8.803, p < 0.001) were independent risk factors for FR. The C-index of the nomogram of the derivation set and the verification set were 0.739 (95%CI 0.662~0.816) and 0.703 (95%CI 0.621~0.785), respectively.
Conclusion: The nomogram composed of age, SBP, OTR, and 24 h ICH can effectively predict the probability of FR after MT in AIS patients.
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Introduction

At present, the main therapeutic methods for AIS patients in the time window are intravenous thrombolysis and mechanical thrombolysis (MT). The efficacy and safety of MT in the treatment of acute large vessel occlusive stroke (LVOS) have been proven, and it is the first-line treatment strategy recommended by current guidelines (1). However, there is still evidence that about 50% of patients have poor prognosis after MT (2). In order to maximize the benefit of MT treatment for more patients, more and more researchers are committed to analyzing preoperative and perioperative characteristics of patients to explore the risk factors affecting poor prognosis. Researchers have established several clinical prediction models and scoring systems, including THREIVE, PRE and IER-START nomogram, to accurately predict and evaluate the effect of MT treatment (3). Although this kind of prediction model and rating scale have certain forecasting efficiency, there are still shortcomings, which need to be further improved and verified. Some AIS patients could not achieve functional independence after successful MT therapy was named as futile recanalization (FR). Many studies (2, 4–6) are committed to building FR risk prediction models for acute LVOS patients after MT, but most of them are single-sample and retrospective studies, and there is still a lack of prospective, multicenter, and randomized studies in clinical practice.

This study was based on a reanalysis of data from a multicenter randomized controlled trial (RCT). By analyzing risk-related factors affecting FR, a nomogram was established to predict the probability of FR on AIS patients after MT. On the basis of previous studies, the risk factors of age, systolic blood pressure (SBP), onset to recanalization time (OTR), and 24 h intracerebral hemorrhage (ICH) were subdivided to better construct a risk prediction model for FR.



Materials and methods


Study design and population

The derivation cohorts in this study were enrolled in the Jrecan trial between 1 March 2018 and 30 June 2019. The Jrecan trial, a prospective, multicenter, randomized, non-inferior clinical trial, was designed to verify the safety and efficacy of the Jrecan Flow Reconstruction Device manufactured by Hunan Ruikang Technologies Co., Ltd. for endovascular treatment of acute ischemic stroke, and registered with Chinese Clinical Trial Registry (NO. ChiCTR-TOC-17013822, http://www.chictr.org.cn/showproj.aspx?proj=23396). The trial involved 16 high-capacity stroke centers in China and was approved by PLA Rocket Force General Hospital Ethics Committee (NO. X2017008). The validation cohorts in this study were from Baotou central hospital (March 2019–December 2021) and Ningbo No.2 Hospital (February 2019–December 2021), with 76 and 94 cases, respectively.

The studies were included if they met the following criteria: (1) Aged ≥18 years old; (2) AIS: within 8 h; (3) baseline admission National Institute of Health Stroke Scale (NIHSS) score ≥ 6；(4) modified Rankin Scale (mRS) score before onset ≤ 2; (5) angiography confirmed intracranial internal carotid artery, middle cerebral artery (MCA) trunk acute obstruction in patients; (6) The subject (or his guardian) agreed to participate in the study and signed an informed consent form.

The exclusion criteria were as follows: (1) CT or MR showed evidence of intracranial hemorrhage, or is known to have bleeding tendency; (2) CT showed low-density lesions more than 1/3 of the middle cerebral artery area, or ASPECTS < 7; (3) DSA showed carotid artery dissection, complete occlusion of cervical carotid artery or vasculitis; (4) DSA prompted serious tortuous path blood vessels, blood flow reconstruction device is difficult to reach the target location; (5) DSA angiography prompted an acute blockage of 2 vessels; (6) had a history of stroke within 3 months; (7) had heart, lung, liver and kidney failure or other serious diseases (such as brain tumors, cerebral arteriovenous malformations, systemic infections, active disseminated intravascular coagulation, myocardial infarction within 12 months before enrollment, A serious history of mental illness); (8) Pregnant or lactating women; (9) was known to be severely allergic to contrast media; (10) were participating in other drug or device research; (11) Life expectancy was less than 90 days.



Data collection

The epidemiological information and clinical data of the admitted patients were the same as in our previous studies (7). In this study, clinical data of patients were collected as follows: (1) Demographic information: age and sex; (2) Previous medical history: hypertension, diabetes, coronary heart disease, atrial fibrillation, previous stroke history; (3) Baseline data: preoperative mRS Score, blood glucose, blood pressure, preoperative NIHSS score, ASPECT score, whether intravenous thrombolysis was performed; (4) Intraoperative and postoperative: first pass effect, anesthesia method, lesion site, residual severe stenosis degree, remedial treatment, anticoagulation therapy, recanalization time; (5) Complications: 24 h ICH, 24 h sICH, survival status. See Table 1 for details.



TABLE 1 Univariate analysis of the factor associating with futile recanalization vs. successful recanalization in training set and validation set of patients after mechanical thrombectomy.
[image: A detailed table compares the derivation and validation sets in a medical study. Key variables include demographics, medical history, baseline data, procedure aspects, and complications. Statistics like median age, and p-values are presented for futile and effective recanalization groups, showing various health factors such as hypertension, diabetes, and previous stroke history. Baseline health indicators such as glucose levels and blood pressure are detailed. Procedural aspects cover anesthesia methods and lesion locations. The table concludes with complication rates and survival status, highlighting variations and statistical significance across datasets.]



Definition of clinical outcomes

Effective recanalization (ER) was defined as modified thrombolysis in cerebral infarction (mTICI) scores of 2b or higher and associated rates of functional independence or good functional outcomes, defined as mRS ≤ 2 at 90 days. FR was defined as the level of modified TICI (mTICI) 2b to 3, despite successful recanalization, modified Rankin Scale (mRS) scores ≥3 still appeared after 90d (4, 8). Symptomatic intracranial hemorrhage (sICH) was defined as an increase of ≥4 in the NIHSS score within 24 h or death. Early neurological deterioration (END) was defined as increase in ≥4 points of the NIHSS between admission and 24 h.



Statistical analysis

All data analyses were performed using SPSS software (version 22.0, IBM Corporation, Armonk, New York, United States) and R version 4.2.1 software (http://www.R-project.org, foundation for statistical computing, Vienna, Austria). The normally distributed continuous data were expressed as mean ± standard deviation ([image: Please upload the image or provide a URL so I can generate the alt text for it.] ± s), and the T-test was used for comparison between groups. Non-normally distributed continuous variables were expressed as median (quartile) [M (Q1, Q3)], and Mann Whitney U test was used for comparison between groups. Count data were expressed in cases (percentages) and comparisons between groups were performed using either the x2 test or Fisher’s exact probability test. Multivariate logistic regression analysis was used to determine significant predictors of FR, and a nomogram was established. The performance of the nomogram was verified in the modeling group and the verification group by C-index, calibration chart, Hosmer Lemeshow test and decision curve analysis (DCA), respectively. C-index were used to measure discrimination; The calibration plot described the degree of fit between the occurrence of the actual invalid reconnection and the nomogram predicted invalid reconnection; DCA to present the net return at various threshold probabilities.




Results


Baseline features of the participants

The derivation set was based on RCT data from Jrecan and initially included 193 patients. 2 cases did not use any instrument, 4 cases were seriously deviated from experimental protocol, 1 case was lost for follow-up, and 24 cases had a mTICI of 2a or 0 after opening. A total of 162 eligible patients were finally included in the derivation set (Figure 1). The median age of the patients was 66 years old (56–74), and 58.9% were male. Other clinical information is shown in Supplementary Table 1. In the derivation set, there were 88 cases of FR and 74 cases of ER, with FR accounting for 54.32%.

[image: Flowchart detailing the process for AIS patients divided into derivation and validation sets. Both sets undergo exclusions based on instrument use, protocol deviation, mTICI scores, and follow-up loss. Each set further breaks into results for final mTICI 2b or 3, futile recanalization, and 90-day mRS outcomes. Derivation set progresses to uni- and multivariable analysis and nomogram model construction. Validation set leads to external validation of the nomogram model and assesses its performance. Inclusion criteria are listed at the top.]

FIGURE 1
 Selection criteria and workflow of the study.


The validation set initially included 238 people, 38 cases did not use any instrument, 15 cases were seriously deviated from experimental protocol, 1 case was lost for follow-up, and 14 cases had mTICI of 2a or 0 after MT. Therefore, a total of 170 people were eventually included in the validation set (Figure 1). The median age of patients was 67 years (59–75), the proportion of males was 52.9%, and other clinical information was shown in Supplementary Table 1. In the validation set, 82 cases were FR and 88 cases were ER, with FR accounting for 48.24%.

There was no significant statistical difference in FR rates between the derivation set and validation set [88/162 (54.32%) and 82/170 (48.23%), p = 0.267] (Supplementary Table 1). The 90d mRS Scores of the patients in the derivation set were shown in Figure 2, including ER group/FR group, ICH group/No-ICH group, sICH group/No-sICH group, and survival group/death group, with significant statistical differences in each group.

[image: Bar charts depicting the distribution of modified Rankin Scale scores across different patient groups. Each chart shows percentages for scores from zero to six, with a color key indicating the severity. Groups include ER vs. FR, No-ICH vs. ICH, No-sICH vs. sICH, and Survival vs. Death. Each chart shows significant differences, denoted by p-values less than 0.001 or 0.009.]

FIGURE 2
 The distribution of the modified Rankin Scale (mRS) of patients with ER vs. FR; ICH vs. no-ICH; sICH vs. no-sICH; Survival vs. Death. ER indicates effective recanalization; FR indicates futile recanalization; ICH indicates intracranial hemorrhage; sICH indicates symptomatic intracranial hemorrhage.




Risk factors selection

The baseline characteristics of ER and FR in the derivation set and the results of univariate analysis are listed in Table 1. To prevent missing meaningful variables, factors with p < 0.2 were shown as potential predictors of FR in the derivation set. The predictors included in multivariate analysis were Age (p = 0.004), Hypertension (p = 0.084), Glucose (p = 0.012), Systolic pressure (p = 0.014), and Initial NIHSS (p = 0.105), ASPECT (p = 0.068), Anesthesia methods (p = 0.090), Location of lesions (p = 0.080), Residual severe stenosis (p = 0.118), OTR (p = 0.056), 24 h ICH (p = 0.001).

The risk factors of FR in the derivation set based on the results of multivariate Logistic analysis are shown in Table 2. The results showed that Age ≥ 65 years old (OR = 2.096, 95%CI 1.024–4.289, p = 0.043), SBP ≥ 180 mmHg (OR = 5.624, 95%CI 1.141–27.717, p = 0.034), OTR ≥ 453 min (OR = 2.759, 95%CI 1.323~5.754, p = 0.007), 24 h ICH (OR = 4.029, 95%CI 1.844~8.803, p < 0.001) was an independent risk factor for FR.



TABLE 2 Multivariable analysis of risk factors associated with futile recanalization in patients after mechanical thrombectomy.
[image: Table displaying variables influencing medical outcomes: Age ≥ 65 years with OR 2.096 (95% CI: 1.024-4.289) and p-value 0.043; SBP ≥ 180 mmHg with OR 5.624 (95% CI: 1.141-27.717) and p-value 0.034; OTR ≥ 453 min with OR 2.759 (95% CI: 1.323-5.754) and p-value 0.007; 24 h ICH with OR 4.029 (95% CI: 1.844-8.803) and p-value <0.001. Notes define SBP as systolic blood pressure, OTR as time from symptom onset to recanalization, and ICH as intracranial hemorrhage.]



Nomogram construction and performance validation

The risk prediction nomogram of FR in AIS based on multivariate Logistic analysis is shown in Figure 3A, and each independent risk factor was assigned with a score ranging from 0 to 100 points. The four independent predictors obtained by multivariate analysis were scored according to the weight: when age ≥ 65, 43 points; When SBP ≥ 180 mmHg, 100 points; OTR ≥ 453 min, 59 points; When 24 h ICH occurs, 81 points, the final total score is 260 points. Thus, it can be concluded that there is a 50% probability of FR occurring when the total score is 73 (Figure 3A). For the model, after the internal verification of 1,000 bootstrap samples, the calibration diagrams of the derivation set (Figure 3B) and the validation set revealed that the nomogram model had good prediction accuracy (Hosmer-Lemeshow test: the derivation set X2 = 3.348, p = 0.764; the validation set X2 = 4.892, p = 0.429). The C-index of FR in the derivation set and the validation set were 0.739 (95%CI 0.662~0.816, st = 0.039; Figure 3B) and 0.703 (95%CI 0.621~0.785, st = 0.042; Figure 3C), respectively, suggesting a remarkable sensitivity and specificity of the nomogram in the clinical context. In addition, to evaluate the net benefit of the nomogram model in predicting a FR in AIS after MT, the DCA was performed. The results shown that when threshold probabilities are ranged between 25% and 93% in the derivation set (Figure 4A) and between 28% and 74% in the validation set (Figure 4B), using a nomogram to predict FR may have a greater net benefit than a “treat all” or “treat none” strategy, suggesting that the nomogram model has good clinical utility.

[image: Diagram A presents a nomogram for predicting futile recanalization, assigning points based on Age, Systolic Blood Pressure (SBP), Onset-to-Reperfusion Time (OTR), and presence of Hemorrhagic Infarction (TwentyFourHICH). Graphs B and C display calibration plots comparing predicted versus actual probabilities, with apparent, bias-corrected, and ideal lines. Both plots show calibration for predicted probabilities of futile recanalization using bootstrap methods, indicating good agreement.]

FIGURE 3
 Construction of nomogram and calibration diagram. (A) The nomogram developed in the present study; (B) Calibration curve of the derivation set. (C) Calibration curve of the validation set. SBP indicates systolic blood pressure; OTR indicates time from symptom onset to recanalization; ICH indicates intracranial hemorrhage.


[image: Two decision curve analysis graphs labeled A and B show net benefit versus high risk threshold. Both graphs have three lines: red for nomogram, gray for "All," and black for "None." In graph A, the nomogram line starts at approximately 0.6 net benefit and decreases to nearly zero. In graph B, the nomogram line begins at around 0.5 net benefit, following a similar decreasing trend.]

FIGURE 4
 Decision curve analysis (DCA) of the nomogram. (A) DCA of the training set. (B) DCA of the internal validation set. x-axis, the threshold probability; y-axis, the net benefit.




Translation of the nomogram model into practice

According to the points of each variable contributed to the nomogram, we translated the predictive model into practice. The total scores of each patient was calculated as follows: total scores = (0 for age < 65 or 1for age ≥ 65) × 43 + (0 for SBP < 180 mmHg or 1 for SBP ≥ 180 mmHg) × 100+ (0 for OTR < 453 min or 1for OTR ≥ 453 min) × 59 + (0 for 24 h no-ICH or 1for 24 h ICH occurs) × 81. The ROC curve and the scatter plot of the total scores of each patient in the derivation and the validation sets are shown in Figures 5A,B.

[image: Two panels labeled A and B compare data using ROC curves and box plots. Panel A shows a ROC curve with high sensitivity versus specificity, alongside a box plot comparing total scores of FR and ER groups with significant difference (P<0.001). Panel B similarly shows a ROC curve and another box plot with FR and ER group scores, also with significant difference (P<0.001). Both plots indicate statistical analysis outcomes.]

FIGURE 5
 The characteristic curves of the nomogram model. (A) Receiver operating characteristics (ROC) for identifying the optimal threshold (left) and the scatter plot of the total scores (right) in AIS patients undergoing MT in the derivation set. (B) ROC for identifying the optimal threshold (left) and scatter plot of the total scores (right) in AIS patients undergoing MT in the validation set.





Discussion

In this study, we explored the application of a nomogram to predict the probability of FR after MT treatment in AIS patients. Our nomogram incorporated variables, including age, preoperative SBP, OTR, and 24 h ICH, and showed good discriminatory ability, calibration, and value in clinical application after independent evaluation in the derivation and validation set.

Nomograms are highly reliable and practical estimation tools that help predict prognosis and enhance clinical decisions on personalized treatment by combining different prognostic and determinant data and evaluating them in combination with several powerful event indicators (9–11). They are also widely used to predict the prognosis of stroke, including FR (6, 12). Based on radiomics and with the help of machine learning, Yuqi Luo et al. established nomogram to predict FR, focusing on the use of machine learning methods to integrate clinical information and imaging information, which is complex and limits its extensional generalizability (5). ShiTeng Lin et al. reported a visualized nomogram to predict FR after endovascular thrombectomy in basilar artery occlusion stroke and Jincheng Guan et al. constructed nomogram-based prediction of the FR in AIS before and after endovascular therapy (6, 12). Jincheng Guan and ShiTeng Lin’s studies were all retrospective studies and with small sample sizes of 101 and 84 participants, respectively. In addition, the nomogram of ShiTeng Lin et al. was based on basilar artery occlusion stroke, and the model has not been validated. Jincheng Guan et al.’s model was a single-center retrospective study and was only validated internally, not externally, which was subject to selectivity bias and insufficient reliability. H Ni and H Wu et al. also reported predictors of FR in patients with intracranial atherosclerosis-related stroke, respectively, but neither of them built predictive models (13, 14). In this study, our model was aimed at intracranial internal carotid artery, MCA trunk acute obstruction in patients, and the data used for the modeling were from rigorous RCT studies, and the validation was an independent external validation. The derivation set strictly followed the RCT, and the FR prediction model obtained through statistical analysis had good calibration and differentiation. Data from the real world can reflect a broader and representative patient population, and also provide a series of supplementary evidence for RCT research (15, 16). To our knowledge, there have been no studies using real-world data as an external validation group for FR predictive models. In this study, our FR prediction model was further validated in a validation set from a real-world population, suggesting the reliability of the model.

Many studies have found that age is one of the potential risk factors for FR after MT in AIS patients (17). Consistent with their conclusions, this study also confirmed advanced age as an independent risk factor for FR, and on this basis further subdivided the age into AIS patients ≥ 65 years old.

Whether patients with AIS receive hypotensive treatment have always been a controversial issue. Studies have shown that higher SBP in AIS patients upon admission may be associated with good prognosis (18). Another study pointed out that there is a U-shaped relationship between the average SBP during hospitalization and the 90d prognosis of AIS patients (19), that is, patients have the best prognosis when the blood pressure is maintained between 135 and 150 mmHg, while patients have a worse prognosis when the blood pressure exceeds the above limit. At the same time, lower SBP may be associated with better prognosis in patients undergoing intravenous thrombolysis (17). In our study, it was found that preoperative SBP ≥ 180 mmHg was an independent risk factor for FR when AIS patients underwent MT. This finding can provide references for clinicians on whether and to what extent they should choose to reduce blood pressure during MT.

Previous studies (8) have proved that OTR in AIS patients undergoing MT therapy will seriously affect the probability of FR occurrence, which is consistent with our study. At the same time, this study further took 453 min as the boundary, and listed OTR ≥ 453 min as a risk factor for FR, providing clinicians with more accurate operation timing.

sICH is considered to be one of the risk factors for FR after intravascular therapy in AIS patients (8). However, our results suggest that 24 h sICH can not constitute an independent risk factor for predicting FR, whereas 24 h ICH is an independent risk factor for FR. This suggests that clinicians should pay more attention to patients with 24 h ICH, not just those with 24 h sICH.

There is a big difference between the results of this study and previous studies, such as NIHSS score, ASPECTS score and other indicators did not show significant statistical significance in our study. Although these indicators were included in the model establishment criteria after univariable analysis, unfortunately, these indicators were not meaningful in the final model. Therefore, this requires further validation in large-scale studies.


Limitation

There are still some limitations in this study. First, although the data in our study came from multiple centers, it only included Asian populations and may lack generality. Secondly, the sample size of this study is limited, and high-quality large-scale RCT studies are still needed for further verification in the future. Third, missing samples in data collection may cause the accuracy of the model to be affected. Fourth, this study only included patients with internal carotid artery and middle cerebral artery occlusion, which may not be applicable to patients with posterior circulation occlusion. Fifth, Because the majority of enrolled patients were within the thrombectomy time window, the study design at that time did not use advanced imaging assessment to assess the ischemic penumbra, which was one of the limitations of this study.




Conclusion

In conclusion, the current study developed a nomogram based on age, SBP, OTR, and 24 h ICH that plays a convincing role in evaluation of the risk of FR in AIS patients undergoing MT, which may benefit the guidance of the decision-making in individual patients to avoid FR. Nonetheless, further study with large-scale prospective and multiple centers are essential to verify our conclusions.
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The ratio of the maximum density values: a new method for predicting hemorrhagic transformation in acute ischemic stroke patients undergoing mechanical thrombectomy
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Background: It is challenging yet critical to differentiate between hemorrhagic transformation (HT) and contrast extravasation on non-contrast-enhanced computed tomography (NCCT) scans following mechanical thrombectomy (MT) in patients with acute ischemic stroke. We propose a new method called the ratio of maximum density values (RMDV) to minimize the confusion of contrast extravasation and to evaluate the diagnostic significance of RMDV in predicting HT on immediate post-interventional NCCT scans.
Methods: We conducted a retrospective analysis of the prospective patients’ database who received MT for acute ischemic stroke caused by occlusion of the intracranial large artery and showed postinterventional cerebral hyperdensities (PCHDs) on NCCT scans immediately after MT. Based on the subsequent NCCT scans, we divided patients with PCHDs into the HT and the non-HT groups. The clinical characters and radiological details were collected and compared to the two groups. We assessed the ability of RMDV >1 to predict HT by analyzing the receiver operating characteristic curve.
Results: One hundred and three patients showed PCHDs; 58 (56.31%) were classified as HT, while 45 (43.69%) were classified as non-HT. The only notable distinction between the two groups was the proportion of RMDV >1 in the HT group. The correlation between HT and RMDV >1 with an area under the curve of 0.826 (95% confidence interval, 0.739 to 0.894). The sensitivity, specificity, positive, and negative predictive values of RMDV >1 on NCCT for predicting HT were 89.66, 75.56, 82.54, and 85.00%, respectively.
Conclusion: The utilization of RMDV >1 on immediate NCCT scans after MT can predict early HT with good sensitivity and specificity.

Keywords
 acute ischemic stroke; non-enhanced cranial CT; postinterventional cerebral hyperdensities; hemorrhagic transformation; mechanical thrombectomy


Introduction

Mechanical thrombectomy (MT) has emerged as the optimal therapeutic approach for patients suffering from acute ischemic stroke (AIS) due to large vessel occlusion (LVO). Currently, MT achieves successful recanalization in approximately 80–90% of cases. However, only 50% of patients have a favorable prognosis, while futile recanalization occurs in 30–40% of cases (1, 2). Hemorrhagic transformation (HT) is one of the factors contributing to futile recanalization (3), with an incidence rate of 30–50% and a mortality rate of approximately 3% (4, 5). Both asymptomatic and symptomatic HT have been found to be associated with poorer functional outcomes (5). Therefore, early identification of HT after MT is crucial to predict prognosis and determine the optimal timing for starting antithrombotic therapy (6).

It widely utilizes non-contrast-enhanced computed tomography (NCCT) to evaluate postoperative HT. Postinterventional cerebral hyperdensities (PCHDs), which may contain hemorrhagic products and contrast agents, are commonly observed on NCCT scans after interventions and have been documented with a strong association with worse clinical outcomes (7). However, the differentiation between HT and contrast extravasation in the early stages after MT on postinterventional NCCT scans can be challenging due to the similar CT density values of blood product and iodine contrast (8).

The frequency of hyperdense lesions following MT on NCCT has been reported to range from 32 to 84% (9, 10), significantly higher than the rates of postoperative HT, ranging from 35 to 49%. While about 30% of those who were judged HT using postoperative NCCT alone actually were lots in contrast extravasation (11).

In theory, HT lesions contain blood products and contrast agents. The density of HT is greater than the density of the contrast extravasation on NCCT scans immediately after MT. For the reasons mentioned above, we introduce a new method called the ratio of the maximum density values (RMDV) to minimize the potential confusion of the contrast agent. The purpose of this study was to evaluate the effectiveness of RMDV in predicting HT on immediate post-interventional NCCT scans.



Methods


Study population

Between January 2022 and July 2023, we retrospectively analyzed the prospective database of patients with AIS caused by LVO and underwent MT at our comprehensive stroke center. Patients were considered eligible if the following enrollment criteria were fulfilled: (1) age ≥18 years; (2) AIS due to LVO; (3) endovascular recanalization using MT within 24 h after symptom onset; (4) patients underwent NCCT immediately after MT and 24 ± 4 h post-procedural. We excluded patients with incomplete images or clinical data. The Ethics Committee of the Weihai Central Hospital Affiliated to Qingdao University approved our study (Ethics approval number: LL-2024-007).



Clinical data

We collected each patient’s data, including baseline characteristics, vascular risk factors, use of intravenous thrombolytic, baseline NIHSS score, baseline ASPECTS/pc-ASPECTS, site of intracranial occlusion, procedural time metrics, revascularization status, and functional outcomes. The TOAST classification was used to categorize stroke subtypes. Stroke severity on admission was obtained using the National Institutes of Health Stroke Scale (NIHSS). At 90 days, the prognosis was assessed using the modified Rankin Scale (mRS) score. A score of 0–2 indicated a favorable prognosis, while a score of 3–6 indicated a poor prognosis. MT was carried out by experienced interventionists under local or general anesthesia or conscious sedation. The strategy and devices used for MT were chosen at the discretion of the interventionists. The modified thrombolysis in cerebral infarction (mTICI) score was used to assess the recanalization status after MT. Successful vessel recanalization was defined as achieving a mTICI score of 2b-3.



Imaging protocol and imaging analysis

A head NCCT scan (GE Discovery CT750HD; GE Healthcare, Chicago, IL) was performed immediately and 24 ± 4 h after MT in all patients. The parameters for NCCT were 100 kV, 120 mAs, and a section thickness of 5 mm. PCHDs were identified as areas of increased density within the brain parenchymal on NCCT scans immediately after MT. The density of these regions was found to be at minimum 5 Hounsfield units (HU) greater than the unaffected contralateral side. The maximum density values of PCHDs and the venous sinuses were manually measured on the NCCT scans immediately after MT. Initially, measurements were taken at multiple points to identify the areas with the highest density among all PCHDs and venous sinuses. A circular or elliptical region of interest (ROI) was then selected, limited to the highest density area, and it was preferred to be as large as possible. The ROI for the sinus area should not include adjacent skulls or artifacts. The ratio of the maximum density values (RMDV) was defined as the maximum density values of PCHDs over the maximum density values of the venous sinuses. We hypothesize that an RMDV >1 would indicate HT, while an RMDV ≤1 would indicate contrast extravasation.

Contrast extravasation was defined as PCHDs eliminated on the 24 h follow-up NCCT; otherwise, they were considered HT.



Statistical analysis

Descriptive analyses for continuous variables were presented as median with mean ± SD or interquartile range (IQR), while categorical variables were provided as frequencies and percentages. The clinical data were compared using different statistical tests. The chi-square test was used for categorical data, the Mann–Whitney U test for non-normally distributed continuous data, and the student’s t-test for normally distributed continuous data. Prognostic performance of RMDV >1 in predicting HT was evaluated by creating a receiver operating characteristic (ROC) curve and calculating the area under the curve (AUC). Additionally, the sensitivity, specificity, positive predictive value, and negative predictive value of RMDV >1 for predicting HT were calculated. p < 0.05 was considered statistically significant. All data were performed by SPSS 26.0 (IBM Corp., Armonk, NY, United States).




Result


Characteristics of total population

One hundred sixty-two patients diagnosed with AIS underwent MT in our center during the research period. Among these patients, 18 patients were not included in the study for the reasons described below: (1) three patients were excluded due to the presence of severe artifacts on the CT scans, (2) eight patients were excluded since they did not have immediate NCCT scans after MT, and (3) seven patients were excluded because they did not have NCCT scans 24 ± 4 h post-procedural. Finally, a total of 144 patients were ultimately enrolled. Among these patients, 94 (65.28%) were male and the remaining 50 (34.72%) were female. The ages of the patients ranged from 28 to 90 years.

According to the following NCCT scans, 60 (41.67%) patients had a subsequent HT, and 8 (5.56%) were symptomatic. 103 (71.53%) showed PCHDs on NCCT scans immediately after MT. Among the HT after MT,58 (96.67%) showed PCHDs immediately after MT, and 2 (3.33%) showed non-PCHDs.



Comparison of clinical features between the two groups

One hundred and three patients showed PCHDs on NCCT scans immediately after MT. The demographic and clinical information for PCHDs patients is shown in Table 1. We divided patients with PCHDs into two categories based on the subsequent NCCT scans: the HT and non-HT groups. Among the patients, 58 (56.31%) were classified as HT, while 45 (43.69%) were classified as non-HT. No statistically significant disparities were observed between the two groups regarding age, gender, intravenous thrombolytic treatment, prior stroke history, smoking habits, use of anticoagulants, NIHSS scores, procedural time metrics, mTICI scores, and other variables (p > 0.05). The HT group had a hypertension prevalence of 58.62% (34/58), compared to 33.33% (15/45) in the non-HT group (p = 0.062). Similarly, the prevalence of diabetes in the HT group was 34.48% (20/58), whereas it was 17.78% (8/45) in the non-HT group (p = 0.059). Compared to the non-HT group, the HT group had a significantly higher rate of RMDV >1 (p < 0.001). Table 1 provides details.



TABLE 1 The clinical characteristics of patients with PCHDs on NCCT.
[image: A detailed table compares clinical characteristics and outcomes across three groups: PCHDs (103 individuals), HT group (58 individuals), and No-HT group (45 individuals). Variables include age, sex, medical history such as hypertension and diabetes, medication use, arterial occlusion types, NIHSS scores, artery dilatation rates, and mortality rates. Statistical values are provided, such as mean, standard deviation, median, and interquartile range, along with p-values indicating significance levels. A legend explains abbreviations used in the table for clarity.]



RMDV >1 could predict HT

The ROC curve analysis revealed a significant correlation between HT and RMDV >1. The area under the curve (AUC) was 0.826 with a 95% confidence interval of 0.739 to 0.894. With a specificity of 75.56% and sensitivity of 89.66%, the Youden index was 0.65. The positive and negative predictive values were 82.54 and 85.00%, respectively. The detailed results were shown in Figure 1. Representative images of PCHDs after MT to predict HT was shown in Figure 2.

[image: ROC curve graph showing sensitivity on the y-axis versus 100-specificity on the x-axis. The curve rises sharply to 100% sensitivity at around 30% specificity, indicating a well-performing model. A diagonal reference line is also present.]

FIGURE 1
 Receiver operating characteristic curves were used for predicting value of RMDV >1 for HT on immediate NCCT after MT. RMDV >1 was a predictor of HT with statistical significance (area under curve of 0.826; 95% confidence interval: 0.739 to 0.894, p < 0.001).


[image: CT scan images showing axial cross-sections of a brain. Image A reveals a hyperdense area indicating bleeding in the left hemisphere with a measurement of 115 HU. Image B shows lower skull structures with a reading of 75 HU. Image C displays the brain with symmetrical ventricles, showing no apparent abnormalities.]

FIGURE 2
 PCHDs on NCCT images obtained immediately after MT (A,B) and 24 h follow-up NCCT images (C) in one patient. It shows hyperdensity in the left basal ganglia; the maximum density value was 115 HU (A), while the maximum density value of the transverse sinus was 75 HU (B), RMDV>1 HT was confirmed by 24 h follow-up NCCT (C).





Discussion

To the best of our knowledge, this is the first investigation that provide the evidence that RMDV >1 can effectively differentiate HT from contrast extravasation on the postinterventional NCCT scans immediately after MT.

After MT, HT and contrast extravasation represent different degrees of blood-brain barrier damage caused by ischemia and reperfusion therapy. When this damage is limited to endothelial permeability, it results in contrast extravasation and the absence of blood products (12). Typically, the contrast agent disappears within 24 h (13). Prolonged ischemia or delayed reperfusion can worsen the disruption of the blood-brain barrier, resulting in HT. The similarity between contrast extravasation and HT has caused a lack of consensus among physicians regarding the diagnosis and classification of intracerebral hemorrhage on CT scans (14, 15).

In the present investigation, the prevalence of PCHDs was found to be 71.53%. At the same time, HT was observed in 41.67% of the cases, similar to previous reports. To distinguish between contrast extravasation and HT, it is important to note that the contrast agent can be observed in both the blood vessels and PCHDs. Therefore, the ratio of CT density values between the PCHDs and the blood vessels can be used to mitigate the influence of contrast agents and improve the accuracy of identifying HT. On postoperative NCCT scans, the venous sinuses are more prominently visible compared to the intracranial arteries. The transverse sinuses, in particular, are broader and provide more precise measurements. Therefore, we selected the density of the transverse sinus as the ratio.

The findings of this study indicate that utilizing this ratio can substantially enhance the sensitivity and specificity of diagnosing HT. RMDV can be easily estimated and does not require any additional equipment or software programming. It can help with the clinical care of patients following MT and offer clinicians useful prognostic information. For instance, patients with RMDV >1 should be carefully monitored for blood pressure control and antiplatelet or anticoagulation treatments should be delayed or avoided.

Previously, there were several other methods to identify HT using NCCT. Xu et al. (16) utilized NCCT to establish the metal hyperdensity sign with a density exceeding 90 HU and to identify HT in the basal ganglia region after MT. The sensitivity of the sign was found to be 88.2%, and the specificity was 90.5%. However, it is essential to note that the study only focused on lesions in the basal ganglia region and limited its broader application. In addition, Cai et al. (17) found that the presence of the metal hyperdensity sign was observed in only 28% of all patients with lesions in the brain parenchyma area. Dual-source CT can potentially differentiate brain tissue, hemorrhage, and iodine agents. However, it is worth mentioning that the outcomes of various studies exhibit significant variations. Bonatti et al. (18) found that dual-source CT had a 100% positive predictive value for HT following acute endovascular treatment. However, the sensitivity was only 20%. Cai et al. (17) also found that only 82% of the HT diagnosed by dual-source CT was confirmed by 24 h head CT. The study also indicated that dual-energy CT may not be superior to non-contrast CT in predicting subsequent hemorrhage after MT. Therefore, the potential applications of dual-energy CT still require further validation.

Many previous studies have explored the risk factors for hemorrhagic transformation after MT. Factors such as hypertension, diabetes, >3 stent pass attempts and operation time have been reported to be correlated with hemorrhagic transformation (19–21). No significant statistical differences were found in the baseline data, operation details, and prognosis between the two groups of patients who developed PCHDs after MT in our study. However, the HT group had more patients with diabetes and hypertension than the non-HT group. This difference was not statistically significant, considering the small sample size of our study.


Limitations

Our study has several limitations. Firstly, the study was conducted retrospectively, utilizing a limited sample size from a single center. Although the data were established prospectively, the retrospective nature of this design could introduce selection bias and restrict the generalizability of our findings. Multicenter, prospective studies are needed to confirm our results. Secondly, we identified HT according to NCCT scans, while many other methods, such as SWI, can predict HT more precisely. However, it is worth mentioning that one patient can have multiple hyper-densities. Our study selected the maximum density of PCHDs without further analyzing the sites or calculating every site by RMDV. Furthermore, the impact of contrast media on the risk of HT has been reported in previous studies. Unfortunately, we could not obtain information on the amount of contrast media used in some of our patients, which restricted our ability to evaluate this factor fully.




Conclusion

In this study, using RMDV >1 to determine early hemorrhagic transformation is a simple method with good sensitivity and specificity. This method can assist clinicians in making early judgments and taking appropriate measures to prevent catastrophic and severe hemorrhage.
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Objective: Acute ischemic stroke (AIS) is a heterogeneous condition. To stratify the heterogeneity, identify novel phenotypes, and develop Clinlabomics models of phenotypes that can conduct more personalized treatments for AIS.
Methods: In a retrospective analysis, consecutive AIS and non-AIS inpatients were enrolled. An unsupervised k-means clustering algorithm was used to classify AIS patients into distinct novel phenotypes. Besides, the intergroup comparisons across the phenotypes were performed in clinical and laboratory data. Next, the least absolute shrinkage and selection operator (LASSO) algorithm was used to select essential variables. In addition, Clinlabomics predictive models of phenotypes were established by a support vector machines (SVM) classifier. We used the area under curve (AUC), accuracy, sensitivity, and specificity to evaluate the performance of the models.
Results: Of the three derived phenotypes in 909 AIS patients [median age 64 (IQR: 17) years, 69% male], in phenotype 1 (N = 401), patients were relatively young and obese and had significantly elevated levels of lipids. Phenotype 2 (N = 463) was associated with abnormal ion levels. Phenotype 3 (N = 45) was characterized by the highest level of inflammation, accompanied by mild multiple-organ dysfunction. The external validation cohort prospectively collected 507 AIS patients [median age 60 (IQR: 18) years, 70% male]. Phenotype characteristics were similar in the validation cohort. After LASSO analysis, Clinlabomics models of phenotype 1 and 2 were constructed by the SVM algorithm, yielding high AUC (0.977, 95% CI: 0.961–0.993 and 0.984, 95% CI: 0.971–0.997), accuracy (0.936, 95% CI: 0.922–0.956 and 0.952, 95% CI: 0.938–0.972), sensitivity (0.984, 95% CI: 0.968–0.998 and 0.958, 95% CI: 0.939–0.984), and specificity (0.892, 95% CI: 0.874–0.926 and 0.945, 95% CI: 0.923–0.969).
Conclusion: In this study, three novel phenotypes that reflected the abnormal variables of AIS patients were identified, and the Clinlabomics models of phenotypes were established, which are conducive to individualized treatments.
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Introduction

Acute ischemic stroke (AIS) is a highly heterogeneous disease characterized by a high risk of morbidity, disability, recurrence, and mortality (1, 2). It has been reported that the number of IS-related deaths is expected to increase further from 3.29 million in 2019 to 4.90 million by 2030 (3). Administration of antiplatelet and statin drugs in AIS patients is recommended by the American Heart Association (AHA) to reduce the risk of stroke recurrence and cardiovascular events (4). However, despite patients following the therapies of the guidelines, there is a substantial risk of recurrent stroke in AIS patients (5). A major barrier to intervention is the high heterogeneity of AIS. Therefore, stratifying the heterogeneity of AIS using multiple features can identify undescribed phenotypes that may respond differently to medication, making it possible to offer more personalized treatment to AIS patients. Recently, Ding et al. (6, 7) used unsupervised clustering algorithms to identify novel phenotypes with distinct traits in non-cardioembolic ischemic stroke (NCIS). Similarly, Chen et al. (8) and Schütz et al. (9) used the latent class analysis method to reveal the potential phenotypes of ischemic stroke with obstructive sleep apnea (OSA). Likewise, Lattanzi et al. (10) adopted the hierarchical cluster analysis to distinguish clinical phenotypes of the embolic stroke of an undetermined source. These studies elucidate the new tendency to discover potential phenotypes by understanding the heterogeneity of diseases based on a clustering algorithm.

The k-means clustering, as an unsupervised learning algorithm, can classify unlabeled data by maximizing the heterogeneity within different phenotypes (11) and also can identify similarities of potential phenotypes in a dataset (12). A large body of research work has shown that the k-means clustering algorithm can be used to reveal novel phenotypes of stroke (13), sepsis (14, 15), early-onset Alzheimer's disease (16), postoperative delirium symptoms (17), and coronary heart disease (CHD) (18), which can help to understand the potential pathogenesis and treatment respondence of diseases. For instance, with the availability of laboratory data, Guo et al. (15) used k-means clustering to categorize sepsis phenotype, reflecting the severity of sepsis and treatment effects. Similarly, Sriprasert et al. (18) classified postmenopausal women into different phenotypes based on nine metabolic laboratory indicators, revealing the relationship of subtypes to subclinical atherosclerosis.

Although clinical laboratories produce large amounts of laboratory results each day to assist clinical diagnosis (19), these data are not fully utilized (20). Hence, Wen et al. proposed a concept of clinical laboratory omics (Clinlabomics) using machine learning (ML) or deep learning algorithms to establish models based on clinical and laboratory data that can reveal valuable information hidden in a great deal of data (20).

Therefore, the objectives of this study were to investigate novel phenotypes of AIS patients based on clinical and laboratory data using a k-means clustering algorithm and maximizing the heterogeneity, compare the differences among phenotypes based on demographic, clinical, individual traits, physiological indices, and laboratory data, develop Clinlabomics models of AIS phenotypes, and evaluate the diagnostic performance of models, which have not been done previously.



Methods


Study design and population

This study consecutively enrolled AIS inpatients attending Lanzhou University Second Hospital between Dec 2019 and Dec 2022. Furthermore, we also prospectively collected AIS patients from January 2023 to January 2024 as an external validation dataset. The inclusion criteria were as follows: (1) age ≥18 years old; (2) first-ever AIS at admission within 24 h. Patients were excluded for malignant tumors, mental conditions, autoimmune diseases, intracranial hemorrhage, infection within 2 weeks before the onset of stroke, recurrent stroke, transient ischemic attacks (TIA), treated with anticoagulation or reperfusion, or missing data >5%. AIS, as defined by the World Health Organization (WHO), is a clinical syndrome with rapidly developing neurological deficit due to cerebrovascular cause, persisting for more than 24 h or death (21). The AIS was confirmed by computed tomography (CT) scan or diffusion weight imaging (DWI) on admission. Further, we also included a control group with 484 inpatients without any type of current or prior cerebral infarction but possessing clinical manifestations similar to AIS patients. This study was approved by the Ethics Committee of the Lanzhou University Second Hospital (IRB number: 2022A-710). Informed consent was obtained from all participants.



Clinical and laboratory data collection

Medical records provided routinely available clinical data, including demographic data (age, gender, nationality, education, marriage), individual traits (height, weight, body mass index), vascular risk factors (the history of hypertension, diabetes, atrial fibrillation, coronary disease, and unhealthy habits including smoking and drinking), physiological indices (heart rate, oxygen saturation, blood pressure), the National Institutes of Health Stroke Scale (NIHSS) score that evaluates the stroke severity, Glasgow coma scale (GCS) that determines the degree of coma, modified Rankin scale (mRS) that assesses the degree of disability caused by stroke, Trial of Org 10172 in Acute Stroke Treatment (TOAST) classification that classifies etiological subtypes, and CT or DWI results that confirm the location and numbers of lesions. Based on the NIHSS score, scores of 1–4, 5–15, 16–20, and 21–42 were regarded as mild, moderate, moderate-to-severe, and severe stroke, respectively (22). An experienced senior neurologist (BY) examined and verified the NIHSS score, GCS, mRS, and TOAST classification in all included patients. There was a green channel for patients suspected of AIS, whose blood collection and detection were conducted immediately upon admission. In general, the results of complete blood count (CBC), biochemical tests, and coagulation examinations needed to be reported in 10, 30, and 30 min, respectively. Laboratory test results on admission were collected from the laboratory information system (LIS).



Variable selection

In total, we collected data on 97 variables, where 76 variables could be measured, detected, or calculated. The calculation formula of inflammatory biomarkers was as follows: neutrophil to lymphocyte ratio (NLR) = neutrophil (NEU)/lymphocyte (LYM); lymphocyte to monocyte ratio (LMR) = LYM/ monocyte (MON); monocyte to high-density lipoprotein-cholesterol ratio (MHR) = MON/ high-density lipoprotein-cholesterol (HDL-C) (23); neutrophil to high-density lipoprotein-cholesterol ratio (NHR) = NEU/HDL-C (23); systemic immune-inflammation index (SII) = platelet (PLT) × NLR (24); system inflammation response index (SIRI) = NUE × MON/LYM (24); multi-inflammatory index 1 (MII-1) = NLR × C-reaction protein (CRP) (25); multi-inflammatory index 2 (MII-2)=PLT/LYM × CRP (25); multi-inflammatory index 3 (MII-3) = (PLT × NLR) × CRP (25); red blood cell distribution width to platelet ratio (RPR) = red blood cell distribution width coefficient of variation (RDWCV)/PLT (26). Additionally, we used the ln [total triglyceride (TG) (mg/dL) × fasting blood glucose (FBG) (mg/dL)/2] formula to calculate the triglyceride-glucose (TyG) index (27). The corresponding lipid parameters of the atherogenic index of plasma (AIP), lipoprotein combine index (LCI), non-high-density lipoprotein-cholesterol (non-HDL-C), atherogenic coefficient (AC), Castelli's index-I (CRI-I), and Castelli's index-II (CRI-II) were calculated by lg (TG/HDL-C) (28), total cholesterol (TC) × TG × low-density lipoprotein-cholesterol (LDL-C)/HDL-C (29), TC–HDL-C (30), non-HDL-C/HDL-C (31), TC/HDL-C (31), and LDL-C/HDL-C (31), respectively. We classified the 76 variables into 11 domains according to their commonality, including non-invasive physiological indices, individual characteristics, inflammatory biomarkers, red blood cell-related parameters, lipid parameters, diabetes-related biomarkers, renal function indicators, ions, liver function-related indicators, myocardial injury markers, and coagulative markers. Categorical variables, such as gender and stroke severity, were excluded because of the requirements of clustering analysis.



Statistical analyses

A normal distribution of data was determined by the Kolmogorov-Smirnov test. The use of frequency counts and proportions (n%) expressed categorical variables that were compared using the Chi-square test and Fisher's exact test, if appropriate. Mean and standard deviation (SD), namely mean ± SD, was used to express normally distributed continuous variables, which were compared by a t-test. In contrast, non-normally distributed continuous variables were presented using median and interquartile range (IQR), namely M (Q1 - Q3), and compared by the Mann–Whitney U-test. The k-means clustering algorithm was used to identify novel phenotypes of AIS patients, where the optimal k was determined by the elbow method (32). The original data was transformed into standardized values (mean = 0, SD = 1) for clustering analysis. This clustering algorithm can partition observations into k clusters by assigning each observation to the nearest centroid (33). Once determined the phenotypes of AIS, we performed intergroup comparisons for the identification of significantly different variables. Further, a chord diagram was used to visualize abnormal variables classified by phenotype.

Before constructing models, we used the least absolute shrinkage and selection operator (LASSO) algorithm to perform variable selection for eliminating high multicollinearity variables (34). Subsequently, we used a random sampling method to divide patients in a 7:3 ratio into training and testing datasets. Next, a support vector machines (SVM) classifier was adopted to establish Clinlabomics predictive models, also regarded as phenotype classifiers, of AIS novel phenotypes. The SVM algorithm, which performs perfectly in dealing with both linear and non-linear data, can project training datasets into a multidimensional space, using a hyperplane to classify data (35), thus avoiding the overfitting problem (36). Receiver operating characteristic curves (ROC) were used to determine the optimal cut-off values of models, and the predictive performance of models was assessed by area under the receiver operating characteristic curve (AUC), accuracy, sensitivity, specificity, positive predictive value (PPV), and negative predictive value (NPV). All statistical analyses were performed on RStudio software (R version 4.3.0). A two-tailed p < 0.05 was regarded as statistical significance.




Results


Baseline characteristics of the study population

In total, we retrospectively included 909 AIS patients [median age: 64 (IQR: 17) years, 69% male] and 484 non-AIS subjects [median age: 66 (IQR: 15) years, 53% male]. In addition, we also prospectively collected 507 AIS patients [median age 60 (IQR: 18) years, 70% male] as validation dataset to verify the robustness of the k-means clustering algorithm. Figure 1 shows the detailed patient selection process and flow chart of this study. Table 1 summarizes the characteristics of the participants. There were no significant differences in age, nationality, marriage, history of atrial fibrillation (AF) and CHD, heart rate (HR), oxygen saturation in arterial blood (SaO2), body mass index (BMI), mean corpuscular hemoglobin (MCH), RDWCV, TC, LDL-C, non-HDL-C, urea, urea to creatinine ratio (UCR), calcium (Ca), total bilirubin (TBIL), indirect bilirubin (IBIL), aspartate aminotransferase (AST), albumin (ALB), creatine kinase (CK), international normalized ratio (INR), thrombin time (TT), and fibrin degradation products (FDP) between the two groups (all p > 0.05).


[image: Flowchart illustrating a study process involving AIS patients. Patients were excluded for various reasons, resulting in included cohorts for retrospective and prospective analyses. Data were collected, leading to clustering analysis into three phenotypes. Differences and comparisons were conducted using training and testing datasets, LASSO for variable selection, and an SVM algorithm. Evaluation metrics listed include accuracy, AUC, sensitivity, specificity, PPV, and NPV. Validation of clustering and comparison among phenotypes is mentioned.]
FIGURE 1
 The patient selection process and flow chart. AIS, acute ischemic stroke; TIA, transient ischemic attack; LASSO, the least absolute shrinkage and selection operator; AUC, the area under curve; PPV, positive predictive value; NPV, negative predictive value.



TABLE 1 Baseline characteristics of included participants in the retrospective cohort.

[image: A table comparing various characteristics and health indicators between all participants, an AIS group, and a non-AIS group. Categories include demographic characteristics, previous history, unhealthy habits, non-invasive physiological indices, individual characteristics, inflammatory biomarkers, red blood cell-related parameters, lipid parameters, diabetes-related biomarkers, renal function indicators, ion levels, liver function-related indicators, myocardial injury marker, and coagulative markers. Each category lists specific metrics with corresponding values and statistical significance (p-values). The table provides detailed comparisons with mean values, standard deviations, and percentages for each group.]



K-means clustering

We used the elbow method to determine the optimal k value of 3 (Figure 2A) and divided 909 AIS patients into three novel phenotypes (Figure 2B). Figure 3 describes the abnormal variables of three phenotypes. Patients in phenotype 1 (n = 401) were relatively young and obese and had significantly elevated levels of lipids. Phenotype 2 (n = 463) was associated with abnormal ion levels. Phenotype 3 (n = 45) was characterized by the highest level of inflammation, accompanied by mild multiple-organ dysfunction. Table 2 compares the statistical difference among phenotypes in demographic, clinical characteristics, and laboratory data.


[image: Panel A shows a line graph of the total within sum of squares vs. the number of clusters, indicating an optimal point near three clusters. Panel B features a scatter plot of phenotypes in three distinct regions. Panel C, similar to A, shows another line graph suggesting optimal clusters around three. Panel D displays a scatter plot of clusters in four colored areas, each representing a cluster group.]
FIGURE 2
 Identification of phenotypes of AIS patients using k-means clustering. (A) The optimal k value was determined using the elbow method; (B) Plotting of individual observations of each phenotype in discriminant component space; (C) The optimal k value in the validation cohort; (D) Individual observations of each cluster in discriminant component space in the validation dataset. AIS, acute ischemic stroke.



[image: Chord diagram illustrating relationships between various phenotypes and health categories. Categories include inflammatory, RBC, lipid, and others, represented with distinct colors. Curved lines connect related segments, depicting interactions.]
FIGURE 3
 Chord diagrams show the relationships between phenotypes and 11 domains. RBC, red blood cell; DM, diabetes mellitus.



TABLE 2 Characteristics of three phenotypes based on the k-means clustering analysis.

[image: A large table displaying various variables with columns titled Total, Phenotype I, Phenotype II, and Phenotype III, along with corresponding P-values. The table is divided into categories including Demographic Characteristics, Clinical Examination, Past History, Cardiovascular Ultrasound, New York Heart Association, Invasive Characteristics, Medical Treatments, Blood Parameters, and Coagulation Markers. Each category includes several specific variables with statistics provided for each phenotype group. Data include numerical values, percentages, and statistical significance indicators for each entry.]

In phenotype 1, the lipid parameters, including TC, TG, LDL-C, AIP, LCI, non-HDL-C, AC, CRI-I, and CRI-II, were significantly higher than the other two phenotypes (all p < 0.05). In phenotype 2, elevated levels of sodium (Na) and chloride (Cl) ions were found, compared to phenotype 1 and 3 (all p < 0.05). Nevertheless, patients in phenotype 3 had significant inflammation levels. They had abnormally increasing white blood cell (WBC), NEU, MON, NLR, MHR, NHR, SII, SIRI, MII-1, MII-2, MII-3, CRP, and lower levels of LYM and LMR inflammatory indicators, among the three phenotypes (all p < 0.05). Besides, phenotype 3 also had mild multiple-organ dysfunction, such as abnormal synthesis, secretion, coagulation, and excretion function occurring in the liver and renal, as well as myocardial injury. The basic characteristics of phenotypes and non-AIS control groups are displayed in Supplementary Table 1.

In the external validation dataset, 507 AIS patients were also divided into three clusters by the k-means cluster algorithm (Figures 2C, D), including clusters A (n = 251), B (n = 213), and C (n = 43). We compared the differences between the three groups in terms of clinical and laboratory data. Cluster A was characterized by abnormal ions, especially Na and Cl ions, corresponding to phenotype 2. Cluster B had high levels of lipid and BMI, which was equal to phenotype 1. Cluster C had mild organ dysfunction and severe levels of inflammation, with abnormal elevated and decreased inflammatory indicators, similar to phenotype 3. Supplementary Table 2 describes the detailed results.



Clinlabomics models of phenotypes

We used LASSO regression analysis to select 24 variables for the establishment of Clinlabomics model 1 of phenotype 1, including age, hypertension (HTN), smoking, systolic blood pressure (SBP), WBC, LYM, SII, MII-2, RPR, CRP, RBC, mean corpuscular volume (MCV), RDWCV, LDL-C, CRI-II, glucose (GLU), TyG, Cl, Ca, direct bilirubin (DBIL), alkaline phosphatase (ALP), cholinesterase (CHE), AGR, and PT (Figure 4A). For constructing predictive model 2 of phenotype 2 (Figure 4B), 23 variables, namely age, marriage, CHD, AF, drinking, HR, SBP, weight, LYM, NHR, SII, MII-2, RPR, CRP, TG, LCI, GLU, carbon dioxide (CO2), magnesium (Mg), ALB, AGR, INR, and TT were identified using a LASSO method. The predictive performance of the two phenotype classifiers established by the SVM algorithm was excellent, achieving high AUC values (ranging from 0.961 to 1.00), as shown in Figure 5 and Table 3. In particular, model 2 yielded higher accuracy (0.991 and 0.952), sensitivity (0.991 and 0.958), specificity (0.992 and 0.945), PPV (0.991 and 0.951), and NPV (0.992 and 0.952) both in training and testing datasets. Additionally, we selected a relatively important ranking of the top ten variables of models (Supplementary Figure 1). Notably, the inflammatory biomarkers CRP, RPR, and MII-2 were extremely important variables that ranked in the top three, both in model 1 and model 2. Furthermore, the calibration plots of the models showed a good agreement between the predicted probability and observed probability (Figure 6). Decision curve analysis (DCA) curves of two phenotype classifiers denoted optimal clinical efficacy (Figure 7).


[image: Two sets of plots labeled A and B. Each set has two graphs. The left graph shows Lasso regression coefficient paths plotted against the L1 norm. The right graph displays the binomial deviance against log lambda, illustrating model performance as regularization varies.]
FIGURE 4
 LASSO regression analysis for variable selection of (A) phenotype 1 and (B) phenotype 2. The LASSO coefficient profiles (left) and selection of the λ by 10-fold cross-validation in the LASSO analysis (right). LASSO, least absolute shrinkage, and selection operator.



[image: Two ROC curve plots labeled A and B compare models’ performance. Plot A shows orange (train, AUC: 0.998) and yellow (test, AUC: 0.977) curves. Plot B shows a magenta curve (train, AUC: 1.0; test, AUC: 0.964). Each plot has axes labeled for sensitivity and 1-specificity.]
FIGURE 5
 ROC curves of Clinlabomics (A) model 1 and (B) model 2. ROC, receiver-operating characteristic; AUC, the area under curve.



TABLE 3 Evaluation metrics assess the predictive performance of Clinlabomics models.

[image: Table comparing evaluation metrics for two models, each with training and testing data. Metrics include AUC, ACC, Sensitivity, Specificity, PPV, NPV, Threshold, and Youden index. Model 1 training shows AUC of 0.999, while testing shows 0.977. Model 2 training displays an AUC of 1.00, with testing at 0.984. Thresholds and Youden values are also provided.]


[image: Two calibration plots, labeled A and B, compare predicted versus observed probabilities. Plot A uses orange and red lines for training and test sets, showing deviation from the model line. Plot B uses magenta lines, indicating closer alignment with the model line, demonstrating better calibration. Both plots have axes labeled "Predicted Probability" and "Observed Probability."]
FIGURE 6
 Calibration plot of Clinlabomics (A) model 1 and (B) model 2.



[image: Two line graphs labeled A and B compare net benefit against various thresholds and cost-benefit ratios. Graph A shows train and test data with orange and red lines. Graph B shows train and test data with magenta and red lines. Both graphs include a gray reference line and annotations for risk thresholds and cost-benefit ratios.]
FIGURE 7
 The DCA plots of Clinlabomics (A) model 1 and (B) model 2. DCA, decision curve analysis.





Discussion

In this retrospective analysis of data from AIS patients, we classified them into three novel phenotypes with distinct clinical characteristics and significantly different laboratory data. This stratification of AIS patients may provide evidence of potential pathophysiology mechanisms of diseases and can help clinicians make clinical decisions about the intervention of stroke.

Of the three novel phenotypes, phenotype 3, which had only ~5% of the overall population sample size, was closely related to the older adult population and had the highest level of inflammation and mild multiple-organ dysfunction, containing abnormal liver, kidney function, and coagulative status. While phenotype 2 was characterized by a mild increase in inflammatory markers, it had the lowest lipid levels. Interestingly, the serum ions, such as potassium (K), NA, Cl, CO2, and phosphorus (P), were observed to be increased in phenotype 2. In contrast, phenotype 1 had a relatively young but high BMI population, who had significantly elevated levels of lipids.

We also compared with other phenotypes of ischemic stroke (Table 4). For instance, Chen and Chen (8) and Lattanzi et al. (10) revealed a clinical phenotype with dyslipidemia in embolic stroke of undetermined source (ESUS) and ischemic stroke with OSA, respectively. Likewise, Ding et al. (6, 7) also identified the phenotypes of abnormal inflammation and lipid metabolism of NCIS patients, which demonstrated that inflammatory and lipid alterations were closely associated with the occurrence of ischemic stroke. In our study, we found a distinct phenotype with abnormal ions for the first time, which may provide new insight into targeted treatments of AIS patients.


TABLE 4 Comparison with other phenotypes of ischemic stroke.

[image: A detailed table presents information from multiple studies concerning ischemic stroke with sleep apnea. It includes columns for authors, year, number of patients, source, diseases, methods, variables, number of phenotypes, and traits. Each study is listed with its unique data set, covering variables like biomarkers and methodologies such as hierarchical clustering. The phenotypic traits are described for each cluster, highlighting factors like age, disease history, and biochemical markers across several studies. The table synthesizes complex clinical data into comparative formats for analysis.]

Recent works have shown that inflammation plays a vital role in the pathogenesis of AIS, which may increase the risk of stroke and exacerbate ischemic lesions (37–39). When ischemia occurs in the cerebrum, peripheral circulating leukocytes and their subsets, including neutrophils, monocytes, and lymphocytes, are recruited to the cerebral ischemic region. These cells produce, secrete, and activate inflammatory mediators, such as cytokines, chemokines, adhesion molecules, etc., and even interact with inflammatory cells to contribute to the progression and sustenance of inflammation (40, 41). Inflammatory responses participate in the process of thrombosis, which, in turn, can generate a thrombotic inflammatory response via the recruitment of leukocytes, leading to tissue organ damage and influencing the clinical outcome of AIS patients (42). One collaborative analysis of 31,245 patients who received statin therapy revealed that residual inflammatory risk (RIR), namely LDL-C <70 mg/dL and high-sensitivity C-reactive protein (hs-CRP) level ≥ 2 mg/L, can effectively predict cardiovascular events and death, and all-cause death (43). Similarly, RIR was strongly associated with the poor functional outcome of AIS patients and could predict the risk of recurrent stroke for AIS or TIA patients (44). Therefore, an anti-inflammatory strategy is recognized as a potential treatment to reduce the recurrence of stroke and other vascular events after the onset of IS (45, 46).

Furthermore, we found that the levels of traditional lipid parameters, including TC, TG, HDL-C, and LDL-C, and non-traditional lipid parameters, such as AIP, LCI, non-HDL-C, AC, CRI-I, and CRI-II, were significantly increased in the phenotype 1, which had 46% carotid plaque occurrence rate in all AIS population. Abnormal lipid metabolism and inflammatory responses are involved in the pathological progression of atherosclerosis, which is initiated by oxidation of LDL-C, activated by endothelium, and mediated by macrophages (47). Hyperlipidemia can recruit pro-inflammatory monocytes, which infiltrate into atherosclerotic lesions and ultimately form foam cells. They also can activate the innate immune response by triggering the production of many pro-inflammatory cytokines. Importantly, inflammation and hyperlipidemia had similar future atherothrombotic risks in the population without receiving statins (43). Thus, it is important to understand the vital roles of inflammation and lipids in the atherosclerosis process for better intervention of IS. Currently, statin therapy is recommended to reduce cardiovascular event risk among people with atherosclerosis in primary or secondary prevention, based on the randomized trials that demonstrated the efficacy of statin to decline the occurrence of cardiovascular events in patients with high levels of LDL-C (48) and hs-CRP (49). In addition, other lipid-lowering therapies, including ezetimibe, bempedoic acid, proprotein convertase subtilisin-kexin type 9 (PCSK9) inhibitors, angiopoietin-like 3 protein (ANGPTL3) inhibitors, and inclisiran were also observed to reduce cardiovascular event rates (50–52). A parallel-group trial elucidated that a target LD-L cholesterol <70 mg/dL in IS or TIA patients with atherosclerosis had lower cardiovascular risk (53).

Interestingly, both inflammation biomarkers and lipid levels were found to be the lowest in phenotype 2, but the levels of K, NA, Cl, and P ions were increased. After the onset of cerebral ischemia, endogenous Na+/K+-ATPase (NKA) inhibitors that damaged the innate NKA activity were released to the peripheral circulation (54), leading to ATP depletion, which in turn exacerbated anoxic damage (55, 56). Besides, abnormal metabolic changes occurred in extracellular and intracellular environments, namely, reductions in ATP and cytosolic K+, as well as increases in ROS produced by mitochondria and intracellular Ca2+. These changes activated the nucleotide-binding oligomerization domain (NOD)-like receptor (NLR) family pyrin domain-containing 3 (NLRP3) inflammasome and subsequent pro-caspase-1 self-cleaved into caspase-1, mediating pyroptosis and ultimately causing neuronal death (57). In addition, the decline of intracellular K+ could also stimulate the activation of NLRP3 inflammasome and trigger inflammation cascades (58). Therefore, restoring the activity of NKA may reduce inflammasome activation, relieve neuronal death, and attenuate ischemic injury (59), which may be a distinct therapeutic target for AIS.

In this study, a total of 24 and 23 variables were selected to construct Clinlabomics models of phenotype 1 and phenotype 2, respectively. The SVM generally presented a similar or superior ability to the logistic regression (LR) method in the classification of diseases (60). We tried to use the LR algorithm to construct the Clinlabomics models of phenotypes, but the results were disappointing with the fitted probabilities numerically 0 or 1. Thus, we established the phenotype classifiers using the SVM algorithm, which showed excellent predictive performance for phenotypes of AIS patients. Both in models 1 and 2, CRP, RPR, and MII-2 inflammatory biomarkers were the most important predictors. Kitagawa et al. (61) revealed that a low level of CRP (<1 mg/L) reduced 32% recurrent stroke and TIA compared to patients with CRP ≥ 1 mg/L. In addition, elevated CRP was observed to be strongly correlated to a 3-month worse outcome of stroke patients without infection (62). The RPR, as a new inflammatory index, was closely related to the risk of mortality among AIS patients (63, 64). Furthermore, an increase in RPR could also predict early neurological deterioration after intravenous thrombolysis in patients with AIS (65). It remains unclear whether any relationship exists between the MII-2 indicator and AIS patients, but a recent study elucidated that the MII-1 and MII-2 inflammatory markers were capable of predicting the occurrence of acute symptomatic seizures after IS (66). With advances in algorithms to develop prediction models by combining multiple variables, we can optimize models to identify the hidden complex relationships among variables, which may be of great utility in clinical practice.

However, we should consider limitations on the interpretation of our findings. First, this is a single-center, small sample-size study that needs further validation in a large-scale study. Second, we also need to investigate more advanced ML algorithms to better predict the phenotypes of AIS patients based on multicenter and large-scale research. Third, due to the small population (n = 45), we did not establish the predictive phenotype classifiers of phenotype 3, which is required to explore the underlying mechanism of mild organ damage and dysfunction in the future. Interestingly, although a large quantity of ML-based models exists to predict AIS, they are not effectively utilized in clinical practice, which is ascribed to the complicated data mining algorithms and abstruse formulas. Therefore, it is imperative to solve this problem to better apply these models by clinicians.



Conclusion

In conclusion, we identified three novel phenotypes that connected with different clinical variables using k-means clustering analysis. We constructed the Clinlabomics models of phenotypes in AIS patients that are conducive to clinical decision-making and personalized medicine.



Data availability statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



Ethics statement

The studies involving humans were approved by the Ethics Committee of the Lanzhou University Second Hospital (IRB number: 2022A-710). The studies were conducted in accordance with the local legislation and institutional requirements. The participants provided their written informed consent to participate in this study.



Author contributions

YJ: Data curation, Formal analysis, Methodology, Writing—original draft, Visualization, Writing—review & editing. YD: Formal analysis, Investigation, Methodology, Validation, Visualization, Writing—original draft. QW: Methodology, Validation, Visualization, Writing—review & editing. BY: Software, Supervision, Writing—review & editing. LG: Funding acquisition, Writing—review & editing. CY: Conceptualization, Writing—review & editing.



Funding

The author(s) declare that financial support was received for the research, authorship, and/or publication of this article. This study was supported by the Cuiying Scientific and Technological Innovation Program of Lanzhou University Second Hospital (CY2020-BJ05).



Acknowledgments

The authors would like to thank the participants of the study.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher's note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Supplementary material
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fneur.2024.1366307/full#supplementary-material



References
	 1. GBD 2016 Stroke Collaborators. Global, regional, and national burden of stroke, 1990-2016: a systematic analysis for the Global Burden of Disease Study 2016. Lancet Neurol. (2019) 18:439–58. doi: 10.1016/S1474-4422(19)30034-1
	 2. Wang YJ Li ZX, Gu HQ, Zhai Y, Jiang Y, Zhao XQ, et al. China Stroke Statistics 2019: A report from the national center for healthcare quality management in neurological diseases, china national clinical research center for neurological diseases, the Chinese stroke association, national center for chronic and non-communicable disease control and prevention, Chinese center for disease control and prevention and institute for global neuroscience and stroke collaborations. Stroke Vasc Neurol. (2020) 5:211–39. doi: 10.1136/svn-2020-000457
	 3. Fan J, Li X, Yu X, Liu Z, Jiang Y, Fang Y, et al. Global burden, risk factor analysis, and prediction study of ischemic stroke, 1990-2030. Neurology. (2023) 101:e137–e50. doi: 10.1212/WNL.0000000000207387
	 4. Powers WJ, Rabinstein AA, Ackerson T, Adeoye OM, Bambakidis NC, Becker K, et al. Guidelines for the early management of patients with acute ischemic stroke: 2019 update to the 2018 guidelines for the early management of acute ischemic stroke: a guideline for healthcare professionals from the American heart association/American stroke association. Stroke. (2019) 50:e344–418. doi: 10.1161/STR.0000000000000211
	 5. Wang Y. Residual recurrence risk of ischaemic cerebrovascular events: concept, classification and implications. Stroke Vasc Neurol. (2021) 6:155–7. doi: 10.1136/svn-2021-000885
	 6. Ding L, Mane R, Wu Z, Jiang Y, Meng X, Jing J, et al. Data-driven clustering approach to identify novel phenotypes using multiple biomarkers in acute ischaemic stroke: a retrospective, multicentre cohort study. EClinicalMedicine. (2022) 53:101639. doi: 10.1016/j.eclinm.2022.101639
	 7. Ding L, Liu Y, Meng X, Jiang Y, Lin J, Cheng S, et al. Biomarker and genomic analyses reveal molecular signatures of non-cardioembolic ischemic stroke. Sig Trans Targ Ther. (2023) 8:222. doi: 10.1038/s41392-023-01465-w
	 8. Chen CY, Chen CL. Recognizable clinical subtypes of obstructive sleep apnea after ischemic stroke: a cluster analysis. Nat Sci Sleep. (2021) 13:283–90. doi: 10.2147/NSS.S301668
	 9. Schütz SG, Lisabeth LD, Shafie-Khorassani F, Case E, Sanchez BN, Chervin RD, et al. Clinical phenotypes of obstructive sleep apnea after ischemic stroke: a cluster analysis. Sleep Med. (2019) 60:178–81. doi: 10.1016/j.sleep.2019.04.004
	 10. Lattanzi S, Rinaldi C, Pulcini A, Corradetti T, Angelocola S, Zedde ML, et al. Clinical phenotypes of embolic strokes of undetermined source. Neurol Sci. (2021) 42:297–300. doi: 10.1007/s10072-020-04700-2
	 11. Hennig C, Meila M, Murtagh F, Rocci RE. Handbook of Cluster Analysis, 1st Edn. New York, NY: Chapman and Hall/CRC (2015).
	 12. Ren Z, Fu X. Stroke risk factors in United States: an analysis of the 2013-2018 national health and nutrition examination survey. Int J Gen Med. (2021) 14:6135–47. doi: 10.2147/IJGM.S327075
	 13. Miller JB, Nowak RM, Reed BP, DiSomma S, Nanayakkara P, Moyer M, et al. Hemodynamic characteristics of suspected stroke in the emergency department. Am J Emerg Med. (2017) 35:1915–8. doi: 10.1016/j.ajem.2017.08.017
	 14. Seymour CW, Kennedy JN, Wang S, Chang CH, Elliott CF, Xu Z, et al. Derivation, validation, and potential treatment implications of novel clinical phenotypes for sepsis. JAMA. (2019) 321:2003–17. doi: 10.1001/jama.2019.5791
	 15. Guo F, Zhu X, Wu Z, Zhu L, Wu J, Zhang F. Clinical applications of machine learning in the survival prediction and classification of sepsis: coagulation and heparin usage matter. J Transl Med. (2022) 20:265. doi: 10.1186/s12967-022-03469-6
	 16. Pollet M, Skrobala E, Lopes R, Kuchcinski G, Bordier C, Rollin-Sillaire A, et al. A multimodal, longitudinal study of cognitive heterogeneity in early-onset Alzheimer's disease. Eur J Neurol. (2021) 28:3990–8. doi: 10.1111/ene.15097
	 17. Sri-Iesaranusorn P, Sadahiro R, Murakami S, Wada S, Shimizu K, Yoshida T, et al. Data-driven categorization of postoperative delirium symptoms using unsupervised machine learning. Front Psychiatry. (2023) 14:1205605. doi: 10.3389/fpsyt.2023.1205605
	 18. Sriprasert I, Mack WJ, Hodis HN, Allayee H, Brinton RD, Karim R. Effect of ApoE4 genotype on the association between metabolic phenotype and subclinical atherosclerosis in postmenopausal women. Am J Cardiol. (2019) 124:1031–7. doi: 10.1016/j.amjcard.2019.06.022
	 19. Bayot ML, Lopes JE, Zubair M, Naidoo P. Clinical Laboratory [Updated 2022 Dec 19]. Treasure Island: StatPearls Publishing (2023).
	 20. Wen X, Leng P, Wang J, Yang G, Zu R, Jia X, et al. Clinlabomics: leveraging clinical laboratory data by data mining strategies. BMC Bioinformatics. (2022) 23:387. doi: 10.1186/s12859-022-04926-1
	 21. Aho K, Harmsen P, Hatano S, Marquardsen J, Smirnov VE, Strasser T. Cerebrovascular disease in the community: results of a WHO collaborative study. Bullet WHO. (1980) 58:113–30.
	 22. Islam MS, Hussain I, Rahman MM, Park SJ, Hossain MA. Explainable artificial intelligence model for stroke prediction using EEG signal. Sensors. (2022) 22:589. doi: 10.3390/s22249859
	 23. Gkantzios A, Tsiptsios D, Karapepera V, Karatzetzou S, Kiamelidis S, Vlotinou P, et al. Monocyte to HDL and neutrophil to HDL ratios as potential ischemic stroke prognostic biomarkers. Neurol Int. (2023) 15:301–17. doi: 10.3390/neurolint15010019
	 24. Huang L. Increased systemic immune-inflammation index predicts disease severity and functional outcome in acute ischemic stroke patients. Neurologist. (2023) 28:32–8. doi: 10.1097/NRL.0000000000000464
	 25. Demirel ME, Akunal Türel C. The role of the multi-inflammatory index as a novel predictor of hospital mortality in acute ischemic stroke. Cureus. (2023) 15:e43258. doi: 10.7759/cureus.43258
	 26. Chen B, Ye B, Zhang J, Ying L, Chen Y. RDW to platelet ratio: a novel noninvasive index for predicting hepatic fibrosis and cirrhosis in chronic hepatitis B. PLoS One. (2013) 8:e68780. doi: 10.1371/journal.pone.0068780
	 27. Wang X, Feng B, Huang Z, Cai Z, Yu X, Chen Z, et al. Relationship of cumulative exposure to the triglyceride-glucose index with ischemic stroke: a 9-year prospective study in the Kailuan cohort. Cardiovasc Diabetol. (2022) 21:66. doi: 10.1186/s12933-022-01510-y
	 28. Dobiásová M, Frohlich J. The plasma parameter log (TG/HDL-C) as an atherogenic index: correlation with lipoprotein particle size and esterification rate in apoB-lipoprotein-depleted plasma (FER(HDL)). Clin Biochem. (2001) 34:583–8. doi: 10.1016/S0009-9120(01)00263-6
	 29. Si Y, Liu J, Han C, Wang R, Liu T, Sun L. The correlation of retinol-binding protein-4 and lipoprotein combine index with the prevalence and diagnosis of acute coronary syndrome. Heart Vessels. (2020) 35:1494–501. doi: 10.1007/s00380-020-01627-8
	 30. Wu J, Chen S, Liu L, Gao X, Zhou Y, Wang C, et al. Non-high-density lipoprotein cholesterol vs low-density lipoprotein cholesterol as a risk factor for ischemic stroke: a result from the Kailuan study. Neurol Res. (2013) 35:505–11. doi: 10.1179/1743132813Y.0000000206
	 31. Guo J, Wang A, Wang Y, Liu X, Zhang X, Wu S, et al. Non-traditional lipid parameters as potential predictors of asymptomatic intracranial arterial stenosis. Front Neurol. (2021) 12:679415. doi: 10.3389/fneur.2021.679415
	 32. Lugner M, Gudbjörnsdottir S, Sattar N, Svensson AM, Miftaraj M, Eeg-Olofsson K, et al. Comparison between data-driven clusters and models based on clinical features to predict outcomes in type 2 diabetes: nationwide observational study. Diabetologia. (2021) 64:1973–81. doi: 10.1007/s00125-021-05485-5
	 33. MacQueen J. Some methods for classification and analysis of multivariate observations. In: Proceedings of the Sixth Berkeley Symposium on Mathematical Statistics and Probability (1967).
	 34. Dai P, Chang W, Xin Z, Cheng H, Ouyang W, Luo A. Retrospective study on the influencing factors and prediction of hospitalization expenses for chronic renal failure in China based on random forest and LASSO regression. Front Publ Health. (2021) 9:678276. doi: 10.3389/fpubh.2021.678276
	 35. Vapnik V. The Support Vector Method of Function Estimation. In:Suykens JAK, Vandewalle J, editors. Nonlinear Modeling: Advanced Black-Box Techniques. Boston, MA: Springer US (1998). p. 55–85.
	 36. Raghavendra NS, Deka PC. Support vector machine applications in the field of hydrology: a review. Applied Soft Comp. (2014) 19:372–86. doi: 10.1016/j.asoc.2014.02.002
	 37. Tirandi A, Sgura C, Carbone F, Montecucco F, Liberale L. Inflammatory biomarkers of ischemic stroke. Intern Emerg Med. (2023) 18:723–32. doi: 10.1007/s11739-023-03201-2
	 38. Bitencourt ACS, Timóteo RP, Bazan R, Silva MV, da Silveira Filho LG, Ratkevicius CMA, et al. Association of proinflammatory cytokine levels with stroke severity, infarct size, and muscle strength in the acute phase of stroke. J Stroke Cerebrovasc Dis. (2022) 31:106187. doi: 10.1016/j.jstrokecerebrovasdis.2021.106187
	 39. Ray MJ, Walters DL, Bett JN, Cameron J, Wood P, Aroney CN. Platelet-monocyte aggregates predict troponin rise after percutaneous coronary intervention and are inhibited by Abciximab. Int J Cardiol. (2005) 101:249–55. doi: 10.1016/j.ijcard.2004.03.033
	 40. Han L, Wang Z, Yuan J, He J, Deng Y, Zhu DS, et al. Circulating Leukocyte as an Inflammatory Biomarker: Association with Fibrinogen and Neuronal Damage in Acute Ischemic Stroke. J Inflamm Res. (2023) 16:1213–26. doi: 10.2147/JIR.S399021
	 41. Nakamura A, Otani K, Shichita T. Lipid mediators and sterile inflammation in ischemic stroke. Int Immunol. (2020) 32:719–25. doi: 10.1093/intimm/dxaa027
	 42. Wang MQ, Sun YY, Wang Y, Yan XL, Jin H, Sun X, et al. Platelet-to-neutrophil ratio after intravenous thrombolysis predicts unfavorable outcomes in acute ischemic stroke. Curr Neurovasc Res. (2020) 17:411–9. doi: 10.2174/1567202617666200517111802
	 43. Ridker PM, Bhatt DL, Pradhan AD, Glynn RJ, MacFadyen JG, Nissen SE. Inflammation and cholesterol as predictors of cardiovascular events among patients receiving statin therapy: a collaborative analysis of three randomised trials. Lancet. (2023) 401:1293–301. doi: 10.1016/S0140-6736(23)00215-5
	 44. Li J, Pan Y, Xu J, Li S, Wang M, Quan K, et al. Residual inflammatory risk predicts poor prognosis in acute ischemic stroke or transient ischemic attack patients. Stroke. (2021) 52:2827–36. doi: 10.1161/STROKEAHA.120.033152
	 45. Kelly PJ, Murphy S, Coveney S, Purroy F, Lemmens R, Tsivgoulis G, et al. Anti-inflammatory approaches to ischaemic stroke prevention. J Neurol Neurosurg Psychiatry. (2018) 89:211–8. doi: 10.1136/jnnp-2016-314817
	 46. Coveney S, McCabe JJ, Murphy S, O'Donnell M, Kelly PJ. Anti-inflammatory therapy for preventing stroke and other vascular events after ischaemic stroke or transient ischaemic attack. Cochrane Database Syst Rev. (2020) 5:CD012825. doi: 10.1002/14651858.CD012825.pub2
	 47. Hansson GK. Inflammation, atherosclerosis, and coronary artery disease. N Engl J Med. (2005) 352:1685–95. doi: 10.1056/NEJMra043430
	 48. Fulcher J, O'Connell R, Voysey M, Emberson J, Blackwell L, Mihaylova B, et al. Efficacy and safety of LDL-lowering therapy among men and women: meta-analysis of individual data from 174,000 participants in 27 randomised trials. Lancet. (2015) 385:1397–405. doi: 10.1016/S0140-6736(14)61368-4
	 49. Ridker PM, Danielson E, Fonseca FA, Genest J, Gotto AM, Kastelein JJ, et al. Rosuvastatin to prevent vascular events in men and women with elevated C-reactive protein. N Engl J Med. (2008) 359:2195–207. doi: 10.1056/NEJMoa0807646
	 50. Nurmohamed NS, Navar AM, Kastelein JJP. New and emerging therapies for reduction of LDL-cholesterol and apolipoprotein B: JACC focus seminar 1/4. J Am Coll Cardiol. (2021) 77:1564–75. doi: 10.1016/j.jacc.2020.11.079
	 51. Tokgözoglu L, Libby P. The dawn of a new era of targeted lipid-lowering therapies. Eur Heart J. (2022) 43:3198–208. doi: 10.1093/eurheartj/ehab841
	 52. Byrne P, Demasi M, Jones M, Smith SM, O'Brien KK, DuBroff R. Evaluating the association between low-density lipoprotein cholesterol reduction and relative and absolute effects of statin treatment: a systematic review and meta-analysis. JAMA Intern Med. (2022) 182:474–81. doi: 10.1001/jamainternmed.2022.0134
	 53. Amarenco P, Kim JS, Labreuche J, Charles H, Abtan J, Béjot Y, et al. A comparison of two LDL cholesterol targets after ischemic stroke. N Engl J Med. (2020) 382:9. doi: 10.1056/NEJMoa1910355
	 54. De Angelis C, Haupert GT. Hypoxia triggers release of an endogenous inhibitor of Na(+)-K(+)-ATPase from midbrain and adrenal. Am J Physiol. (1998) 274:F182–8. doi: 10.1152/ajprenal.1998.274.1.F182
	 55. Magnani ND Dada LA, Queisser MA, Brazee PL, Welch LC, Anekalla KR, et al. HIF and HOIL-1L-mediated PKCζ degradation stabilizes plasma membrane Na,K-ATPase to protect against hypoxia-induced lung injury. Proc Natl Acad Sci U S A. (2017) 114:E10178–e86. doi: 10.1073/pnas.1713563114
	 56. Comellas AP Dada LA, Lecuona E, Pesce LM, Chandel NS, Quesada N, et al. Hypoxia-mediated degradation of Na,K-ATPase via mitochondrial reactive oxygen species and the ubiquitin-conjugating system. Circ Res. (2006) 98:1314–22. doi: 10.1161/01.RES.0000222418.99976.1d
	 57. Xu Q, Zhao B, Ye Y, Li Y, Zhang Y, Xiong X, et al. Relevant mediators involved in and therapies targeting the inflammatory response induced by activation of the NLRP3 inflammasome in ischemic stroke. J Neuroinflammation. (2021) 18:123. doi: 10.1186/s12974-021-02137-8
	 58. Zhu M, Sun H, Cao L, Wu Z, Leng B, Bian J. Role of Na(+)/K(+)-ATPase in ischemic stroke: in-depth perspectives from physiology to pharmacology. J Mol Med. (2022) 100:395–410. doi: 10.1007/s00109-021-02143-6
	 59. Shi M, Cao L, Cao X, Zhu M, Zhang X, Wu Z, et al. DR-region of Na(+)/K(+) ATPase is a target to treat excitotoxicity and stroke. Cell Death Dis. (2018) 10:6. doi: 10.1038/s41419-018-1230-5
	 60. Lin Y, Lee Y, Wahba G. Support vector machines for classification in nonstandard situations. Mach Learn. (2002) 46:191–202. doi: 10.1023/A:1012406528296
	 61. Kitagawa K, Hosomi N, Nagai Y, Kagimura T, Ohtsuki T, Maruyama H, et al. Cumulative effects of LDL cholesterol and CRP levels on recurrent stroke and TIA. J Atheroscler Thromb. (2019) 26:432–41. doi: 10.5551/jat.45989
	 62. Wang L, Li Y, Wang C, Guo W, Liu M. C-reactive protein, infection, and outcome after acute ischemic stroke: a registry and systematic review. Curr Neurovasc Res. (2019) 16:405–15. doi: 10.2174/1567202616666191026122011
	 63. Xu N, Peng C. Association between red cell distribution width-to-platelet ratio and short-term and long-term mortality risk in patients with acute ischemic stroke. BMC Neurol. (2023) 23:191. doi: 10.1186/s12883-023-03219-1
	 64. He K, Xie X, Duan X, Zhou Q, Wu J. Red cell distribution width-to-platelet count ratio: a promising predictor of in-hospital all-cause mortality in critically ill patients with acute ischemic stroke. Cerebrovas Dis. (2023) 2:1–8. doi: 10.1159/000529184
	 65. Jiang M, Shen J, Muhammad B, Geng D. Red blood cell distribution width to platelet ratio predicts early neurological deterioration in acute ischemic stroke patients receiving intravenous thrombolysis. J Stroke Cerebrovasc Dis. (2023) 32:107146. doi: 10.1016/j.jstrokecerebrovasdis.2023.107146
	 66. Agircan D, Bal M, Demir TG, Ethemoglu O. Multi-inflammatory index as a new predictive and prognostic marker of acute symptomatic seizures in patients with cerebral venous sinus thrombosis. J Stroke Cerebrovasc Dis. (2023) 32:107453. doi: 10.1016/j.jstrokecerebrovasdis.2023.107453
	Copyright
 © 2024 Jiang, Dang, Wu, Yuan, Gao and You. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.









 


	
	
SYSTEMATIC REVIEW
published: 05 April 2024
doi: 10.3389/fneur.2024.1376336








[image: image2]

Effect of nonpharmacological interventions on poststroke depression: a network meta-analysis

Ying Li1†, Yuanyuan Wang2†, Lei Gao3, Xiaohan Meng1 and Qidan Deng4*


1College of Sports Science, Jishou University, Jishou, China

2Cardiac Care Unit, Sir Run Run Hospital, Nanjing Medical University, Nanjing, China

3School of Nursing, Dalian University, Dalian, China

4Department of Intensive Care Unit, Affiliated Qingyuan Hospital, Guangzhou Medical University, Qingyuan People’s Hospital, Qingyuan, China

Edited by
 Giovanni Merlino, Udine University Hospital, Italy

Reviewed by
 Perin Cecilia, University of Milano-Bicocca, Italy
 Omer Ibrahimagic, University Clinical Center Tuzla, Bosnia and Herzegovina
 Im Quah-Smith, Royal Hospital for Women, Australia

*Correspondence
 Qidan Deng, 2022695034@gzhmu.edu.cn 

†These authors share first authorship

Received 25 January 2024
 Accepted 25 March 2024
 Published 05 April 2024

Citation
 Li Y, Wang Y, Gao L, Meng X and Deng Q (2024) Effect of nonpharmacological interventions on poststroke depression: a network meta-analysis. Front. Neurol. 15:1376336. doi: 10.3389/fneur.2024.1376336
 




Purpose: To investigate the effects of nonpharmacological interventions (NPIs) on poststroke depression (PSD) in stroke patients.
Methods: Computer searches were conducted on the PubMed, Embase, Cochrane Library, Web of Science, China National Knowledge Infrastructure (CNKI), China Science and Technology Journal Database (VIP), and Wanfang databases from their establishment to December 2023. The selection was made using the inclusion and exclusion criteria, and 40 articles were included to compare the effects of the 17 NPIs on patients with PSD.
Results: Forty studies involving seventeen interventions were included. The network findings indicated that compared with conventional therapy (COT), superior PSD improvement was observed for cognitive behavioral therapy (CBT) + acupoint acupuncture (CBTA) (mean difference [MD], −4.25; 95% CI, −5.85 to −2.65), team positive psychotherapy (MD, −4.05; 95% CI, −5.53 to −2.58), music therapy (MT) + positive psychological intervention (MD, −2.25; 95% CI, −3.65 to −0.85), CBT (MD, −1.52; 95% CI, −2.05 to −0.99), mindfulness-based stress reduction (MD, −1.14; 95% CI, −2.14 to −0.14), MT (MD, −0.95; 95% CI, −1.39 to −0.52), acupoint acupuncture + MT (AAMT) (MD, −0.69; 95% CI, −1.25 to −0.14). Furthermore, CBT (MD, −3.87; 95% CI, −4.57 to −3.17), AAMT (MD, −1.02; 95% CI, −1.41 to −0.62), acupressure + MT (MD, −0.91; 95% CI, −1.27 to −0.54), and narrative care + acupressure (MD, −0.74; 95% CI, −1.19 to −0.29) demonstrated superior Pittsburgh Sleep Quality Index (PSQI) improvement compared with COT.
Conclusion: Evidence from systematic reviews and meta-analyses suggests that CBTA improves depression in patients with PSD. Moreover, CBT improves sleep in these patients. Additional randomized controlled trials are required to further investigate the efficacy and mechanisms of these interventions.
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Introduction

According to the World Health Organization (WHO) statistics in 2019, stroke is the second leading cause of death, accounting for approximately 11% of total deaths (1). Stroke has a serious impact on multiple functional domains and often leads to disability, affecting patients’ quality of life and leading to negative emotional states (2). Stroke survivors may face significant health challenges and are more likely to experience psychological disorders owing to their severe symptoms and physical disabilities. Depression is one of the most common complications of stroke, with a prevalence rate of 30–33% (3–6). The core symptom cluster includes feelings of low mood, emotional detachment, fatigue, insomnia, feelings of worthlessness, and even suicidal ideation (7–10). Poststroke depression (PSD) negatively affects physical, cognitive, and functional recovery; increases the risk of recurrent vascular events; reduces quality of life; decreases social participation; and increases mortality rates (11, 12). Therefore, it is of utmost importance to identify safe and effective treatment approaches for PSD (13). However, the effectiveness of pharmacological interventions in PSD remains unclear. Furthermore, the use of medications may be further limited by adverse effects, long reaction times, potential drug-related events, and low compliance (14–16). For these reasons, alternative or complementary choices for medication selection are critical to ensure effective management of PSD (17). Nonpharmacological interventions (NPIs) are scientifically based, noninvasive measures for human health that may offer an alternative approach to improving depressive symptoms (17).

A substantial body of evidence supports the effectiveness of NPIs for depression in various clinical populations (15, 18). Several reviews have identified and qualitatively provided evidence for the use of NPIs in PSD (14, 18, 19). In particular, a review suggested that therapeutic approaches such as problem-solving therapy, acupuncture, music therapy (MT), exercise therapy, and motivational interviewing can alleviate depressive symptoms (14). However, evidence-based recommendations regarding the most effective NPIs for improving PSD are currently lacking. Therefore, it is crucial to identify appropriate NPIs that can effectively reduce PSD. Network meta-analysis (NMA), also known as a meta-analysis of mixed or multiple treatment comparisons (20), compares the impact of various NPIs on PSD by estimating both direct and indirect comparisons. Although a previously published NMA has been identified, it only reported the effects of pharmacological treatments and did not investigate NPIs further (21). Hence, the objective of this study was to conduct an NMA of relevant randomized controlled trials (RCTs) to compare the effects of different NPIs on PSD. The results of this study are essential for formulating clinical practice guidelines and recommending optimal intervention strategies to improve PSD.



Methods

This NMA was designed based on the guidelines of the Preferred Reporting Items of Systematic Review and Network Meta-Analysis (22) and registered in the PROSPERO database (CRD42024501101).


Search strategies

Searches for RCTs on PSD published up to December 2023 were conducted using databases such as PubMed, Web of Science, Embase, the Cochrane Library, China National Knowledge Infrastructure (VIP), and Wanfang. The search involved a combination of participants and free words. The search strategy is described in Appendix 1.



Study selection

YL and LG were selected as independent reviewers to screen the titles and abstracts of the retrieved literature using search strategies to identify studies that met the inclusion criteria. In cases of disagreement, checks and discussions were performed by Qd D to reach a consensus. Data were deduplicated using EndNote (23). A full-text assessment of the potentially eligible studies was conducted based on the inclusion and exclusion criteria. Any differences between the reviewers were resolved through discussion, and the EndNote software was used to manage this phase.



Inclusion criteria

The inclusion and exclusion criteria were based on the PICOS standards. Table 1 lists the specific inclusion and exclusion criteria.



TABLE 1 Inclusion and exclusion criteria.
[image: Table outlining inclusion and exclusion criteria for a study. Categories include Population, Interventions, Comparisons, Outcomes, and Study. Population criteria: Age over eighteen, stroke diagnosis via imaging or clinical criteria, depression symptoms per HAMD. Exclusion: Severe complications. Interventions comprise various therapies and techniques. Comparisons involve COT. Outcomes are also COT. Study criteria: RCT, published in English or Chinese. Abbreviations are explained underneath.]



Risk-of-bias assessment

Two reviewers (LG and XM) independently assessed the risk of bias, and a third reviewer adjudicated using Cochrane collaboration tools, such as sequence generation, assignment hiding, blinding, incomplete outcome data, nonselective outcome reporting, and other sources of bias (24). Each criterion was considered as having a low, unclear, or high risk of bias (25).



Data extraction

The following data were independently extracted from the reviewers: the first author, publication year, country, sample size, and outcome indicators. Data are expressed as mean ± standard deviation (SD).



Data analysis

The “Netmeta” package in R-4.2.1 software was used for NMA. Network plots were generated using the STATA 15.1 “network plot” features to describe and present various forms of motion. Nodes were used to represent various interventions, and edges were used to depict favorable intervention comparisons. Inconsistencies between direct and indirect comparisons were evaluated using the node segmentation method (26). Combined estimates and 95% confidence intervals (95% CIs) were computed using a random-effects network element analysis. In studies in which the same measurement unit was of interest, the mean difference (MD) was considered a treatment effect when analyzing the results or evaluating the standardized MD (SMD). Different exercise treatments were compared using a pairwise random-effects meta-analysis. The heterogeneity of all pair-to-pair comparisons was evaluated using the I2 statistic, and publication bias was evaluated using the p-value of Egger’s test. Publication bias and secondary study effects, analyzed using the results of more than a dozen reported studies, were identified using funnel plots.




Results


Literature selection

After conducting the literature search, 3,992 articles were identified. After removing duplicate records, 3,399 articles remained for further analysis. Among the remaining 103 records, 63 were excluded because of inconsistent intervention measures (42 records), inconsistent outcome indicators (14 records), data deficiencies (3 records), and duplicate studies (4 records). Ultimately, 40 (27–66) studies were included. Figure 1 shows a flowchart of the study.

[image: Flowchart illustrating the study selection process. Initially, 3992 records were identified through database searching, with zero additional records from other sources. After removing 593 duplicates, 3399 records were excluded based on titles and abstracts due to reasons like unrelated studies, basic research, meta-analyses, reviews, or conference papers. Full texts of 103 articles were assessed for eligibility, excluding 63 due to inconsistent intervention measures, inconsistent outcome indicators, data deficiency, or duplication. Finally, 40 studies were included in the quantitative synthesis, a meta-analysis.]

FIGURE 1
 Flow of trials through the review.




Study and participant characteristics

Studies comparing the effects of 17 NPIs in patients with PSD published between 2006 and 2022 were included. A total of 3,225 patients were included in the selected studies. Among these studies, 40 reported the Hamilton Depression Scale (HAMD), and eight reported the Pittsburgh Sleep Quality Index (PSQI). The participants had an average age of 31–72 years. Table 2 presents the characteristics of the included studies and participants. The risk-of-bias assessment for each study is presented in Appendix 2, and Figure 2 presents the aggregated data.



TABLE 2 General characteristics of all included studies.
[image: A table listing studies with columns for author, year, country, group, age, sample size, intervention frequency/time, and outcomes. The studies, primarily from China, explore various interventions like cognitive behavioral therapy, acupuncture, and conventional therapy. Outcomes measured include HAMD and PSQI scores. Each entry details the study's specifics, such as age range, sample size, and intervention method.]

[image: Bar chart showing the risk of bias across different categories. Categories include selection, performance, detection, attrition, and reporting biases. Bars are colored green for low, yellow for unclear, and red for high risk. Random sequence generation has mostly low risk, while blinding of participants and personnel shows a high risk. Allocation concealment, blinding of outcome assessment, and incomplete outcome data have mixed risks. Selective reporting is mostly unclear. Other bias shows mostly unclear risk.]

FIGURE 2
 Percentage of studies examining the efficacy of NPIs in patients with PSD with low, unclear, and high risk of bias for each feature of the Cochrane Risk-of-Bias Tool.




Outcomes

HAMD: a total of 40 (27–66) studies, involving 3,225 participants, assessed HAMD. Seventeen interventions were included in the NMA (Figure 3A): Conventional therapy (COT), Cognitive behavioral therapy (CBT), Baduanjin (BDJ), Acceptance and commitment therapy (ACT), Acupressure + music therapy (ACMT), Acupoint acupuncture (ACA), Cognitive behavioral therapy + acupoint acupuncture (CBTA), Acupoint acupuncture + music therapy (AAMT), Acupoint acupuncture + auricular sticking(AAAS), Team positive psychotherapy (TEPP), Neuromuscular electrical stimulation(NMES), Narrative care + acupressure (NCA), Music therapy (MUT), Music therapy + positive psychological intervention (MTP), Mindfulness-based stress reduction (MBSR), and Empathy technique (EMT).

[image: Network diagrams titled A and B. Diagram A shows nodes labeled with abbreviations connected by varying thickness lines, with "COT" linked to others like "MUT" and "ACA". Node sizes vary, with "COT" being the largest. Diagram B features similar nodes with different connections, including "COT", "ACMT", and "AAMT", with varying line thickness indicating connection strength. Blue nodes are prominent in both.]

FIGURE 3
 Network plots: the size of the nodes represents the number of times the exercise appears in any comparison of that treatment, and the width of the edges represents the total sample size in the comparisons it connects. AAAS, Acupoint acupuncture + auricular sticking; AAMT, Acupoint acupuncture + music therapy; ACA, Acupoint acupuncture; ACMT, Acupressure + music therapy; ACT, Acceptance and commitment therapy; BDJ, Baduanjin; CBT, Cognitive behavioral therapy; CBTA, Cognitive behavioral therapy + acupoint acupuncture; COT, Conventional therapy; EMT, Empathy technique; MBSR, Mindfulness-based stress reduction; MUT, Music therapy; MTP, Music therapy + positive psychological intervention; NCA, Narrative care + acupressure; NMES, Neuromuscular electrical stimulation; TEPP, Team positive psychotherapy; VR, Virtual reality technology.


Compared with COT, CBTA (MD, −4.25; 95% CI, −5.85 to −2.65), TEPP (MD, −4.05; 95% CI, −5.53 to −2.58), EMT (MD, −2.25; 95% CI, −3.65 to −0.85), CBT (MD, −1.52; 95% CI, −2.05 to −0.99), MBSR (MD, −1.14; 95% CI, −2.14 to −0.14), MUT (MD, −0.95; 95% CI, −1.39 to −0.52), and AAMT (MD, −0.69; 95% CI, −1.25 to −0.14) reported superior PSD improvement. Additionally, CBTA was more conducive to improving PSD than CBT (MD, −2.73; 95% CI, −4.41 to −1.05), AAAS (MD, −2.88; 95% CI, −5.03 to −0.74), MBSR (MD, −3.11; 95% CI, −4.99 to −1.22), MT (MD, −3.29; 95% CI, −4.95 to −1.64), BDJ (MD, −3.38; 95% CI, −5.52 to −1.24), NSES(MD, −3.46; 95% CI, −5.58 to −1.34), AAMT (MD, −3.55; 95% CI, −5.25 to −1.86), NCA (MD, −3.75; 95% CI, −5.86 to −1.63), VR (MD, −3.79; 95% CI, −5.70 to −1.87), ACMT (MD, −3.79; 95% CI, −5.67 to −1.92), ACA (MD, −3.85; 95% CI, −5.56 to −2.13), ACT (MD, −4.13; 95% CI, 6.24 to −2.02) (Figure 4A). Comparison of the adjusted funnel plots did not provide evidence of significant publication bias, as confirmed by Egger’s test (p = 0.959) (Appendix 3.1). Heterogeneity, intransitivity, and inconsistencies in the NMAs were also evaluated (Appendix 4). Furthermore, direct comparisons of the HAMD scores were performed (Appendix 5.1).

[image: Table A is a triangular matrix displaying various metrics, including random values and text labels like "CBIA", "TEP", and others, in a descending format from the top-left corner with numeric values in each cell. Table B is a rectangular matrix showing similar metrics with labels such as "CBT", "AAMT", and their corresponding values, organized in 7 columns and 7 rows. Both tables use blue and white color coding to differentiate data segments.]

FIGURE 4
 League tables of outcome analyses: data are mean differences and 95% credibility intervals for continuous data. AAAS, Acupoint acupuncture + auricular sticking; AAMT, Acupoint acupuncture + music therapy; ACA, Acupoint acupuncture; ACMT, Acupressure + music therapy; ACT, Acceptance and commitment therapy; BDJ, Baduanjin; CBT, Cognitive behavioral therapy; CBTA, Cognitive behavioral therapy + acupoint acupuncture; COT, Conventional therapy; EMT, Empathy technique; MBSR, Mindfulness-based stress reduction; MUT, Music therapy; MTP, Music therapy + positive psychological intervention; NCA, Narrative care + acupressure; NMES, Neuromuscular electrical stimulation; TEPP, Team positive psychotherapy; VR, Virtual reality technology.


Sleep quality: In 8 (27, 34, 43, 45, 47, 48, 57, 58) studies, the PSQI was assessed in 726 participants. Seven interventions were included in the NMA (Figure 3B): Conventional therapy (COT), Narrative care + acupressure (NCA), Cognitive behavioral therapy (CBT), Acupressure + music therapy (ACMT), Acupoint acupuncture (ACA), Acupoint acupuncture + music therapy (AAMT), Music therapy (MUT). CBT (MD, −3.67; 95% CI, −4.43 to −2.91), AAMT (MD, −0.82; 95% CI, −1.20 to −0.44), ACMT (MD, −0.71; 95% CI, −1.19 to −0.24), NCA (MD, −0.55; 95% CI, −1.09 to −0.01) demonstrated superior PSQI improvement compared with MUT. Furthermore, CBT (MD, −3.87; 95% CI, −4.57 to −3.17), AAMT (MD, −1.02; 95% CI, −1.41 to −0.62), ACMT (MD, −0.91; 95% CI, −1.27 to −0.54), and NCA (MD, −0.74; 95% CI, −1.19 to −0.29) demonstrated superior PSQI improvement compared with COT (Figure 4B). A comparison of the adjusted funnel plot did not provide evidence of significant publication bias, as confirmed by the Egger’s test (p = 0.356) (Appendix 3.2). Heterogeneity, inaccessibility, and inconsistencies in the NMAs were evaluated (Appendix 4). In addition, direct comparisons of the PSQI scores were evaluated (Appendix 5.2).




Discussion

Depression is the most common neuropsychiatric complication after cerebrovascular accidents, affecting approximately one-third of stroke survivors. The core symptom cluster includes low mood, emotional blunting, fatigue, insomnia, feelings of worthlessness, and even suicidal ideation (7, 9, 67, 68). The use of pharmacotherapy to treat PSD can lead to adverse reactions, symptom withdrawal, and drug resistance. Therefore, there is an urgent need to seek alternative complementary therapies (69). NPIs have fewer adverse effects than drug therapies and have become a popular treatment option for PSD. However, current NPIs comprise various treatment modalities. In this study, we obtained 40 articles and analyzed the effects of 17 types of NPIs on PSD to determine which intervention could effectively improve PSD occurrence, alleviate sleep quality, and improve quality of life.

The findings of this study indicate that Cognitive behavioral therapy + acupoint acupuncture (CBTA), Team positive psychotherapy (TEPP), Empathy technique (EMT), Cognitive behavioral therapy (CBT), Neuromuscular electrical stimulation(NMES), Music therapy (MUT), and Acupoint acupuncture + music therapy (AAMT) are more effective than COT in improving depression in patients with PSD. The pathogenesis of PSD remains unclear, although some studies have suggested that it may be associated with the blockade of noradrenergic and serotonergic neuronal pathways caused by stroke (70). Other studies have indicated that the etiology of PSD is multifactorial and includes biological, psychological, and social influences. CBT aims to improve PSD symptoms and enhance patients’ quality of life. These interventions involve encouraging patients to express their emotions, helping them recognize negative emotions and their consequences, correcting negative habitual thoughts and maladaptive cognitions, and implementing stimulus control therapy to enhance their responsiveness to sleep, alleviate depression, and improve their overall well-being. Acupuncture at specific acupoints is a traditional treatment method used in China that has various therapeutic effects, including alleviating liver and depression symptoms, calming the heart and mind, promoting the circulation of qi and blood, and modulating the expression levels of brain-derived neurotrophic factor and 5-hydroxytryptamine. These effects contribute to the improvement of depressive symptoms and enhancement of daily life functioning (71). The anterior cingulate gyrus (ACC) has extensive fibrous connections with many cortical and subcortical structures and is involved in the regulation of emotion and other functions. ACC can be significantly activated upon receiving negative emotional stimuli; thus, it is regarded as a key structure in the pathogenesis of depression (72). fMRI results have shown that the whole-brain connectivity of multiple regions, such as the medial and lateral prefrontal cortex, was reduced in depressed patients compared with that in healthy volunteers (73), and functional connectivity between the anterior dorsal cingulate cortex and dorsolateral frontal lobe was enhanced (74). A previous study (75) has shown that acupuncture at the Baihui point can regulate the default mode network in patients with depression and induce enhanced functional connections between the posterior central gyrus, prefrontal cortex, and bilateral ACC. In another study (76), stimulating the transcutaneous vagus nerve (tVNS) significantly reduced the HAMD scores in patients with depression. fMRI results showed that tVNS significantly regulated the resting-state functional connections in the frontal amygdala of patients with depression. In traditional Chinese medicine, “depression” belongs to the category of “depression syndrome,” its cause is emotional injury, and its incidence is related to the dysfunction of the heart, liver, and kidney (77). Kehua found that the two channels of the Du pulse and liver of the Jueyin of the foot were combined and used to stimulate Yang Qi and inject blood essence and fluid, which significantly prevented cerebral psychosis (78). Furthermore, acupuncture can significantly enhance neurological function and activities of daily living in patients with stroke. The efficacy of acupuncture is comparable to or even superior to that of drug therapy, with fewer adverse reactions, higher safety, and better patient compliance (79, 80). Acupuncture has a persistent effect; repeated acupuncture has a cumulative effect, and the therapeutic effect can be enhanced by multiple treatments. Repeated treatment helps maintain and enhance initial improvement. However, one study reported that the effects of acupuncture diminish over time (81). Choosing the appropriate acupuncture course is important to ensure the sustained effect of acupuncture and consolidate its curative effect (82). Group psychotherapy has been widely used and recognized as a clinical treatment modality (83). By incorporating components such as rehabilitation discussions and confidence-enhancing exercises, group psychotherapy fosters a sense of team spirit and cohesion among patients. In turn, this encourages the development of an optimistic outlook towards life and active coping style for the disease. Group games are primarily employed to shift attention and promote the recognition of the beauty of life. However, meditation and relaxation training can soothe inner turmoil, enhance patient happiness, and reduce depressive symptoms.

The findings of this study indicate that Cognitive behavioral therapy (CBT), Acupoint acupuncture + music therapy (AAMT), Acupressure + music therapy (ACMT), and Narrative care + acupressure (NCA) are more effective than Conventional therapy (COT) in improving sleep quality in patients with PSD. CBT has demonstrated an efficacy comparable to that of medication in the treatment of moderate-to-severe depression in the general population. This therapeutic approach aids patients in regulating their emotions, attaining optimal activity and function levels, and maintaining realistic and optimistic thinking patterns (84). Furthermore, CBT addresses maladaptive cognitive structures by restructuring erroneous thought processes and implementing behavioral interventions. Specifically, cognitive therapy encompasses the provision of sleep education, correction of misconceptions regarding sleep, and assistance in establishing reasonable expectations for enhancing sleep quality. The preautonomic neurons of the hypothalamic paraventricular nucleus are the main targets of the SCN, which affects the motor nucleus of the hypothalamic vagus nerve and preganglionic motor neurons of the spinal cord (85). This allows the SCN to affect sympathetic and parasympathetic outputs in all organs (86). Different sympathetic nerves project neurons to different organs, thereby providing an anatomical basis for the control of different organs (86). The SCN controls the circadian rhythm of melatonin synthesis in the pineal gland through a multisynaptic pathway, preautonomic neurons of the PVN, parasympathetic neurons of the spinal cord, and norepinephrinergic neurons in the superior cervical ganglion. Norepinephrine is a sympathetic neurotransmitter with an obvious circadian rhythm that activates the internal circadian rhythm of cardiomyocytes in a serum-free manner (87). The American Medical Association guidelines recommend CBT as the first-line treatment for insomnia (88). The main mechanism of CBT is to promote rapid and effective neural guidance at the thalamus level to initiate sleep, reduce the activity of the whole sympathetic nervous system of patients, and weaken cognitive psychological “arousal,” so as to assist in inducing sleep (89, 90). However, the mechanism of action at the basic level of physiological anatomy, circadian rhythm changes, and biochemical changes remains unclear and requires further research (91). In addition, studies have found that vagus nerve stimulation can significantly activate the nucleus of the solitary tract; project fibers to the parabrachial nucleus, locus coeruleus, raphe nucleus, reticular structure, thalamus, and other central sleep structures; and participate in sleep regulation of sleep (92). CBT can stimulate the reticular structure of the brain and regulate the central nervous system, which is conducive to improving sleep disorders in patients (93). CBT is effective in improving sleep efficiency and reducing the number of waking times after falling asleep and the latency to fall asleep (94).

AAMT is a noninvasive and well-accepted treatment approach that involves the use of music to stimulate the central nervous system, induce a state of calmness, alleviate pain, and reduce negative emotions, thereby improving sleep quality in patients with PSD (69). MT, a noninvasive natural therapy, offers a safe and cost-effective option worthy of promotion (69). ACA has shown potential efficacy in treating sleep disorders; however, the underlying mechanisms have not yet been fully elucidated. Research indicates that ACA modulates the activity of neurotransmitters and hormones involved in sleep regulation, including melatonin, serotonin, and gamma-aminobutyric acid (GABA) (95). Additionally, it can regulate the autonomic nervous system by reducing sympathetic nerve activity and increasing parasympathetic nerve activity, leading to a more relaxed state conducive to sleep.



Study strengths and limitations

This review has several advantages. First, it provides NMAs that directly and indirectly compare various intervention measures. Moreover, more accurate intervention measures are included and carefully categorized into 17 different interventions, with each intervention being clearly defined. Second, the effects of various interventions on PSD and PSQI were studied, and other intervention measures were analyzed. Thus, the findings of this study serve as a reference.

However, this study has certain limitations. First, the duration, intensity, and frequency of interventions were not considered. Second, the implementation quality of blinding in the included studies was not high, and outcome measures were all subjective indicators. An explanation of the biological parameters should be added. Third, only Chinese and English studies were included, which may have resulted in heterogeneity. Fourth, all studies were small-scale; therefore, future large-scale studies are recommended. Fifth, some of the studies included in this study had a high risk of bias due to the lack of blinding, which will have a certain impact on the results of this study. Finally, this study did not consider the impact of factors such as severity of depression, patients’ medication treatment, or other factors on PSD, which may have a particular influence on the results.



Conclusion

Evidence from systematic reviews and meta-analyses recommends that CBT and ACA improve depression in patients with PSD. CBT should be used to improve sleep in patients. The results of this study are limited, and future studies should include more high-quality studies to further validate the findings and select appropriate interventions based on the circumstances of stroke patients.
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Higher baseline serum bilirubin levels are associated with increased risk of early neurological deterioration in women with acute ischemic stroke
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Background and objectives: Early neurological deterioration (END) occurs in up to one-third of patients with acute ischemic stroke (AIS) and associated with poor outcome. The role of serum bilirubin in END remains controversial. This study aims to investigate the association of total bilirubin (TBIL), direct bilirubin (DBIL) and indirect bilirubin (IBIL) with END.
Methods: This study was a cross-sectional retrospective study with 344 AIS patients enrolled. We retrospectively reviewed consecutive AIS patients with END through a medical record retrieval system and enrolled patients as control randomly from the AIS patients without END at the same period. The bilirubin levels were compared between the END group and No END group. The correlations of bilirubin with END were assessed according to the bilirubin tertiles on the cohort of different genders.
Results: In women, as the bilirubin level increased, the occurrence of END showed an increasing trend. The linear association was significant based on the tertiles of all bilirubin types (TBIL p = 0.003; DBIL p = 0.025; IBIL p = 0.025), while in men no similar trend was observed. After adjustment for confounders, higher TBIL (p for trend 0.009) and DBIL (p for trend 0.033) levels were associated with increased risk of END in women. The adjusted OR for T3 relative to T1 was 5.240 (95% CI 1.496–18.347) in TBIL and 3.549 (95% CI 1.089–11.566) in DBIL. Multivariate logistic regression showed that DBIL was independently associated with END in women (OR 1.717, 95% CI 1.106–2.666). The study also found that DBIL was superior to TBIL and IBIL in prediction of END occurrence in women, with greater predictive value.
Discussion: There were gender differences in the relationship between bilirubin and END, and DBIL level was positively associated with END occurrence in women, not in men. DBIL had greater incremental predictive value for END than TBIL and IBIL.
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1 Introduction

Ischemic stroke is a severe cerebrovascular disease with high morbidity, disability and mortality, which places a great burden on the patients and the society. Early neurological deterioration (END) occurs in up to one-third of patients with acute ischemic stroke (AIS) and associated with poor stroke outcome (1). Compared with patients without END, patients with END suffered from higher National Institute of Health Stroke Scale (NIHSS) score at discharge, prolonged hospitalization, and poorer functional outcome. Even a 2-point increase in the NIHSS score was associated with a 3-fold risk of death and was an indicator of poor outcome and in-hospital mortality (2). The treatment of END is still not very satisfactory. Therefore, identifying risk factors associated with END is important for clinically predicting the occurrence of END.

Excessive oxidative stress plays a major role in the pathophysiology of ischemic brain damage in the acute phase of stroke. Human brain is more susceptible to oxidative stress than other organs because of its high consumption of oxygen, abundant unsaturated lipids and relative weak endogenous antioxidant capacity (catalase or glutathione peroxidase) (3). Reactive oxygen (ROS) could damage deoxyribonucleic acid (DNA), cause peroxidation of unsaturated fatty acids in cell membranes, which not only alters cellular integrity, but also leads to reaction with other lipids, proteins and nucleic acids, augmenting damage to the brain (3). Therefore the antioxidant defense system is very important to prevent the brain tissue from ischemia-triggered oxidative stress and cell damage.

Serum bilirubin, the end product of heme metabolism, has been known as the endogenous antioxidant. However, when accumulated highly in tissues, it could also be toxic and cause brain damage especially in newborns. It includes two forms: direct bilirubin (DBIL) and indirect bilirubin (IBIL). IBIL is converted to DBIL by the hepatic enzyme uridine diphosphate glucuronosyltransferase 1A1 (UGT1A1). A number of epidemiological studies showed that moderately high bilirubin was associated with lower risk of cardiovascular disease and mortality (4–6). However, the studies of serum bilirubin in stroke prognosis still remain controversial, without reaching a consensus. Some supported a positive or null relationship between bilirubin and the prognosis of stroke, while others argued that high levels of bilirubin were associated with poor stroke outcomes and mortality. Soleimanpour et al. proposed that bilirubin could be used as a disease predictor and a potential treatment target in stroke, but further researches are required to provide more evidence (7, 8). In addition, there have been a lot of controversies over the gender differences in the relationship of bilirubin with diseases. As far as we know, few studies focused on the relationship of different bilirubin subtypes and END occurrence in different genders.

The objective of our study is to investigate the risk factors of END in AIS, and the association of serum bilirubin subtypes with END occurrence in different genders through a retrospective study.



2 Methods


2.1 Study population

We retrospectively reviewed consecutive AIS patients with END from January 2019 to June 2021 through a medical record retrieval system of our hospital and enrolled patients as control randomly from the AIS patients without END at the same period. The inclusion criteria were as follows: (1) ≥18 years of age; (2) in compliance with the criteria of Chinese guidelines for the diagnosis and treatment of acute ischemic stroke (9); (3) END was defined as an increase of NIHSS score ≥ 2 points, or an increase of motor subscore ≥ 1 point within 7 days of stroke onset; (4) head CT excluded cerebral hemorrhage. Patients were excluded if they met one of the following criteria: (1) END caused by infection or electrolyte imbalance; (2) diagnosed with all kinds of hepatic diseases; (3) missing data of bilirubin.



2.2 Data acquisition

Information on demographic characteristics, medical history and laboratory tests were obtained from the medical record retrieval system by one observer (MS) who was blind to the group assignment. Blood specimens were collected from all subjects within 24 h of hospital admission. Laboratory tests, including total bilirubin (TBIL), direct bilirubin (DBIL), indirect bilirubin (IBIL), total cholesterol (TC), total triglycerides (TG), high-density lipoprotein (HDL), low-density lipoprotein (LDL), lipoprotein a [Lp (a)], glycosylated hemoglobin (HbA1c), high sensitivity C-active protein (hs-CRP), D-dimer, and uric acid (UA), were assessed at the central laboratory of Putuo Hospital affiliated to Shanghai University of Traditional Chinese Medicine. The etiology classification was assessed according to the Trial of Org10172 in Acute Stroke Treatment (TOAST) (10) by two independent observers (YW and JC) and any disagreement was resolved by discussion or consulting other authors (QX and GL) until consensus was reached.



2.3 Statistical analysis

Statistical analysis was performed using IBM SPSS Statistics 25.0. Quantitative data in line with normal distribution were expressed as mean ± standard deviation (M ± SD) and compared by the Student’s t test. Quantitative data inconsistent with normal distribution were expressed as the median and interquartile range M (IQR), and compared by non-parametric tests (Mann–Whitney U test). Count data were compared by Pearson Chi-square test. Multivariate stepwise logistic regression was conducted for variables with a p < 0.1 on univariate analysis. The predictive power of different bilirubin subtypes adding to model 1 and model 2 was evaluated by Stata 15.0, based on Akaike’s information criterion (AIC), C-statistic, integrative discrimination improvement (IDI) and net reclassification improvement (NRI). Statistical significance was set at p < 0.05.




3 Results

A total of 344 patients were enrolled in the study: 193 patients in END group and 151 patients in No END group as control. Statistical analysis was conducted on the baseline data of the two groups, and there were significant differences in the proportion of male gender (p = 0.046), atrial fibrillation (AF) history (p = 0.001), NIHSS score on admission (p = 0.048), the levels of UA (p = 0.032) and DBIL (p = 0.029). No significant differences were found in other factors (shown in Table 1).



TABLE 1 Demographic and baseline characteristics of the No END group and END group.
[image: A table comparing "No END group" with "END group" across various health parameters. It shows sample sizes, age, and risk factors such as hypertension, diabetes, and hyperlipidemia. Statistical tests and p-values are provided for each parameter, indicating significance. Measurements include NIHS scores and laboratory tests like cholesterol levels and D-dimer concentrations. Significant differences are noted with asterisks in p-values, specifically for gender distribution, atrial fibrillation, admission scores, and DBIL levels.]

We compared the levels of serum bilirubin between different genders and found that the levels of TBIL, DBIL and IBIL were all significantly higher in men than in women (TBIL p = 0.008; DBIL p = 0.001; IBIL p = 0.021). In women, higher levels of bilirubin were observed in END group than No END group, which was not seen in men (shown in Table 2).



TABLE 2 Levels of serum bilirubin in END group and no END group of different genders.
[image: A table comparing bilirubin levels between women and men, categorized into total (TBIL), direct (DBIL), and indirect (IBIL) with median and interquartile ranges. Women with no emergency department (END) visits show significant differences compared to men for TBIL and IBIL, with p-values of 0.008 and 0.021, respectively. The direct bilirubin (DBIL) p-value is 0.001. Statistically significant differences are marked with an asterisk, indicating a p-value less than 0.05.]

The clinical outcomes were compared according to the bilirubin tertiles on the cohort of different genders -respectively, -and different trends were found in women and men. In women, as the bilirubin level increased, the occurrence of END showed an increasing trend (TBIL p = 0.003; DBIL p = 0.025; IBIL p = 0.025). The proportion of END was significantly higher in the 3rd tertile (T3) than in the 1st tertile (T1) in women according to the TBIL (p = 0.003), DBIL (p = 0.024) and IBIL tertiles (p = 0.024). In men, there was no such trend (shown in Table 3).



TABLE 3 The clinical outcomes according to bilirubin tertiles.
[image: Data table displays statistical analysis for women and men across tertiles of TBIL, DBIL, and IDBL. For each gender, the table lists numbers and percentages for no END and END groups, with chi-squared statistics and p-values. Significant differences are marked with asterisks, showing lower p-values for women in all three markers, indicating statistically significant results. Descriptions for tertiles and significance note at the bottom.]

We further explored the association of bilirubin with the occurrence of END (shown in Table 4). After adjustment for age, NIHSS on admission, hypertension, diabetes, hyperglycemia, AF, smoking, TOAST types, UA, HDL and LDL, higher TBIL (p for trend 0.009) and DBIL (p for trend 0.033) levels were associated with increased risk of END in women. The adjusted OR for T3 relative to T1 was 5.240 (95% CI 1.496–18.347) in TBIL and 3.549 (95% CI 1.089–11.566) in DBIL, respectively. In men, there was no association between the bilirubin tertiles and the risk of END (shown in Table 4).



TABLE 4 Adjusted odds ratio for END according to serum bilirubin levels.
[image: Table displaying the unadjusted and adjusted odds ratios (OR) with confidence intervals and p-values for END outcomes in women and men across subgroups: TBIL, DBIL, and IDBL. For women, the adjusted ORs are significant for TBIL (T3) and DBIL (T3) with p-values of 0.010 and 0.033, respectively. For men, no significant adjusted ORs are observed. Significance is marked with an asterisk. Variables adjusted include age and other health factors.]

Multivariate logistic regression showed that DBIL level was an independent predictor of END in women (OR 1.717, 95% CI 1.106–2.666) after adjusting for variables with p < 0.1 on univariate analysis and TOAST types (shown in Table 5). In men, bilirubin levels were not associated with the risk of END (shown in Supplementary Table S1).



TABLE 5 Logistic regression of clinical factors affecting the occurrence of END in women.
[image: Table comparing univariate and multivariate analysis of variables in women for their odds ratios (OR) with 95% confidence intervals (CI) and p-values. Notable findings include atrial fibrillation with significant multivariate p-value (0.042*) and direct bilirubin with significant p-value (0.040*). Abbreviations: BP, blood pressure; TIA, transient ischemic attack; TC, total cholesterol; TG, total triglycerides; HDL, high-density lipoprotein; LDL, low-density lipoprotein; Lp(a), lipoprotein a; HbA1c, glycosylated hemoglobin; hs-CRP, high sensitivity C-reactive protein; UA, uric acid; TBIL, total bilirubin; DBIL, direct bilirubin; IBIL, indirect bilirubin.]

In order to further evaluate the incremental predictive value of different bilirubin subtypes for END in women, we added TBIL, DBIL and IBIL to model 1 (conventional model) and model 2 (from logistic regression results) respectively and tested the effects of different models. Based on AIC, C-statistic, IDI and NRI, we found that DBIL was superior to TBIL and IBIL in prediction of END, with lower AIC and higher IDI (Shown in Table 6).



TABLE 6 Incremental predictive value of different bilirubin subtypes for END in women.
[image: Table comparing different predictive models, showing AIC, C-statistic, IDI, and NRI values with associated p-values. Key findings include statistically significant p-values for Model 1 + DBIL and Model 2 + DBIL in certain metrics. AIC values range from 139.3811 to 159.0595, and confidence intervals for C-statistics are provided. Notes indicate significance at p < 0.05. Model descriptions include conventional parameters and additional variables like TBIL, DBIL, and IBIL.]



4 Discussion

Our study demonstrated that there were gender differences in the relationship between bilirubin and END. DBIL level was independently associated with END occurrence in women, not in men. In addition, DBIL had greater incremental predictive value for END than TBIL and IBIL. To the best of our knowledge, this is the first study to investigate the relationship of different subtypes of bilirubin with END in different genders.

So far the studies of bilirubin in stroke still yield conflicting results. There were some studies showing insignificant relationship between bilirubin and the risk of stroke. Jorgensen et al. showed that bilirubin was not an independent risk factor after adjusting for other traditional risk factors (11). However, a large number of studies supported a protective role of bilirubin in stroke occurrence. A study of 13,214 individuals reported that a 1.71 μmol/L increment in bilirubin level was associated with a 9% reduced odds of stroke (12). The meta-analysis by Kunutsor et al. reported that the pooled relative risk for stroke was 0.93 (95% CI 0.88–0.98) per 1-SD increase in total bilirubin levels (13). Another meta-analysis also demonstrated that a 15 μmol/L increment of bilirubin level was associated with an 18% lower risk of stroke (RR 0.82, 95% CI 0.58–0.99) (14). Using Mendelian randomization analysis Choi et al. found an inverse causal association between serum bilirubin levels and total stroke risk (OR 0.481, 95% CI 0.234–0.988) (15). In a large cohort of 19,906 Chinese hypertensive patients, an inverse association was also found between TBIL, DBIL and the risk of first ischemic stroke (16).

In addition to stroke occurrence, bilirubin could also be associated with functional outcome in stroke, whereas the results were also inconsistent. Some reported a positive correlation of bilirubin with good prognosis. Perlstein et al. (12) found an association of higher serum total bilirubin with improved stroke outcomes and Sheng et al. (17) showed that decreased TBIL predicted END in AIS patients. Duan et al. (18) found that in patients with mild stroke (NIHSS ≤5), elevated bilirubin after AIS suggested a good prognosis (3-month mRS ≤ 2). Meanwhile, some researchers reported a null relationship of bilirubin with stroke prognosis. For example, Pineda et al. (19) found no independent relationship between TBIL and functional outcome at discharge after adjusting for confounders. Xu et al. (20) showed that serum bilirubin was not significantly associated with short-term clinical outcomes (NIHSS ≥ 10 at discharge) or in-hospital death. However, there were also studies supporting the association of high bilirubin with poor prognosis. Peng et al. (21) showed that increased DBIL before thrombolysis was associated with poor functional outcome (3-month death and major disability; OR 3.228, 95% CI 1.595–6.535). Kurzepa et al. (22) observed a negative correlation between TBIL level and 3-month Barthel index (r = −0.5, p < 0.01). Ouyang et al. (23) reported that elevated bilirubin was associated with poor functional outcome at 3 months and 1 year in patient with AIS or TIA. Sagheb Asl et al. (24) showed that TBIL, DBIL and IBIL levels were significantly associated with mortality in the acute phase of ischemic stroke.

Our results supported that higher DBIL was an independent predictor of END in AIS. There are two possible explanations. The first explanation is that although bilirubin is an endogenous antioxidant, it could also be a marker of oxidative stress and higher levels of bilirubin might reflect stronger oxidative reaction in the ischemic state. A study by Cui et al. (25) showed that depletion of glutathione (GSH) could induce heme oxygenase (HO) −1 gene expression, which was the key enzyme of bilirubin production. Another possible explanation is the double-edged role of bilirubin. Bilirubin could be protective and beneficial at a low concentration, but cytotoxic at a pathological concentration. A meta-analysis proposed that 10 μmol/L could be a cut-point of TBIL for discrimination of cardiovascular risk (26). Creeden et al. (27) proposed a hypothetical curve of bilirubin in the general population based on the reported studies, in that bilirubin < 10 μmol/L represents hypobilirubinemic states and bilirubin of 25–50 μmol/L represents mild hyperbilirubinemic states. However, this classification did not take the gender difference and pathological states into account. A recent study suggests that ischemic insults triggers the release of endogenous bilirubin from injured cells, which activates the transient receptor potential melastatin 2 (TRPM2) channels and aggravates Ca2+-dependent brain injury (28). This vicious cycle of ischemic injury might partly contribute to the transformation of bilirubin from benefit to toxicity in ischemic stroke.

Our results also showed gender differences in the association of bilirubin with END occurrence. Previous studies have reported the difference in the levels of bilirubin between men and women (29), which was also observed in our study. The reason why the bilirubin is higher in men remains indecisive, possibly due to the serum estrogen, iron storage, life style or other undefined reasons (30). There are some studies showing the gender difference of the association of bilirubin with stroke or other diseases. The meta-analysis of Zhao et al. (31) showed that TBIL level in males correlated with stroke risk, but not in females. Kim et al. (32) showed that bilirubin was protective against stroke only in men, not in women. In other diseases, Han et al. (33) indicated that bilirubin had protective function against diabetes mellitus (DM) and chronic kidney disease originated from DM only in women. Park et al. (29) reported that TBIL was inversely associated with leukoaraiosis in Korean women, not in men. However, the study of Endler et al. (34) indicated an association between bilirubin and coronary disease only in males. A recent study in Chinese population demonstrated that the incidence of fundus arteriosclerosis was positively correlated with serum TBIL level in males, not in females (35). The discrepancy and underlying mechanisms need to be further investigated. The difference of disease and race might contribute to the discrepancy.

Our results further compared the predictive value of different bilirubin subtypes and found that DBIL had greater incremental predictive value for END occurrence than TBIL and IBIL. There were some studies investigating the effects of TBIL, DBIL (6, 16, 31, 36) and IBIL (23, 24) in different diseases, but very few studies compared the predictive value of bilirubin subtypes. Our study is consistent with the study of Peng et al., in which DBIL was found to have greater predictive value of functional outcome after thrombolysis (21). However, Peng’s study focused on patients after thrombolysis and did not take the gender into account. It is speculated that DBIL is weakly bound to albumin and might be more active to act on the target organs than IBIL, which makes DBIL more related to pathological states. More evidence is needed to validate this speculation.

In addition to bilirubin, our results also found other independent predictors of END. In women, after multi-variate adjustment by the backward likelihood regression, four factors were left in the model, including hyperlipidemia history, AF history, UA and DBIL. Interestingly, UA also has both the antioxidant and toxic properties, similar to bilirubin. The role of UA in stroke also remains controversial. Some studies suggested that elevated uric acid could confer protection against neurologic deficit in stroke, while others held a point that elevated UA was injurious rather than neuroprotective (37). In our study, UA level tended to be inversely related with END occurrence, suggesting a protective role. The role of UA in stroke remains to be further validated.

Our study has the following implications. First, we demonstrated that the serum bilirubin level was positively associated with END occurrence and could be a predictive biomarker of END. Our study provides more insight into the risk factors of END and the complex role of bilirubin in stroke. Second, we found a gender difference in the effect of elevated bilirubin on END, although the underlying mechanisms remain unclear. Multiple factors might possibly contribute to the difference between men and women, such as serum estrogen, iron storage, heme oxygenase and life style (drinking, smoking and diet, etc.). Regardless, lower baseline bilirubin levels in women may indicate lower oxidative stress or a stronger antioxidant defense system. In other words, the antioxidant system in women tends to be more stable in normal conditions. Our study implied that the abnormally elevated bilirubin in the state of diseases should be taken more seriously in women. Third, we reported that among the different subtypes of bilirubin, elevated DBIL may be more predictive of END. Instead of analyzing all bilirubin subtypes, it could reduce the costs to analyze DBIL, especially when repeated analysis was needed over the course of disease.

There are some limitations in our study. First, our study is a retrospective study, which was not the best way to investigate the causal relationships. However, in our study, the cohort was recruited from prospectively maintained registries, which makes the selection bias less likely to affect our major findings. Second, the study is a single-center study with small sample size. Prospective studies with larger sample size are needed in the future. Third, our study is a cross-sectional study which only analyzed the association of serum bilirubin level on admission with neurological deterioration. Since there are individual differences in the baseline serum bilirubin, the changing trends of serum bilirubin levels might be more reflective of the intensity of oxidative stress and disease development. Future researches could further investigate the association of stroke prognosis with serum bilirubin levels at different time points to find out whether the change of bilirubin is a better indicator of stroke prognosis. Last, the mechanisms underlying gender differences of bilirubin remain to be elucidated. In our study, information concerning menopausal status, oral contraception and diet was not collected. Future research is warranted to further clarify the gender difference in the effects of bilirubin.



5 Conclusion

There are gender differences in the relationship between bilirubin and END, and DBIL level was positively associated with END occurrence in women, not in men. DBIL had greater incremental predictive value for END than TBIL and IBIL.
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Background: This retrospective observational cohort study aimed to evaluate whether tenecteplase’s use for acute ischemic stroke (AIS) has time management advantages and clinical benefits.
Methods: 144 AIS patients treated with alteplase and 120 with tenecteplase were included. We compared baseline clinical characteristics, key reperfusion therapy time indices [onset-to-treatment time (OTT), door-to-needle time (DNT), and door-to-puncture time (DPT)] and clinical outcomes (24-h post-thrombolysis NIHSS improvement, and intracranial hemorrhage incidence) between the groups using univariate analysis. We assessed hospital stay durations and used binary logistic regression to examine tenecteplase’s association with DNT and DPT target times, NIHSS improvement, and intracranial hemorrhage.
Results: Baseline characteristics showed no significant differences except hyperlipidemia and atrial fibrillation. OTT (133 vs. 163.72, p = 0.001), DNT (36.5 vs. 50, p < 0.001) and DPT (117 vs. 193, p = 0.002) were significantly faster in the tenecteplase group. The rates of DNT ≤ 45 min (65.83% vs. 40.44%, p < 0.001) and DPT ≤ 120 min (59.09% vs. 13.79%, p = 0.001) were significantly higher in the tenecteplase group. Tenecteplase was an independent predictor of achieving target DNT (OR 2.951, 95% CI 1.732–5.030; p < 0.001) and DPT (OR 7.867, 95% CI 1.290–47.991; p = 0.025). Clinically, the proportion NIHSS improvement 24 h post-thrombolysis was higher in the tenecteplase group (64.17% vs. 50%, p = 0.024). No significant differences were observed in symptomatic intracranial hemorrhage (sICH) or any intracranial hemorrhage (ICH). Patients receiving tenecteplase had shorter hospital stays (6 vs. 8 days, p < 0.001). Tenecteplase was an independent predictor of NIHSS improvement at 24 h (OR 1.715, 95% CI 1.011–2.908; p = 0.045). There was no significant association between thrombolytic choice and sICH or any ICH.
Conclusion: Tenecteplase significantly reduced DNT and DPT. It was associated with early neurological function improvement (at 24 h), without compromising safety compared to alteplase. The findings support tenecteplase’s application in AIS.
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Background and purpose

Intravenous thrombolysis represents a safe and effective approach for acute ischemic stroke (AIS)'s ultra-early treatment. Following the 1996 US FDA approval of the recombinant tissue plasminogen activator (alteplase, rt-PA), extensive researches have confirmed that alteplase can significantly improve clinical outcomes. However, its specificity for fibrin is moderate and the risk of intracranial hemorrhage still exists. Alteplase has a short half-life (4–5 min), and its administration is complex, requiring intravenous bolus followed by a continuous infusion for 1 h; the efficiency of this ultra-early treatment workflow still needs improvement. Despite updates and iterations with alternatives such as recombinant human pro-urokinase (rhPro-UK), ancrod, and desmoteplase, a series of clinical trials have not demonstrated significant advantages in functional improvement. Moreover, these alternatives showed no significant difference, and in some cases, a slightly higher risk of hemorrhage, especially intracranial hemorrhage, compared to control drugs (1–4). This was the case until the advent of tenecteplase (TNK-tPA). Tenecteplase, a DNA variant of alteplase (5), exhibits enhanced fibrin specificity and greater resistance to plasminogen activator inhibitor-1 (PAI-1) (6), effectively targeting thrombi. Its improved fibrin specificity minimizes systemic fibrinogen consumption, substantially reducing hemorrhage risk. Additionally, tenecteplase’s extended plasma half-life (7, 8) permits a 5–10 s intravenous injection administration (9–11).

As a third-generation anti-fibrinolytic intravenous thrombolytic drug, tenecteplase boasts a well-characterized mechanism of action and significant practical advantages in administration, making it a promising candidate. Multiple studies have confirmed that its efficacy and safety may not be inferior to that of alteplase (12–17). And it has potential workflow advantages (18).

This study aims to evaluate whether tenecteplase’s use in routine clinical practice has time management advantages and corresponding clinical benefits, providing a basis for analyzing the rationale behind tenecteplase’s off-label application.



Methods


Study design and participants

This study is a retrospective observational cohort study. We included AIS patients who received alteplase at the first affiliated Hospital of Ningbo University from January 2022 to February 2023 and those treated with tenecteplase (Mingfule, CSPC Recomgen Pharmaceutical [Guangzhou] Co., Ltd., China) from March 2023 to November 2023. Eligible patients were: (1) 18 years or older; (2) diagnosed with ischemic stroke per established criteria, with measurable neurological deficits; (3) treated within 4.5 h of symptom onset; (4) confirmed via CT or MRI to have no hemorrhage, extensive cerebral infarction, or other non-stroke pathologies; (5) provided informed consent, either personally or through family members (19). Exclusion criteria included standard contraindications to alteplase. The administered dosages were 0.9 mg/kg (maximum 90 mg) for alteplase and 0.25 mg/kg (maximum 25 mg) for tenecteplase. In March 2023, ethical considerations for clinical tenecteplase use and off-label usage were thoroughly addressed, in compliance with relevant regulations (ethical review number 2023-03-59). This study received approval from the Medical Ethics Committee of the First Affiliated Hospital of Ningbo University (ethics approval number 2023-175RS).

This study was performed in accordance with the Strengthening Reporting of Observational Studies in Epidemiology (STROBE) reporting guidelines (20).



Baseline characteristics

Clinical data were obtained from the emergency and inpatient information management system. Baseline characteristics included gender, age, body mass index (BMI), hypertension, diabetes, hyperlipidemia, baseline National Institutes of Health Stroke Scale (NIHSS; a 42-point scale that quantifies neurologic deficits in 11 categories, with higher scores indicating more severe deficits) scores, and baseline modified Rankin scale (mRS; a seven point ordered classification scale reflecting functional neurological outcomes from 0 to 6, with 0 indicating no symptoms of neurological deficits and 6 indicating death) scores.



Workflow outcomes

Critical time points such as onset-to-treatment time (OTT), door-to-needle time (DNT), and door-to-puncture time (DPT) were calculated. The workflow outcomes comprised the proportion of patients treated within the recommended 45-min DNT as per international stroke guidelines (21, 22), and the proportion receiving bridging thrombectomy within the 120-min DPT, the standard time frame established by the Stroke Prevention and Treatment Project Committee of the National Health Commission for advanced stroke centers.



Clinical outcomes

Post-thrombolysis 24-h NIHSS scores, cerebral imaging results (CT or MRI was performed before treatment and 22 to 36 h after thrombolysis treatment. Other CT scans were done if necessary.), and hospital stay durations were collected. Digital subtraction angiography (DSA) records of patients with large vessel occlusions (LVO) who received thrombectomy were also retrospected.

Clinical outcomes encompassed both efficacy and safety measures. Efficacy was assessed by the improvement in the NIHSS score at 24 h post-treatment. Safety outcomes included symptomatic intracranial hemorrhage (sICH), defined as any apparently extravascular blood in the brain or within the cranium that was associated with clinical deterioration, as defined by an increase of 4 points or more in the score on the NIHSS, or that led to death and that was identified as the predominant cause of the neurologic deterioration (23), and any intracranial hemorrhage (ICH).

Since tenecteplase has been applied to AIS in our hospital for a short period of time, we lack data of 90-day functional outcomes at present.



Statistical analysis

All statistical analyses were conducted using SPSS (version 23.0). Continuous data were presented as mean ± standard deviation or median (interquartile range), and categorical data as number (percentage). Univariate analysis was utilized to assess differences between groups. The Independent Student’s t-test was applied to normally distributed variables, and the Mann–Whitney test to non-normally distributed variables. Categorical variables were compared using Pearson’s chi-squared test or Fisher’s exact test. Variables that could potentially influence outcomes (age, hypertension, diabetes, baseline NIHSS, baseline mRS), those with a p-value < 0.05 in univariate analysis, and the type of thrombolytic drug were included in binary logistic regression models to identify independent predictors of outcomes. p-values <0.05 were considered statistically significant.




Results

The study initially reviewed records of 124 patients treated with tenecteplase and 148 with alteplase. After 1 patient with incomplete data and 7 lost to follow-up being excluded, 120 patients treated with tenecteplase and 144 with alteplase were included in the study.


Baseline characteristics

The demographic data (male [75.8% vs. 68.1%, p = 0.163] and age [66.5 vs. 67.75, p = 0.122]) and vascular risk factors (BMI [23.75 vs. 23.92, p = 0.727], hypertension [63.3% vs. 54.2%, p = 0.133], diabetes [14.2% vs. 19.4%, p = 0.256]) were comparable between groups. Significant differences were noted in the prevalence of hyperlipidemia (21.7% vs. 12.5%, p = 0.047) and atrial fibrillation (21.7% vs. 34%, p = 0.027) in the tenecteplase group. There were 38 patients in the tenecteplase group and 50 patients in the alteplase group had LVO (31.7% vs. 34.7%, p = 0.600). Baseline NIHSS (4.5 vs. 7, p = 0.155) and mRS (3 vs. 3.5, p = 0.633) scores, as well as the proportion undergoing bridging thrombectomy (20.0% vs. 22.9%, p = 0.566), did not significantly differ (Table 1).



TABLE 1 Characteristics of the patients at baseline.
[image: Table comparing demographic and clinical characteristics between TNK (n = 120) and rt-PA (n = 144) groups. Variables include age, sex, BMI, hypertension, diabetes, hyperlipidemia, atrial fibrillation, NIHSS, mRS, LVO, and mechanical thrombectomy. Significant differences in hyperlipidemia and atrial fibrillation are noted in bold, with P-values of 0.047 and 0.027, respectively. Terms and measures like BMI and NIHSS are explained in the footnote.]



Workflow outcomes

In AIS reperfusion therapy, key time metrics such as OTT, DNT, and DPT were significantly lower in the tenecteplase group (OTT: 133 vs. 163.72, p = 0.001; DNT: 36.5 vs. 50, p < 0.001; DPT: 117 vs. 193, p = 0.002). The proportions of patients in the tenecteplase group achieving DNT ≤ 45 min (65.83% vs. 40.44%, p < 0.001) and DPT ≤ 120 min (59.09% vs. 13.79%, p = 0.001) were significantly higher than in the alteplase group (Table 2). Binary logistic regression, incorporating baseline characteristics (age, hypertension, diabetes, hyperlipidemia, atrial fibrillation, baseline NIHSS, and baseline mRS) and thrombolytic drugs, indicated that tenecteplase was an independent predictor of meeting target times for DNT (OR 2.951, 95% CI 1.732–5.030; p < 0.001) and DPT (OR 7.867, 95% CI 1.290–47.991; p = 0.025; Table 3). Baseline characteristics such as NIHSS did not affect workflow outcomes (p > 0.05).



TABLE 2 Treatment-related timings.
[image: Table displaying data comparisons between TNK and rt-PA for various time metrics: onset-to-treatment, door-to-needle, and door-to-puncture times. Includes means, ranges, and percentages of cases meeting specific time thresholds, t/Z or χ² values, and p-values. Significant variables are highlighted in bold.]



TABLE 3 Multivariate analysis of workflow outcomes.
[image: Table comparing clinical variables for timing outcomes of thrombolytic drug administration at door-to-needle time (DNT) less than or equal to forty-five minutes and door-to-puncture time (DPT) less than or equal to one hundred twenty minutes. Significant variables with p-values less than 0.05 are thrombolytic drug for both DNT (p-value <0.001, OR 2.951) and DPT (p-value 0.025, OR 7.867). Other variables include age, hypertension, diabetes, hyperlipidemia, atrial fibrillation, baseline modified Rankin Scale (mRS), and baseline National Institutes of Health Stroke Scale (NIHSS).]



Clinical outcomes

Regarding clinical outcomes, the tenecteplase group showed a significantly higher percentage of NIHSS improvement 24 h post-thrombolysis (64.17% vs. 50%, p = 0.024). More patients with LVO who received thrombectomy (bridging therapy) in the tenecteplase group was showed partial recanalization at the first DSA (16.7% vs. 0%, p = 0.027). The incidences of sICH (3.33% vs. 4.86%, p = 0.536) or any ICH (13.3% vs. 15.28%, p = 0.654) did not differ significantly. Tenecteplase patients had shorter hospital stays (6 vs. 8, P<0.001; Table 4). Binary logistic regression revealed tenecteplase as an independent predictor of 24-h NIHSS improvement (OR 1.715, 95% CI 1.011–2.908; p = 0.045). Baseline NIHSS was identified as an independent risk factor for sICH (OR 1.082, 95% CI 1.020–1.147; p = 0.009) and any ICH (OR 1.065, 95% CI 1.026–1.106; p = 0.001). Atrial fibrillation was an independent risk factor for any ICH (OR 2.605, 95% CI 1.138–5.960; p = 0.023). Other baseline characteristics and thrombolytic drugs did not significantly impact safety outcomes (Table 5).



TABLE 4 Univariate analysis of clinical outcomes.
[image: Comparison table of two treatments: TNK (n=120) and rt-PA (n=144). Variables include NIHSS improvement at 24 hours (TNK: 64.17%, rt-PA: 50%, p=0.024), partial LVO recanalization (TNK: 16.7%, rt-PA: 0%, p=0.027), hospital stay length (TNK: 6-8 days, rt-PA: 8-12 days, p<0.001), sICH (TNK: 3.33%, rt-PA: 4.86%, p=0.536), any ICH (TNK: 13.33%, rt-PA: 15.28%, p=0.654). Significant variables are bolded.]



TABLE 5 Multivariate analysis of clinical outcomes.
[image: Table displaying clinical outcomes related to NIHSS improvement at 24 hours, symptomatic intracranial hemorrhage (sICH), and any intracranial hemorrhage (ICH). Variables include thrombolytic drug, age, hypertension, diabetes, hyperlipidemia, atrial fibrillation, baseline mRS, and baseline NIHSS, with associated p-values, odds ratios (OR), and 95% confidence intervals (CI). Significant results are in bold: thrombolytic drug and baseline NIHSS for NIHSS improvement, and baseline NIHSS and atrial fibrillation for any ICH.]




Discussion

Our study is the first retrospective study on the application of tenecteplase in AIS in the real world from China. The study demonstrated that intravenous thrombolysis with tenecteplase is a feasible treatment for AIS, associated with early clinical improvement, enhanced ultra-early treatment workflow efficiency, and reduced hospital stays. Its safety outcomes paralleled those of alteplase.

Our study highlighted early neurological improvement in patients undergoing intravenous thrombolysis, identifying tenecteplase as an independent predictor of 24-h NIHSS improvement, aligning with findings from the TASTE-A trial. Patients treated with tenecteplase at Melbourne mobile stroke units exhibited significantly smaller perfusion lesion volumes upon hospital arrival than those treated with alteplase, indicating a higher early reperfusion rate (13). Multiple studies in clinical practice have suggested that tenecteplase offers substantial clinical benefits. In AIS patients with acute large vessel occlusion (LVO), tenecteplase treatment resulted in higher initial angiography reperfusion rates (17), enhanced 24-h reperfusion and clinical improvement (16), and improved 90-day functional outcomes (17). For all AIS patients eligible for thrombolysis, the tenecteplase group achieved non-inferior rates of long-term functional prognosis (mRS score of 0–1 at 90 days) (12, 14, 15). These benefits are attributable to tenecteplase’s optimized pharmacological properties. As a DNA variant of alteplase, tenecteplase undergoes molecular changes at three sites (T at site 103, N at site 117, and K at sites 296 to 299) (5), enhancing its specificity by 10–14 times compared to alteplase. It directly activates plasminogen into plasmin upon contact with thrombi and exhibits 80 times increased resistance to plasminogen activator inhibitor-1 (PAI-1) (6), thus effectively acting on thrombi with lower dosage but improved efficacy.

Regarding safety outcomes, the incidence of sICH (3.33% in the tenecteplase group and 4.86% in the alteplase group) and any ICH (13.33% in the tenecteplase group and 15.28% in the alteplase group) in the study was consistent with previous studies (14, 15, 23, 24). The incidences of sICH and any ICH were not significantly different between two groups, corroborating previous research (12–15). It is worth mentioning that as for sICH, our results with lower risk of Tenecteplase was similar to the experience from the CERTAIN registry, a large international dataset of early adopters in tenecteplase (25). This safety profile is due to tenecteplase’s fibrin specificity (6), which minimizes systemic fibrinogen consumption and significantly reduces hemorrhage risk.

Supported by high-quality clinical trials, the use of tenecteplase in AIS treatment has been incorporated into several national AIS management guidelines (19, 21, 26). The application of tenecteplase in the real world also increased. Several stroke centers in New Zealand have changed to routine off-label intravenous tenecteplase from July 2018. A retrospective analysis showed that routine use of tenecteplase for stroke thrombolysis was feasible since there was no difference between tenecteplase and alteplase in 90-day functional independence (mRS score, 0–2), and it had comparable safety outcome to alteplase (27). Then on 2 March 2020, the New Zealand Central Region Hyper-Acute Stroke Network collectively switched to tenecteplase. The initiative was also successful that researchers found evidence of benefit and no evidence of harm (28). The 2022 European Stroke Organization Conference (ESOC) highlighted two register studies. Canadian researcher Katsanos, drawing on the international SITS-ISTR registry and the French multicenter TETRIS registry, demonstrated superior 90-day mRS score distributions, lower all-cause mortality, and no increased risk of sICH in the tenecteplase group. This supports the judicious use of tenecteplase in AIS treatment.

In addition to efficacy and safety, tenecteplase was found to enhance key time metrics in AIS treatment, aligning with recent prospective (18) and retrospective studies (29). Its half-life of 20–24 min enables a prolonged effective blood concentration (7, 8), allowing for a rapid 5–10 s intravenous injection, bypassing the need for infusion pumps required for alteplase’s hour-long infusion (9–11). Tenecteplase can quickly initiate treatment without the need for infusion pumps or additional equipment, significantly reducing DNT. The efficacy of intravenous thrombolysis is time-sensitive, with delays diminishing its benefits. DNT, a controllable hospital metric, is crucial for predicting the prognosis of AIS patients receiving thrombolysis (30, 31). It is also a key indicator for establishing efficient stroke pathways. For patients with large vessel occlusion (LVO), current guidelines recommend a bridging treatment approach combining intravenous thrombolysis and arterial embolectomy when criteria for both are met, rather than proceeding directly to endovascular treatment (EVT). Different from alteplase, tenecteplase does not require standard infusion pumps for a one-hour intravenous infusion. This facilitates quicker patient transfer after start of thrombolysis, enhancing stroke green channel management processes and significantly reducing DPT. EVT’s effectiveness is similarly time-dependent (32). Shortening DPT and achieving prompt reperfusion of occluded vessels are linked to improved clinical outcomes (33). But at the same time, it is important to note that intrinsic of tenecteplase, is that one of the strengths is speed of administration but also the lack of opportunity to stop administration in case of adverse reactions. This may be a defect, but considering its low incidence of adverse reactions, tenecteplase is still worth promoting.

Novelly, our study observed a shorter length of hospital stay for patients in the tenecteplase group compared to the alteplase group, suggesting potential savings in medical resources. This may be related to the higher proportion of early neurological function improvement in the tenecteplase group, which accelerates patients’ recovery. Tenecteplase, being less expensive, showed a greater net benefit in overall hospital cost analyses, primarily due to lower hospitalization costs (18). This may also be due to the shortened length of hospitalization. This reduction in drug costs is crucial in cost–benefit analysis and could potentially enhance the savings and quality-adjusted life years in the healthcare system.


Limitations

However, our study has limitations. (1) It was based on data from a single center, and it is uncertain if similar results would be replicated in other centers or regions. (2) Thrombolytic treatment assignment was neither randomized nor blinded and, therefore, subject to biases in management decisions and outcome assessments. Fortunately, there was not much difference in the baseline characteristics, and we attempted to attenuate this limitation by binary logistic regression. (3) The clinical outcomes reported were early-stage, and further exploration is needed to assess long-term neurological function improvement. Yet, these early indicators have been shown to predict 90-day mRS scores (34), validating their use. (4) Most participants had mild to moderate stroke, the impact of tenecteplase on more severe stroke outcomes remains to be investigated. Future research will aim to expand the sample size and extend follow-up duration to provide more detailed data, such as 90-day mRS scores.

In conclusion, tenecteplase, as a new-generation thrombolytic drug, demonstrated a higher rate of early clinical improvement in AIS treatment and safety comparable to alteplase. Its ease of administration and management significantly enhanced target DNT and DPT achievement rates. Although confirmation in larger multicenter studies and ongoing randomized trials is needed, this study supports the use of tenecteplase in AIS intravenous thrombolysis.
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Background: Stroke-associated pneumonia (SAP) is a serious complication in stroke patients, significantly increasing mortality. The Alberta Stroke Program Early CT Score (ASPECTS) is a recognized predictor of acute ischemic stroke outcomes. We aimed to investigate the performance of serial ASPECTS assessments (baseline ASPECTS, 24-h ASPECTS, and change in ASPECTS) for predicting SAP in patients with thrombolyzed acute anterior circulation ischemic stroke (AACIS).
Materials: A retrospective observational cohort study of adult patients with thrombolyzed AACIS was conducted. Baseline and 24-h ASPECTS using non-contrast computed tomography (NCCT), complications of stroke, including SAP and swallowing dysfunction using the Modified Water Swallowing test, were collected. Baseline and 24-h ASPECTS were evaluated by a certified neurologist and neuroradiologist. The predictive performance was determined based on the receiver operating characteristic curve (ROC). Multivariable logistic regression analyses were employed to assess the impact of serial ASPECTS assessment on predicting SAP.
Results: Of the 345 patients with thrombolyzed AACIS in our study, 18.4% (64/345) experienced SAP. The patients’ median age was 62 years [interquartile range (IQR): 52–73], with 53.4% being male. The median NIHSS score was 11 points (IQR: 8–17). The ROC analysis revealed areas under the curve for predicting SAP with baseline ASPECTS, 24-h ASPECTS, and change in ASPECTS were 0.75 (95% CI, 0.69–0.82), 0.84 (95% CI, 0.79–0.89), and 0.82 (95% CI, 0.76–0.87), respectively. Of the three measures, 24-h ASPECTS was a better predictor of SAP (odds ratio: 5.33, 95%CI: 2.08–13.67, p < 0.001) and had a higher sensitivity (0.84 [95%CI, 0.74–0.92]) and specificity (0.79 [95%CI, 0.74–0.84]) than both baseline ASPECTS and change in ASPECTS.
Conclusion: 24-h NCCT-ASPECTS outperformed both baseline ASPECTS and change in ASPECTS for predicting SAP. Notably, 24-h ASPECTS, with a cut-off value of ≤6, exhibited good predictive performance and emerged as the better predictor for SAP.
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1 Introduction

Stroke represents a substantial global public health challenge, being a leading cause of both mortality and disability (1). In Thailand, it ranks as the primary cause of death for females and the third most common for males, with a mortality rate of 10% and a 50% prevalence of disabilities among survivors (1). The incidence of ischemic stroke in Thailand is increasing as the average age of the population continues to rise. Intravenous recombinant tissue plasminogen activator (IV-tPA) is the standard treatment for patients with acute ischemic stroke (AIS) (2). Complications after stroke are associated with increased mortality and length of hospital stay. Most of these complications appear within the first week after AIS (3). Disability and mortality increase with the number of complications, particularly stroke-associated pneumonia (SAP) and other infections (4). SAP is a commonly encountered complication in clinical practice. The incidence of SAP as reported in previous studies varies depending on the hospital treatment facility, ranging from 10% to 57% for patients treated in intensive care units to 4%–12% for patients treated in stroke units (4, 5). This demonstrates that it is crucial to prioritize early detection and thorough monitoring of patients at high-risk for SAP. This proactive approach is designed to support physicians in treatment decision-making and ultimately to lead to reduced mortality rates and improved prognosis among patients with AIS receiving thrombolytic therapy.

Due to the lack of specific clinical symptoms and neuro-radiographic information that can aid in the early prediction of SAP, the appearance of complications often indicates a severe SAP that frequently results in mortality. In response to that situation, development of a prediction model was undertaken to identify patients at high risk for SAP (6, 7). Known risk factors for SAP include older age, male gender, diabetes, hypertension, atrial fibrillation (AF), congestive heart failure (CHF), chronic obstructive pulmonary disease (COPD), pre-existing dependency, various stroke subtypes, dysphagia, and greater stroke severity (8). The Alberta Stroke Program Early CT Score (ASPECTS) is a 10-point quantitative topographic CT scan score in patients with middle cerebral artery (MCA) stroke to assess early ischemic changes and cytotoxic edema (9). A previous study reported that ASPECTS and the National Institute of Health Stroke Score (NIHSS) had a strong negative correlation coefficient of −0.680 (p < 0.001) (10). Previous studies have also shown that 24-h NIHSS can predict long-term stroke outcomes more accurately than change in NIHSS and baseline NIHSS in patients treated with IV-tPA and mechanical thrombectomy (11, 12). Patients receiving IV-tPA typically undergo a 24-h follow-up using non-contrast computed tomography (NCCT). This period before the follow-up is of clinical significance as it provides a window of opportunity for re-evaluation of brain NCCT to exclude the presence of hemorrhagic transformation, a condition which is closely associated with stroke prognosis and which aids in assessing the size and location of cerebral ischemia. Thus, the assessment of serial ASPECTS (baseline ASPECTS, 24-h ASPECTS, and change ASPECTS) could serve as a crucial predictor for SAP in patients with AIS undergoing thrombolytic treatment.

Several studies have generally reported that ASPECTS was a useful tool in predicting functional outcome and intracerebral hemorrhage (ICH) (13, 14). In light of the current insufficiency of and lack of clarity in the available data including the lack of knowledge regarding the prognostic value of serial ASPECTS assessment, 24-h ASPECTS assessment could potentially serve as an important tool in predicting SAP. To investigate that possibility, the present study was designed to compare the prognostic value and assess the potential impact of baseline ASPECTS, 24-h ASPECTS, and change in ASPECTS on NCCT for predicting SAP in patients with thrombolyzed acute anterior circulation ischemic stroke (AACIS).



2 Materials and methods


2.1 Study population

We retrospectively analyzed the clinical and brain NCCT data of consecutively 345 patients with thrombolyzed AACIS who were admitted to the stroke unit at Saraburi Hospital, a provincial hospital in Thailand with 700 in-patient beds, between 1 January 2015 and 31 July 2022. This protocol is aligned with the standards of “Strengthening the Reporting of Observational Studies in Epidemiology” (15); a detailed checklist is available in Supplementary Table 1. All enrolled patients in this study are admitted to a stroke unit. During the Coronavirus Disease 2019 (COVID-19) pandemic, every patient admitted to the stroke unit must demonstrate no evidence of COVID-19 infection, as confirmed by polymerase chain reaction testing for COVID-19 prior to admission. Patients who receive early tracheal intubation will be transferred to the intensive care unit for treatment. Approval for this study was obtained from the institutional review board of Saraburi Hospital on 2 May 2023. We accessed the data for research purposes on 28 May 2023. All patients with AACIS were treated according to the guidelines for the early management of patients with AIS 2019 (16). The patient flow chart is shown in Figure 1. The inclusion criteria were as follows: (i) age ≥ 18 years; (ii) patients diagnosed with AACIS and who received IV-tPA. The exclusion criteria were as follows: (i) pregnancy; (ii) patients with posterior circulation ischemic stroke; (iii) patients deceased within 3 days of symptom onset; (iv) patients referred to other hospitals whose treatment information could not be followed up; (v) pre-existing pneumonia, active infection prior to admission, or previous antibiotic treatment; (vi) ICH occurred after IV-tPA administration within 24 h (vii) patients with missing data, such as NIHSS, NCCT images, and laboratory results; and (viii) patients who received endovascular treatment (EVT). During this study period, EVT could not be performed in our center, and patients with large vessel occlusions could not be referred for further treatment. This was due to healthcare policy restrictions regarding reimbursement for this treatment in Thailand. All Patients or their families provided consent for IV-tPA through signed informed consent forms. Study patients received IV-tPA at 0.9 mg/kg, administered as a 10% bolus followed by the remainder over 1 h. Blood pressure was maintained below 180/105 mmHg during thrombolysis and the subsequent 24 h.

[image: Flowchart outlining the study process for thrombolyzed AACIS patients between January 2015 and July 2022. It starts with 414 patients, narrowing to 345 after exclusions. Data is collected, resulting in 70 SAP and 275 non-SAP patients. Exclusion reasons include refusal of treatment, stroke type, symptom onset timing, hospital referral, pre-existing conditions, complications, and missing data.]

FIGURE 1
 Study flow diagram.




2.2 Data collection

We reviewed the electronic medical records for demographic and clinical characteristics including age, gender, comorbidities (prior ischemic stroke, AF, myocardial infarction (MI), CHF, COPD, valvular heart disease, diabetes, hypertension, chronic kidney disease (CKD) and history of renal replacement therapy, dyslipidemia, history of malignancy), active tobacco smoking, active alcohol consumption, pre-stroke functional status using the modified Rankin Scale (mRS), clinical presentation, NIHSS, laboratory data [white blood cell (WBC), neutrophil-to-lymphocyte ratio (NLR), hemoglobin, hematocrit, platelet, INR, creatinine, and fasting plasma glucose (FPG)], NCCT-ASPECTS at baseline and at 24-h follow-up, and complications of stroke including SAP. AIS was identified based on the International Classification of Diseases, Tenth Revision, and Clinical Modification codes with a diagnostic code of I63 (17).

ASPECTS provides CT scan reliability using a grading system to assess early ischemic changes. It quantifies these changes in hyperacute ischemic stroke within the MCA territory, divided into 10 regions. Points are deducted for regions with early ischemic signs. The ASPECTS score was designed to identify patients who would benefit most from thrombolysis and/or thrombectomy (18). An NCCT scan was obtained at admission for all patients. CT scans were repeated after 24-h in those patients who had received IV-tPA in order to evaluate the infarct area and to identify hemorrhagic transformation. Baseline ASPECTS was defined as the NCCT-ASPECTS prior to IV-tPA. 24-h ASPECTS was defined as NCCT-ASPECTS at 24 h after IV-tPA. Change in ASPECTS was defined as the baseline ASPECTS minus 24-h ASPECTS.

The scoring system for baseline and 24-h ASPECTS uses the same system. NCCT brain images were evaluated by a certificated neurologist and neuroradiologist. Individuals performing the imaging were blinded to the patients’ clinical information. In cases where discrepancies in ASPECTS values arose, resolution was achieved through collaborative discussions between the neurologist and neuroradiologist to ensure accurate ASPECTS results. The entire cranial region from the base of the skull to the vertex was evaluated using a TOSHIBA-160 slice scanner (Aquilion Prime, Canon Medical Systems, Otawara, Japan) at Saraburi Hospital. Continuous cross-sectional images were acquired parallel to the inferior orbitomeatal line, with a slice thickness of 3 mm, utilizing 120 kV and 240-mA interpretation settings.

Swallowing dysfunction was assessed using the Modified Water Swallowing Test (MWST) (19). Patients were screened for dysphagia within 24 h of admission. At our stroke center, all patients with AIS undergo a comprehensive clinical swallowing examination conducted by stroke-trained nursing staff and occupational therapists. The patients are seated in the upright position and swallow 3 mL of water three times. The results of each swallowing are recorded on a 5-point scale as follows: (1) unable to swallow, (2) swallowing with abnormal breathing, (3) swallowing with voice change or choking, (4) swallowing without choking or respiratory change, and (5) swallowing normally and able to repeat swallowing at least twice in 30 s. Scoring was done each time the patient swallowed and the lowest score of the three swallowings was used to quantify the severity of the dysphagia. A score of less than 4 indicated swallowing dysfunction. This evaluation included a clinical assessment of consciousness, oral motor skills, articulating function, and MWST. A nasogastric tube was inserted in all patients with comatose or swallowing dysfunction to prevent aspiration. Protocols related to research articles are available on the protocols.io platform, accessible through this link: https://dx.doi.org/10.17504/protocols.io.q26g7p6qkgwz/v1.



2.3 Outcomes

SAP was diagnosed based on the modified Centers for Disease Control and Prevention criteria (20) and/or Mann’s criteria (21). It was defined as pneumonia complicating in the first 7 days after stroke onset in nonventilated patients, with consideration of clinical symptoms, laboratory evidence of respiratory infection, positive radiologic findings, and/or bacterial culture results from respiratory specimens. Patients meeting the definitive criteria for SAP were classified as having SAP.”



2.4 Statistical analysis

Statistical analysis was performed using Stata software version 16.0 (StataCorp, College Station, TX, United States). Continuous variables are presented as median and interquartile range (IQR), while categorical variables were reported as count and percentage. Differences in continuous variables between SAP and non-SAP patients were assessed using Student’s t-test or the nonparametric Mann–Whitney U-test, and χ2 or Fisher’s exact test were used for categorical variables. Receiver operating characteristic (ROC) curves were generated using binary logistic regression to compare the predictive performance of baseline ASPECTS, 24-h ASPECTS, and change in ASPECTS for SAP prediction. The area under the ROC curve (AuROC) was compared using nonparametric methods (22), and the optimal cut-off value was determined using the Youden’s index method. Relationships between serial ASPECTS evaluations and the risk of SAP were estimated using univariable analysis and binary logistic regression analyses. We adjusted for all potential confounders with p-value less than 0.2 in univariable analysis, including age, sex, AF, MI, CHF, COPD, CKD, history of malignancy, swallowing dysfunction, preexisting disability, systolic blood pressure, diastolic blood pressure, NIHSS at admission, WBC, NLR, creatinine, and FPG. These variables were utilized in the multivariate analysis to conduct logistic regression to determine the independent determinants of SAP. Separate multivariate analyses were conducted to assess the impact of baseline ASPECTS, 24-h ASPECTS, and change in ASPECTS on SAP prediction and to address the issue of multicollinearity among the variables. The model’s fit was evaluated using the Hosmer-Lemeshow Goodness of Fit statistic, and p-value greater than 0.05 suggested a satisfactory fit. Correlations are expressed as odds ratios (ORs) with 95% confidence intervals (CI). We considered two-sided p-values of <0.05 to be statistically. Additionally, correlation analysis was used to explore the relationship between 24-h ASPECTS, predictive factors and biomarkers of inflammatory response in the patient cohort.




3 Results

Overall, 414 consecutive AIS patients who meet the eligibility criteria of IV-tPA were enrolled. Of these, 69 were excluded due to refusal to undergo IV-tPA (n = 5), posterior circulation ischemic stroke (n = 9), decease within 3 days of symptom onset (n = 10), referral to another hospital (n = 6), pre-existing pneumonia or active infection prior to admission (n = 5), ICH occurred after IV-tPA administration within 24 h (n = 12), and missing brain NCCT data (n = 22). Finally, a total of 345 patients were included in the analysis (Figure 1).


3.1 Comparison of baseline clinical characteristics between the two groups

Overall prevalence of SAP was 18.4% (64/345). The patients’ median age was 62 years (IQR: 52–73), 53.4% were male, the mean follow-up time was 8.76 ± 10.7 days, and the median NIHSS score was 11 points (IQR: 8–17 points). The patients with SAP were more likely to be older, have poorer pre-stroke functional status, higher diastolic blood pressure, higher NIHSS scores, and a higher likelihood of having AF, CHF, CKD, swallowing dysfunction, aphasia, and/or gaze paresis compared to those without SAP (all p < 0.05). No statistically significant differences were observed for gender, time to treatment with thrombolysis, history of prior stroke, diabetes, or dyslipidemia (Table 1).



TABLE 1 Comparison of demographic, clinical, and laboratory findings between SAP and non-SAP.
[image: A statistical table comparing characteristics, clinical presentation, pre-stroke status, and complications among stroke patients. It is divided into three groups: all patients, SAP (Stroke Associated Pneumonia), and Non-SAP, with corresponding percentages and median values. The table also includes p-values indicating statistical significance for various parameters, such as age, gender, medical history, and treatment times.]



3.2 Comparison of laboratory results and complications between the two groups

Patients with SAP had higher WBC, creatinine, and FPG compared to those without SAP (all p < 0.05). There were no significant differences in NLR, hemoglobin, hematocrit, platelet count, or INR levels between the two groups. Additionally, patients with SAP had a significantly higher incidence of stroke complications, with the exception of seizure, compared to those without SAP (Table 1).



3.3 Distribution of ASPECTS

Baseline ASPECTS and 24-h ASPECTS of patients with SAP were lower than those without SAP (7 [IQR, 6–9] vs. 10 [IQR, 9–10] and 4 [IQR, 2–6] vs. 9 [IQR, 7–10], respectively, p < 0.001). In addition, patients with SAP had a greater change in ASPECTS (4 [IQR, 2–5] vs. 1 [IQR, 0–2], p < 0.001; Table 1). Significant differences were observed in the distribution of serial ASPECTS assessments between patients with and without SAP (p < 0.001). The SAP rates in patients with baseline ASPECTS ≤8, 24-h ASPECTS ≤ 6, and change in ASPECTS ≥ 2 were 68.6% (48/70), 84.3% (59/70), and 81.4% (57/70), respectively (Table 2).



TABLE 2 Distribution of ASPECTS in patients with SAP after thrombolysis for patients with AACIS.
[image: Table comparing Alberta Stroke Program Early CT Score (ASPECTS) between SAP (n=70) and Non-SAP (n=275) groups. Baseline ASPECTS: SAP ≤8 is 48 (68.6%), >8 is 22 (31.4%); Non-SAP ≤8 is 61 (22.2%), >8 is 214 (77.8%). 24-hour ASPECTS: SAP ≤6 is 59 (84.3%), >6 is 11 (15.7%); Non-SAP ≤6 is 58 (21.1%), >6 is 217 (78.9%). Change in ASPECTS: SAP <2 is 13 (18.6%), ≥2 is 57 (81.4%); Non-SAP <2 is 182 (66.2%), ≥2 is 93 (33.8%). P-value for all comparisons is <0.001.]



3.4 Discriminative accuracy of scores in predicting SAP

From the ROC analysis, we found that 24-h ASPECTS showed a higher sensitivity and specificity than both baseline and change in ASPECTS. The optimal cut-off value was ≤6 for 24-h ASPECTS, whose sensitivity was 84.3% (95%CI; 73.6–91.9), specificity was 78.9% (95%CI; 73.6–83.6), positive predictive value was 50.4% (95%CI; 41.0–59.8), and negative predictive value was 95.2% (95%CI; 91.5–97.6). Baseline ASPECTS showed the lowest sensitivity for predicting SAP. The highest Youden’s index was found at the cut-off value of ≤8 in baseline ASPECTS (0.464), ≤6 in 24-h ASPECTS (0.632), and ≥2 in change in ASPECTS (0.522). The ROC curves of a serial ASPECTS assessment are shown in Figure 2. The AuROC of baseline ASPECTS, 24–hour ASPECTS, and change in ASPECTS for predicting SAP were 0.75 (95% CI, 0.69–0.82), 0.84 (95%CI, 0.79–0.89), and 0.82 (95%CI, 0.76–0.87), respectively (Table 3). The box-plots of serial ASPECTS by SAP are shown in Supplementary Figure 1.

[image: ROC curve comparing baseline ASPECTS, 24-hour ASPECTS, and change in ASPECTS with sensitivity against 1-specificity. Legends indicate curves: blue for baseline ASPECTS, red for 24-hour ASPECTS, green for change. Area under ROC (AuROC) values are 0.75 for baseline, 0.84 for 24-hour, and 0.82 for change, all with p-value less than 0.001, showing statistical significance. Each curve is compared to a reference line, demonstrating predictive accuracy improvements at 24 hours and with changes in ASPECTS.]

FIGURE 2
 ROC and AuROC for predicting SAP after thrombolysis in patients with acute ischemic stroke.




TABLE 3 The optimal cut-off score and the predictive values of ASPECTS to predict SAP.
[image: Table showing performance metrics of ASPECTS (Alberta Stroke Program Early CT Score) across three conditions: Baseline, 24-hour, and Change. Metrics include AuROC, optimal cut-off, sensitivity, specificity, PPV, NPV, LR+, LR-, and accuracy, each with a confidence interval. Baseline ASPECTS has AuROC 0.75, sensitivity 68.6%, and accuracy 75.9%. The 24-hour ASPECTS has AuROC 0.84, sensitivity 84.3%, and accuracy 80.0%. Change in ASPECTS shows AuROC 0.82, sensitivity 81.4%, and accuracy 69.3%. Abbreviations and terms are defined below the table.]



3.5 Association between serial ASPECTS assessment and SAP

From the multivariable logistic regression analysis (MVLR), the adjusted ORs were 2.09 (95% CI, 0.95–4.61; p = 0.067), 5.33 (95% CI, 2.08–13.67; p < 0.001), and 3.54 (95% CI, 1.43–8.77; p = 0.006) for baseline ASPECTS ≤8, 24-h ASPECTS ≤ 6, and change in ASPECTS ≥2, respectively. 24-h ASPECTS of ≤6 and change in ASPECTS ≥ 2 were significantly associated with SAP (Table 4). The non-significant Hosmer-Lemeshow test (p = 0.644 for baseline ASPECTS model, p = 0.976 for 24-h ASPECTS model, and p = 0.962 for change in ASPECTS model), indicated a good fit to the model.



TABLE 4 Association between serial ASPECTS assessment and SAP after thrombolysis.
[image: Table displaying results of univariable and multivariable analysis involving ASPECTS score and various covariates. Columns include odds ratios, confidence intervals, and p-values for baseline ASPECTS, 24-hour ASPECTS, and change in ASPECTS scores. Covariates listed are age, sex, and various medical conditions. Key findings indicate significant predictors include baseline ASPECTS, 24-hour ASPECTS, change in ASPECTS score, and swallowing dysfunction. The table includes notes about the statistical methods and non-included data.]

We also explored the correlation between 24-h ASPECTS and predictive factors for SAP. There was a statistically significant negative correlation with NIHSS (r = −0.65, p < 0.001), FPG (r = −0.31, p < 0.001), absolute neutrophil count (ANC; r = −0.19, p = 0.001), WBC (r = −0.18, p = 0.001), age (r = −0.15, p = 0.005), and NLR (r = −0.12, p = 0.024; Supplementary Figure 2).




4 Discussion

This study focused on the relationship of infarction core using serial ASPECTS assessment and SAP in patients with thrombolyzed AACIS. Among these 3 scales, 24-h ASPECTS was shown to have better ability than both baseline ASPECTS and change in ASPECTS in predicting SAP suggesting that 24-h ASPECTS can serve as a valuable predictor of SAP. Our study observed a higher incidence rate of SAP (20.3%) compared to a previous study (14.3%) (23). The difference is possibly attributable to variations in study design, eligibility criteria, study timeframe, timing of clinician thresholds for antibiotic initiation, stroke severity, and diagnostic criteria for SAP between the two studies.

In our study, the AuROC of 24-h ASPECTS for predicting SAP was 0.84 (95% CI, 0.79–0.89). This differs from a previous study that evaluated the use of diffusion-weighted imaging-ASPECTS (DWI-ASPECTS) for SAP prediction (AuROC = 0.74 [95% CI, 0.68–0.80]) (24). Several factors may account for the differences. First, different neuroimaging modalities were used: our study utilized ASPECTS on NCCT, while the previous research employed DWI-ASPECTS. Second, the timing of ASPECTS assessment differed: we assessed follow-up NCCT-ASPECTS at 24 h, whereas the previous study assessed ASPECTS at the time of initial admission. Third, characteristics of the study populations differed: our study focused exclusively on patients with thrombolyzed AACIS, whereas the previous study also included patients with posterior circulation ischemic stroke. Our study found that the negative predictive value of 24-h ASPECTS was 95.2% (95% CI, 91.5–97.6). This implies that patients with 24-h ASPECTS greater than 6 might have a considerably lower risk for SAP. The sensitivity of baseline ASPECTS ≤8 for predicting SAP was 68.6% (95% CI, 56.4–79.1), which was lower than both the sensitivity of 24-h ASPECTS and change in ASPECTS. It is advisable, however, to use baseline ASPECTS with caution because of the challenges associated with performing brain NCCT during the early stages of stroke which can limit the detection of evolving ischemic patterns and related vasogenic and cytotoxic edema. Additionally, the initial assessment of NCCT-ASPECTS may be prone to higher error rates due to the presence of ambiguous early ischemic changes on baseline NCCT, requiring a high level of expertise to achieve accurate interpretation.

In our study, after adjusting for confounding factors in MVLR models, 24-h ASPECTS of ≤6 was significantly associated with SAP, demonstrating a greater ability to predict patients prone to SAP after IV-tPA compared to both baseline ASPECTS and change in ASPECTS. Our results indicate that the 24-h ASPECTS is more useful in predicting SAP following IV-tPA. In addition, we observed a significant negative correlation between high WBC, ANC, NLR, and 24-h ASPECTS. This finding could be attributed to increases in peripheral leukocyte counts which can elicit a sterile inflammatory response, resembling the immune response seen in early infections. The relationship between leukocyte counts, stroke outcomes, and infections was associated with ischemic brain injury-induced immune changes, leading to post-stroke infections and poorer outcomes in patients with AIS. Moreover, in experimentally-induced brain ischemia, infections have been shown to stimulate the autonomic nervous system and neuroendocrine pathways, leading to enhanced anti-inflammatory signaling. A robust cytokine-mediated anti-inflammatory response has recently been observed in stroke patients at a higher risk of infection (25).

Age, hyperglycemia, and NIHSS have been identified as important predictive factors for SAP (26). Blood glucose level has been shown to be correlated with cerebrovascular and inflammatory systems (27). In our study, we observed a significant negative correlation between 24-h ASPECTS and age, FPG, and NIHSS. This suggests a potential link between 24-h ASPECTS and SAP risk factors.

SAP typically develops within the first few days following stroke onset and is associated with adverse clinical outcomes, increased mortality, and higher healthcare costs (28). Currently, American Heart Association guidelines recommend NCCT as an imaging modality prior to IV-tPA. In Thailand, NCCT is more widely available than the more expensive magnetic resonance imaging. Thus, utilizing 24-h NCCT-ASPECTS, a cost-effective method which adds valuable information to other significant predictors, may provide more accurate identification of high-risk patients with SAP during the acute phase of AIS compared to using baseline ASPECTS and change in ASPECTS. This could also help achieve early identification of patients at risk for SAP and allow more timely implementation of preventive strategies such as systemic oral hygiene treatment, postural modification, and the swallowing screening test (29–32).


4.1 Strengths and limitations

The present study has some strengths. We used serial ASPECTS which is a simple and practical tool. Many of the demographics and comorbidities that were potential confounders that could have affected important determinants of outcomes of interest were adjusted for in MVLR thus achieving more accurate and reliable results. Multicollinearity is often the main obstacle that reduces the precision of estimated coefficients and thus weakening the statistical power of the regression model. Statistical significance of the comparison between SAP and non-SAP with collinearity was analyzed using AuROC. We also addressed the issue of collinearity among determinants by selecting the variable with the highest AuROC and incorporating it into the adjusted model to mitigate possible multicollinearity.

We acknowledge that our study has some limitations. First, this was a retrospective study with a limited number of patients, which might reduce the power of the study and increase statistical errors. Second, the single-center study design may have created a potential risk of publication bias. Third, in the study, changes in blood glucose levels during hospitalization were not recorded; only the FPG level was assessed. Fourth, this study did not include patients with brainstem stroke, which might be a potential risk factor of SAP, and studied only patients with AACIS receiving IV-tPA, which limits the generalizability of the results. Fifth, the requirement for mechanical ventilators is also an important issue highly correlated with SAP. We did not include mechanical ventilator requirement in MVLR for the following reasons: we aimed to study variables predictive of SAP occurrence within 24 h after IV-tPA administration, with the objective of early SAP prediction. Additionally, the data on mechanical ventilator requirement that we collected represents a consequence occurring after the onset of SAP. In future research, additional external validation is warranted to establish a more definitive conclusion. These findings are intriguing and have the potential to enhance SAP prediction performance, thereby facilitating surveillance and prompt treatment planning for patients at a higher risk of SAP. Exploring a novel clinical prediction model integrating NCCT 24-h ASPECTS with traditional factors for predicting SAP offers promising future research prospects.




5 Conclusion

24-h NCCT-ASPECTS showed better performance in SAP prediction compared to both baseline ASPECTS and change in ASPECTS. Furthermore, 24-h ASPECTS, employing a cut-off value of ≤6, demonstrated good predictive performance in predicting SAP. Our findings highlight the potential of 24-h ASPECTS as a promising and practical method for predicting SAP in patients with thrombolyzed AACIS.
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SUPPLEMENTARY FIGURE 1 | Box-plots of serial Alberta stroke program early CT score by SAP. Differences in (A) baseline ASPECTS, (B) 24-hour ASPECTS, and (C) change in ASPECTS calculated by the Wilcoxon Rank Sum Test.

SUPPLEMENTARY FIGURE 2 | Correlation between 24-hour ASPECTS and predictive factors of SAP (age, NIHSS, and FPG), and biomarkers of inflammatory response of patients with thrombolyzed AACIS.



References
	 1. Phongphuttha, W, and Tiamkao, S. Outcome of stroke fast-track patients arrival by emergency medical services. J Med Assoc Thail. (2021) 104:S88–93. doi: 10.35755/jmedassocthai.2021.S01.12299

	 2. Jantasri, S, Tiamkao, S, and Sawanyawisuth, K. A 2-point difference of NIHSS as a predictor of acute ischemic stroke outcome at 3 months after thrombolytic therapy. Clin Neurol Neurosurg. (2020) 198:106206. doi: 10.1016/j.clineuro.2020.106206 
	 3. Johnston, KC, Li, JY, Lyden, PD, Hanson, SK, Feasby, TE, Adams, RJ , et al. Medical and neurological complications of ischemic stroke: experience from the RANTTAS trial. Stroke. (1998) 29:447–53. doi: 10.1161/01.STR.29.2.447

	 4. Hong, KS, Saver, JL, Kang, DW, Bae, HJ, Yu, KH, Koo, J , et al. Years of optimum health lost due to complications after acute ischemic stroke: disability-adjusted life-years analysis. Stroke. (2010) 41:1758–65. doi: 10.1161/STROKEAHA.109.576066 
	 5. Walter, U, Knoblich, R, Steinhagen, V, Donat, M, Benecke, R, and Kloth, A. Predictors of pneumonia in acute stroke patients admitted to a neurological intensive care unit. J Neurol. (2007) 254:1323–9. doi: 10.1007/s00415-007-0520-0 
	 6. Harms, H, Reimnitz, P, Bohner, G , et al. Influence of stroke localization on autonomic activation, immunodepression, and post-stroke infection. Cerebrovasc Dis. (2011) 32: 552–560. doi: 10.1159/000331922

	 7. Hoffmann, S, Malzahn, U, Harms, H, Koennecke, HC, Berger, K, Kalic, M , et al. Development of a clinical score (A2DS2) to predict pneumonia in acute ischemic stroke. Stroke. (2012) 43:2617–23. doi: 10.1161/STROKEAHA.112.653055 
	 8. Ji, R, Shen, H, Pan, Y, Wang, P, Liu, G, Wang, Y , et al. Novel risk score to predict pneumonia after acute ischemic stroke. Stroke. (2013) 44:1303–9. doi: 10.1161/STROKEAHA.111.000598 
	 9. Puetz, V, Dzialowski, I, Hill, MD, and Demchuk, AM. The Alberta stroke program early ct score in clinical practice: what have we learned? Int J Stroke. (2009) 4:354–64. doi: 10.1111/j.1747-4949.2009.00337.x

	 10. Amalia, L, Furqani, MA, Parwati, I, Rizal, A, and Panigoro, R. Correlation between Alberta stroke program early computed tomography score (ASPECTS) and national institute of health stroke score (NIHSS) in ischemic stroke. Sains Malaysiana. (2020) 49:1115–20. doi: 10.17576/jsm-2020-4905-16

	 11. Rangaraju, S, Frankel, M, and Jovin, TG. Prognostic value of the 24-hour neurological examination in anterior circulation ischemic stroke: a post hoc analysis of two randomized controlled stroke trials. Interv Neurol. (2015) 4:120–9. doi: 10.1159/000443801 
	 12. Mistry, EA, Yeatts, S, de Havenon, A, Mehta, T, Arora, N, de Los Rios la Rosa, F , et al. Predicting 90-day outcome after Thrombectomy: baseline-adjusted 24-hour NIHSS is more powerful than NIHSS score change. Stroke. (2021) 52:2547–53. doi: 10.1161/STROKEAHA.120.032487

	 13. Barber, PA, Demchuk, AM, Zhang, J, and Buchan, AM. Validity and reliability of a quantitative computed tomography score in predicting outcome of hyperacute stroke before thrombolytic therapy. Lancet. (2000) 355:1670–4. doi: 10.1016/S0140-6736(00)02237-6 
	 14. Tanaka, K, Matsumoto, S, Furuta, K, Yamada, T, Nagano, S, Takase, K , et al. Modified diffusion-weighted imaging-Alberta stroke program early computed tomography score including deep white matter lesions predicts symptomatic intracerebral hemorrhage following intravenous thrombolysis. J Thromb Thrombolysis. (2020) 50:174–80. doi: 10.1007/s11239-019-01979-7 
	 15. Studies, O
. The strengthening the reporting of observational Studies in epidemiology (STROBE) Statement: Guidelines for Reporting. Ann Intern Med. (2015) 147:573–8. doi: 10.7326/0003-4819-147-8-200710160-00010

	 16. Warner, JJ, Harrington, RA, Sacco, RL, and Elkind, MSV. Guidelines for the early management of patients with acute ischemic stroke 2019 update to the 2018 guidelines for the early management of acute ischemic stroke. Stroke. (2019) 50:3331–2. doi: 10.1161/STROKEAHA.119.027708 
	 17. World Health Organization
. ICD-10 Version:2019 International Statistical Classification of Diseases and Related Health Problems 10th Revision. World Health Organization [cited 2024 Apr 10]; (2019). Available at: https://icd.who.int/browse10/2019/en

	 18. Mokin, M, Primiani, CT, Siddiqui, AH, and Turk, AS. ASPECTS (Alberta stroke program early CT score) measurement using Hounsfield unit values when selecting patients for stroke Thrombectomy. Stroke. (2017) 48:1574–9. doi: 10.1161/STROKEAHA.117.016745 
	 19. Horiguchi, S, and Suzuki, Y. Screening tests in evaluating swallowing function. Japan Med Assoc J. (2011) 54:31–4.

	 20. Horan, TC, Andrus, M, and Dudeck, MA. CDC/NHSN surveillance definition of health care-associated infection and criteria for specific types of infections in the acute care setting. Am J Infect Control. (2008) 36:309–32. doi: 10.1016/j.ajic.2008.03.002 
	 21. Mann, G, Hankey, GJ, and Cameron, D. Swallowing function after stroke. Stroke. (1999) 30:744–8. doi: 10.1161/01.STR.30.4.744

	 22. DeLong, ER, DeLong, DM, and Clarke-Pearson, DL. Comparing the areas under two or more correlated receiver operating characteristic curves: a nonparametric approach. Biometrics. (1988) 44:837–45. doi: 10.2307/2531595

	 23. Kishore, AK, Vail, A, Chamorro, A, Garau, J, Hopkins, SJ, Di Napoli, M , et al. How is pneumonia diagnosed in clinical stroke research? Stroke. (2015) 46:1202–9. doi: 10.1161/STROKEAHA.114.007843 
	 24. Zhao, D, Zhu, J, Cai, Q, Zeng, F, Fu, X, and Hu, K. The value of diffusion weighted imagingalberta stroke program early CT score in predicting stroke-associated pneumonia in patients with acute cerebral infarction: a retrospective study. PeerJ. (2022) 10:e12789. doi: 10.7717/peerj.12789

	 25. Huang, GQ, Lin, YT, Wu, YM, Cheng, QQ, Cheng, HR, and Wang, Z. Individualized prediction of stroke-associated pneumonia for patients with acute ischemic stroke. Clin Interv Aging. (2019) 14:1951–62. doi: 10.2147/CIA.S225039 
	 26. Chamorro, Á, Urra, X, and Planas, AM. Infection after acute ischemic stroke: a manifestation of brain-induced immunodepression. Stroke. (2007) 38:1097–103. doi: 10.1161/01.STR.0000258346.68966.9d

	 27. Li, Y, Zhang, Y, Ma, L, Niu, X, and Chang, J. Risk of stroke-associated pneumonia during hospitalization: predictive ability of combined A2DS2 score and hyperglycemia. BMC Neurol. (2019) 19:1–7. doi: 10.1186/s12883-019-1497-x

	 28. Tao, J, Hu, Z, Lou, F, Wu, J, Wu, Z, Yang, S , et al. Higher stress hyperglycemia ratio is associated with a higher risk of stroke-associated pneumonia. Front Nutr. (2022) 9:1–8. doi: 10.3389/fnut.2022.784114

	 29. Chaves, ML, Gittins, M, Bray, B, Vail, A, and Smith, CJ. Variation of stroke-associated pneumonia in stroke units across England and Wales: a registry-based cohort study. Int J Stroke. (2022) 17:155–62. doi: 10.1177/17474930211006297 
	 30. Wagner, C, Marchina, S, Deveau, JA, Frayne, C, Sulmonte, K, and Kumar, S. Risk of stroke-associated pneumonia and oral hygiene. Cerebrovasc Dis. (2016) 41:35–9. doi: 10.1159/000440733 
	 31. Grossmann, I, Rodriguez, K, Soni, M, Joshi, PK, Patel, SC, Shreya, D , et al. Stroke and pneumonia: mechanisms, risk factors, management, and prevention. Cureus. (2021) 13:912. doi: 10.7759/cureus.19912

	 32. Osawa, A, Maeshima, S, and Tanahashi, N. Water-swallowing test: screening for aspiration in stroke patients. Cerebrovasc Dis. (2013) 35:276–81. doi: 10.1159/000348683



Copyright
 © 2024 Krongsut, Soontornpun and Anusasnee. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.







 


	
	
ORIGINAL RESEARCH
published: 22 April 2024
doi: 10.3389/fneur.2024.1294022








[image: image2]

Impact of renal function variability on long-term prognosis in ischemic stroke patients with atrial fibrillation
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Background: Although renal dysfunction is associated with adverse clinical outcomes in patients with atrial fibrillation (AF) following stroke, the impact of renal function variability is unclear.
Aim: This study aimed to assess the association between renal function variability and various adverse clinical outcomes in patients with transient ischemic attack (TIA)/ischemic stroke and atrial fibrillation (AF).
Methods: We conducted a population-based study and retrospectively identified patients hospitalized with a diagnosis of TIA/ischemic stroke and AF during 2016–2020 using the Clinical Data Analysis and Reporting System of Hong Kong. Serial serum creatinine tested upon the onset of TIA/ischemic stroke and during their subsequent follow-up was collected. Renal function variability was calculated using the coefficient of variation of the estimated glomerular filtration rate (eGFR). Clinical endpoints that occurred during the study period were captured and included ischemic stroke/systemic embolism, intracerebral hemorrhage (ICH), total bleeding, major adverse cardiovascular events (MACE), cardiovascular, non-cardiovascular, and all-cause mortality. Competing risk regression and Cox proportional hazard regression models were used to assess the associations of renal function variability with the outcomes of interest.
Results: A total of 3,809 patients (mean age 80 ± 10 years, 43% men) who satisfied the inclusion and exclusion criteria were followed up for a mean of 2.5 ± 1.5 years (9,523 patient-years). The mean eGFR was 66 ± 22 mL/min/1.73 m2 at baseline, and the median number of renal function tests per patient during the follow-up period was 20 (interquartile range 11–35). After accounting for potential confounders, a greater eGFR variability was associated with increased risks of recurrent ischemic stroke/systemic embolism [fully adjusted subdistribution hazard ratio 1.11, 95% confidence interval (CI) 1.03–1.20], ICH (1.17, 1.01–1.36), total bleeding (1.13, 1.06–1.21), MACE (1.22, 1.15–1.30), cardiovascular (1.49, 1.32–1.69), non-cardiovascular (1.43, 1.35–1.52), and all-cause mortality (fully adjusted hazard ratio 1.44, 1.39–1.50).
Conclusion: Visit-to-visit renal function variability is independently associated with adverse clinical outcomes in TIA/ischemic stroke patients with AF. Further large-scale studies are needed to validate our results.
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1 Introduction

Oral anticoagulants (OACs), including warfarin and direct oral anticoagulants (DOACs), are crucial for primary and secondary prevention of thromboembolic events in patients with non-valvular atrial fibrillation (AF). DOACs have been shown in large randomized controlled trials to be at least as effective and even safer than warfarin and are now recommended by guidelines as first-line treatment in patients with non-valvular AF (1–6). All available DOACs, including dabigatran, rivaroxaban, apixaban, and edoxaban, are eliminated at least partly via the kidney (6, 7). Indications and dose adjustment of individual DOACs are also partially based on one’s renal function (6). Moreover, impaired renal function is reported to be associated with increased risks of adverse clinical outcomes in patients with AF (8–10).

Previous studies have largely investigated the clinical outcomes associated with renal function measured at a single time point, and the impact of renal function fluctuation has seldom been studied (8–10). Longitudinal intra-individual renal function variability is commonly observed in clinical practice, and high renal function variability is thought to be a result of poor kidney reserve and worsening autoregulatory ability (11). Studies have demonstrated that high renal function variability is associated with adverse clinical outcomes in a variety of conditions including hypertension, heart failure, and chronic kidney disease as well as in the general population (12–14). Renal function variability is also associated with an increased incidence of AF (15). Although a previous study evaluated the impact of renal function variability on the risk of major bleeding in patients with AF taking DOACs (16), the sample size was relatively small. The impact of renal function variability on other adverse clinical outcomes other than bleeding events remains uncertain (11).

We therefore aimed to assess the associations of renal function variability with a wide range of adverse clinical outcomes in patients with AF following TIA/ischemic stroke in a large population-based study.



2 Materials and methods


2.1 Data source


2.1.1 Population-based cohort

We retrospectively identified and reviewed all TIA/ischemic stroke patients with AF who were acutely admitted to the public hospitals of Hong Kong (HK) due to their stroke during the period 1 January 2016 and 31 December 2020 using the Clinical Data Analysis and Reporting System (CDARS) of HK. CDARS is a territory-wide electronic healthcare database managed by the HK Hospital Authority. The Hospital Authority is the only public healthcare provider in HK and currently serves a population of more than 7 million people (17). The demographics, date of hospital admission and discharge, medical diagnosis, procedures, drug prescriptions, and results of laboratory tests of patients under the care of Hospital Authority are stored in CDARS. CDARS has been widely used in high-quality epidemiological research (18–20). The coding accuracy for diseases including stroke, AF, myocardial infarction, and gastrointestinal bleeding has been validated in previous studies with high positive and negative predictive values (18–20).

Patients were identified using the following International Classification of Disease, Ninth Revision, Clinical Modification (ICD-9-CM) codes: TIA/ischemic stroke (433,434,435,436,437), AF (427.3). The index date was defined as the date of hospital admission due to TIA/ischemic stroke. Patients with a history of valvular replacement or valvular heart disease were excluded (ICD-9-CM; Supplementary Table 1). Patients who died within 90 days of the index date, received both warfarin and DOACs or both anticoagulation and antiplatelet therapy, had fewer than three renal function tests, and/or received dialysis during the study period were also excluded from the analysis (Figure 1).

[image: Flowchart depicting the study cohort for TIA/Ischemic stroke patients with AF. Starting with 6,311 patients, exclusions include fewer than three renal tests, death within ninety days, valvular heart disease, dialysis, and certain treatments, leaving 3,809 patients. Sensitivity analysis I excludes patients with baseline eGFR less than 30 ml/min/1.73m², reducing to 3,596. Sensitivity analysis II further excludes patients with eGFR below 30 ml/min/1.73m² during follow-up, leaving 2,780 patients.]

FIGURE 1
 Flow of study patients.


We assessed several outcomes during the follow-up period: (1) ischemic stroke/systemic embolic events; (2) intracerebral hemorrhage (ICH); (3) total bleeding (intracranial and extracranial hemorrhage); (4) major adverse cardiovascular events (MACE); (5) all-cause mortality; (6) cardiovascular mortality; and (7) non-cardiovascular mortality. MACE was defined as a composite of recurrent stroke, acute coronary syndrome, new-onset peripheral vascular disease, congestive heart failure warranting hospitalization, and cardiovascular mortality. Cardiovascular mortality was defined as death within 30 days following stroke, acute coronary syndrome, or congestive heart failure. The ICD-9-CM codes used to identify outcomes of interest are listed in Supplementary Table 1. Patients were followed up until the outcomes of interest, death, or 30 June 2021, whichever occurred earlier.

All records of medical diagnosis dated before the index date were retrieved using the ICD-9-CM codes. Baseline medical conditions including hypertension, diabetes mellitus, hyperlipidemia, prior TIA/stroke, and prior ischemic heart disease were assessed based on these coded medical diagnoses. The details of ICD-9 codes used are listed in Supplementary Table 1.



2.1.2 Hospital-based stroke registries

To enable a more accurate adjudication of outcome events and validation of findings from a population-based cohort of patients identified from electronic health records, we further studied patients with AF following TIA/ischemic stroke from several existing hospital-based stroke registries in HK. These included stroke patients who were admitted to the acute stroke units of Queen Mary Hospital from June 2013 to December 2020, and stroke patients who were admitted to the acute stroke units of Princess Margaret, Yan Chai, and Ruttonjee Hospitals from September 2019 to December 2020.

Using these stroke registries, we retrospectively identified patients with: (1) acute ischemic stroke [defined as acute-onset focal neurological deficits with corresponding lesion on diffusion weighted (DWI) magnetic resonance imaging (MRI) or computed tomography (CT)] or TIA (defined as acute-onset focal neurological deficits of presumed ischemic origin without a corresponding lesion on DWI or if no MRI was acquired, lasting less than 24 h); (2) AF, confirmed by electrocardiogram (ECG) or prolonged rhythm monitoring, either known before the index event or detected during admission; (3) more than three renal function tests performed during follow-up; (4) survival longer than 90 days after the index event; (5) without significant valvular heart disease or previous valvular replacement; (6) not undergoing dialysis; and (7) not on both antiplatelet and anticoagulation treatment.

All patients in the stroke registries were followed up by a clinician every 3 to 6 months, or more frequently if clinically indicated. We retrieved patient’s demographic data, past medical history, details of the index event, medications upon hospital discharge, and serial renal function test results during the follow-up period from these hospital-based stroke registries and supplemented these from the Hospital Authority electronic health records where necessary. Follow-up outcomes were assessed independently by two experienced neurologists after reviewing patients’ electronic health records. We assessed the following outcomes: (1) ischemic stroke/systemic embolic events, (2) ICH, (3) major bleeding, (4) MACE, (5) all-cause mortality, (6) cardiovascular mortality, and (7) non-cardiovascular mortality. Patients were followed up until the outcomes of interest, death, or 30 June 2021, whichever occurred earlier.

Recurrent stroke was defined as the sudden onset of new neurological symptoms fitting the definition of ICH or ischemic stroke following a neurologically stable period and not attributable to hemorrhagic transformation, mass effect, or cerebral edema. CT or MRI was used to support the diagnosis if recurrent stroke was suspected. A bleeding episode was defined as major if it was fatal or associated with at least one of the following criteria: (i) a fall in hemoglobin level by ≥2 g/dL or documented transfusion of at least two units of red blood cells; (ii) life-threatening bleeding; and/or (iii) involvement of a critical anatomical site (intracranial, spinal, ocular, pericardial, articular, intramuscular with compartment syndrome, or retroperitoneal) (21).

The study protocol was approved by the Institutional Review Board of the University of Hong Kong/Hospital Authority Hong Kong West Cluster (reference number UW21-463/UW18-361). Informed consent was not required in the population-based study or for the retrospective review of patients from pre-existing hospital-based stroke registries.




2.2 Calculation of renal function variability

The results of serial renal function tests between the onset of the TIA/ischemic stroke and the occurrence of outcomes of interest were extracted from CDARS. The glomerular filtration rate (GFR) was estimated by using a modified 4-variable Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI) formula with an adjusted coefficient of 1.049 for Asian populations (22). The formula is as follows:

[image: Estimated glomerular filtration rate (eGFR) formula using CKD-EPI equation: eGFR = 141 × min(SCr/κ, 1)α × max(SCr/κ, 1)⁻¹·²⁰⁹ × 0.993^Age × 1.018 (if female) × 1.049.]

where SCr was serum creatinine, κ was 0.7 for women and 0.9 for men, α was − 0.329 for women and −0.411 for men, “min” was the minimum of SCr/κ or 1, and “max” indicated the maximum of SCr/κ or 1 (22). For each patient, renal function variability was defined as the coefficient of variation (CV) [standard deviation (SD) divided by the mean eGFR] (12). Renal function variability was calculated from the results of serial renal function tests between the onset of the TIA/ischemic stroke and the occurrence of outcomes of interest.



2.3 Statistical analysis

Patients were divided into four groups (Q1–Q4) based on their eGFR CV quartiles for each outcome of interest. Continuous variables were presented as mean (SD), and analysis of variance was used to compare the differences between groups. For data not normally distributed, the median value (interquartile range) was presented, and the Kruskal–Wallis test was used for comparison between groups. Categorical variables were presented as numbers (proportions). A chi-squared test or Fisher’s exact test was used to compare differences between the groups where appropriate.

The Kaplan–Meier survival analysis was used to examine the cumulative event rate of outcomes of interest among patients in each group with different renal function variability, and the cumulative event rates of each group were compared using a log-rank test. To assess the association of renal function variability with all-cause mortality, Cox proportional hazard regression was performed to compute the hazard ratio (HR) with a 95% confidence interval (CI). To determine the associations of renal function variability with outcomes other than all-cause mortality, competing risk regression was conducted to estimate the subdistribution hazard ratios (SHRs) by considering death as a competing event according to the method of Fine and Gray (23). Three models were constructed for each outcome of interest: a univariate model, a model adjusted for age and sex, and a multivariable model adjusting for all potential confounders including age, sex, baseline estimated glomerular filtration rate (eGFR), hypertension, diabetes mellitus, hyperlipidemia, history of TIA/stroke, history of ischemic heart disease, prescription of angiotensin-converting enzyme inhibitors (ACEIs), angiotensin receptor blockers (ARBs), and statins. Variables with a p-value of <0.1 upon univariate analyses were entered into a multivariate model for analyses. Interaction analysis was also performed to determine whether there was an interaction between eGFR variability and the types of antithrombotic treatment for each clinical outcome.

To take into account of potential non-linearity between renal function variability and clinical outcomes, we employed a restricted cubic spline to perform regression. A total of four knots were utilized in multivariable-adjusted analyses.

We performed further sensitivity analyses by, first of all, repeating the main analyses after excluding patients with eGFR < 30 mL/min/1.73 m2 at baseline. To ensure that the associations of renal function variability with adverse clinical endpoints were not driven by a significant decline in eGFR during follow-up, a second sensitivity analysis was performed with further exclusion of patients who had an eGFR < 30 mL/min/1.73 m2 at any time point during the follow-up period (Figure 1). To ensure that the associations between renal function variability and clinical outcomes were not reliant on the specific measurement of renal function variability, we also performed similar analyses using alternative methods for assessing renal function variability, including variability independent of mean (VIM) (15, 24) and average real variability (ARV) (25). A p-value of 0.05 was considered statistically significant.

All statistical analyses were carried out using R (version 4.3.2) and RStudio version 1.3.1093 (RStudio, PBC 2020).




3 Results


3.1 Population-based study


3.1.1 Baseline characteristics

A total of 6,311 patients with TIA/ischemic stroke and AF were identified from CDARS during the study period. After excluding patients with fewer than three renal function tests during the follow-up period, patients who died within 90 days of the index stroke, were undergoing dialysis, had underlying valvular heart disease/undergone valvular replacement, and/or received both warfarin and DOACs or both antiplatelets and anticoagulants during the study period, a total of 3,809 patients were included in the final analysis (Figure 1).

Baseline characteristics of patients recruited during the study period are shown in Table 1. The mean age of the study population was 80 ± 10 years, and 43% were male with a mean eGFR of 66 ± 22 mL/min/1.73 m2 at baseline. The median number of renal function tests performed in each patient was 20 (interquartile range 11–35). Patients with a higher renal function variability were older, were more likely to be female, had a lower baseline eGFR, and were more likely to have a higher burden of vascular risk factors and comorbidities (all p < 0.01; Table 1). Patients with greater renal function variability were also more likely to be prescribed antiplatelet agents or no antithrombotic agents upon discharge (all p < 0.05; Table 1).



TABLE 1 Baseline characteristics of study participants and their outcomes by quartiles of eGFR variability.
[image: Table detailing baseline clinical characteristics, medical history, antithrombotic drugs at discharge, concomitant drug use, and outcomes for patients grouped in quartiles. Variables include age, sex, eGFR, hypertension, diabetes, hyperlipidemia, and drug use percentages. Outcomes cover recurrent stroke, ischemic stroke, hemorrhage types, embolism, and deaths, with statistical significance highlighted by p-values.]

During a mean follow-up of 2.5 ± 1.5 years (9,523 patient-years), 368 (9.7%) ischemic strokes, 22 (0.6%) systemic embolic events, 93 (2.4%) ICH, 582 (15.3%) extracranial bleeding events, and 992 (26.0%) MACEs occurred within the study population. A total of 1,562 (41.0%) patients died during the follow-up period (Table 1).



3.1.2 Renal function variability and clinical outcomes

Patients with higher renal function variability were at increased risk of all adverse clinical outcomes including ischemic stroke/systemic embolism, ICH, total bleeding, MACE, cardiovascular, non-cardiovascular and all-cause mortality (all ptrend < 0.05; Table 2; Figure 2). When treated as a continuous variable, greater eGFR variability (expressed as per 1 SD greater in CV) was associated with increased risk of ischemic stroke/systemic embolism (multivariate-adjusted SHR 1.11, 95% CI 1.03–1.20), ICH (1.17, 1.01–1.36), total bleeding (1.13, 1.06–1.21), MACE (1.22, 1.15–1.30), as well as all-cause (multivariate-adjusted HR 1.44, 1.39–1.50), cardiovascular (1.49, 1.32–1.69), and non-cardiovascular mortality (1.43, 1.35–1.52; all p < 0.05; Figure 2; Table 3).



TABLE 2 Competing risk regression analysis by the quartiles of eGFR variability.
[image: A table showing the relationship between the coefficient of variance of eGFR and various health events. It includes data on ischemic stroke, intracerebral hemorrhage, total bleeding, major adverse cardiovascular events, all-cause mortality, cardiovascular and non-cardiovascular mortality. Each event lists follow-up duration, incidence rate, and both unadjusted and adjusted SHR with confidence intervals. Adjustments include age, sex, and various risk factors. Statistical significance is indicated by P trend values.]

[image: Seven line graphs depict risk percentages over five years for different health events, categorized by renal function variability (Q1, Q2, Q3, Q4). Graph A shows ischemic stroke/systemic embolism with significant differences (P < 0.0001). Graph B shows intracerebral hemorrhage (P = 0.001). Graph C shows total bleeding risk (P < 0.0001). Graph D indicates major adverse cardiovascular events (P < 0.0001). Graph E represents all-cause mortality (P < 0.0001). Graph F illustrates cardiovascular mortality (P < 0.0001). Graph G shows non-cardiovascular mortality (P < 0.0001). Each graph highlights varying outcomes based on renal function categories.]

FIGURE 2
 Risk of (A) recurrent ischemic stroke and systemic embolism, (B) intracerebral hemorrhage, (C) total bleeding, (D) major adverse cardiovascular events, (E) all-cause mortality, (F) cardiovascular mortality, and (G) non-cardiovascular mortality among patients with TIA/ischemic stroke and AF.




TABLE 3 Competing risk regression analysis by renal function variability.
[image: Table showing renal function variability as an interval variable, per one standard deviation increment in coefficient of variation (CV). It includes subdistribution hazard ratios (SHR) with confidence intervals and p-values for various outcomes: ischemic stroke, intracerebral hemorrhage, total bleeding, cardiovascular and all-cause mortality. Columns display unadjusted, adjusted for age and sex, and multivariate-adjusted SHR with corresponding p-values. Covariates include age, sex, hypertension, diabetes, etc., with additional notes on statistical adjustments.]

Supplementary Figure 1 depicts the association between renal function variability expressed in the CV of eGFR and adverse clinical outcomes using restricted cubic splines analysis. Non-linear association of eGFR CV with ischemic stroke/systemic embolism, total bleeding, MACE, all-cause, and non-cardiovascular mortality was observed (all p for non-linear < 0.05; Supplementary Figure 1). The association of various clinical outcomes and renal function variability, estimated using the restricted cubic splines analysis, aligned with the findings from competing risk regression. The risk for ischemic stroke/systemic embolism increased at lower eGFR CV levels, reaching a plateau at approximately 0.3 before a gradual decrease afterward. The risk for total bleeding and MACE increased rapidly when the eGFR CV was relatively low and then reached a plateau at approximately 0.3 (Supplementary Figure 1).

Significant interactions between eGFR variability and the types of antithrombotic treatment in association with ischemic stroke/systemic embolism (p for interaction = 0.033), total bleeding (p for interaction = 0.005), all-cause mortality (p for interaction < 0.001), and non-cardiovascular mortality (p for interaction < 0.001) were also noted (Table 4).



TABLE 4 Competing risk regression analysis by renal function variability stratified by antithrombotic strategies.
[image: Table summarizes renal function variability impacts related to ischemic stroke, systemic embolism, intracerebral hemorrhage, total bleeding, major adverse cardiovascular events, all-cause mortality, cardiovascular mortality, and non-cardiovascular mortality. It presents unadjusted SHR, SHR adjusted for age and sex, and multivariate adjusted SHR for DOAC, warfarin, and antiplatelet users, along with p-values and p-values for interaction. Covariates include age, sex, and medical history.]



3.1.3 DOAC users

Cumulative risks of various adverse outcomes are shown in Figure 3 for the 1,738 patients prescribed with DOACs on discharge (Figure 3). When treated as a continuous variable, greater eGFR variability was associated with increased risk of recurrent ischemic stroke/systemic embolism (multivariate-adjusted SHR 1.38, 1.16–1.65), ICH (1.40, 1.03–1.91), total bleeding (1.23, 1.07–1.41), MACE (1.26, 1.14–1.40), all-cause (1.79, 1.64–1.95), cardiovascular (1.74, 1.35–2.24), and non-cardiovascular mortality (1.78, 1.61–1.98; all p < 0.05; Table 4).

[image: Several line graphs depict varying health risks over time across different panels. Panel A shows ischemic stroke/systemic embolism risk, Panel B intracerebral hemorrhage, Panel C total bleeding, Panel D major adverse cardiovascular events, Panel E all-cause mortality, Panel F cardiovascular mortality, and Panel G non-cardiovascular mortality. Each graph illustrates risk percentages over five years, differentiated by renal function variability quartiles labeled Q1 to Q4, with distinct lines. Statistical significance values are provided for each condition, with most being highly significant (p < 0.0001) except for Panel B (p = 0.012).]

FIGURE 3
 Risk of (A) recurrent ischemic stroke and systemic embolism, (B) intracerebral hemorrhage, (C) total bleeding, (D) major adverse cardiovascular events, (E) all-cause mortality, (F) cardiovascular mortality, and (G) non-cardiovascular mortality among patients with TIA/ischemic stroke and AF on DOACs.


When stratified by individual DOACs [no further analysis was performed in edoxaban users due to the small sample size (n = 37)], greater eGFR variability was associated with increased risks of MACE, all-cause, and non-cardiovascular mortality in all three DOACs (apixaban, dabigatran, and rivaroxaban; Supplementary Table 2). Higher renal function variability was also significantly associated with recurrent ischemic stroke/systemic embolism and total bleeding events in dabigatran and apixaban users, as well as ICH and cardiovascular mortality among apixaban users (Supplementary Table 2).



3.1.4 Warfarin users

The cumulative risks of various adverse outcomes are shown in Figure 4 for the 418 patients discharged with warfarin. A greater renal function variability was significantly associated with subsequent risks of MACE (multivariate-adjusted SHR 1.25, 95% CI 1.11–1.41), all-cause (1.52, 1.37–1.67), cardiovascular (1.48, 1.14–1.92), and non-cardiovascular mortality (1.56, 1.35–1.81; all p < 0.01), while the risks of recurrent ischemic stroke/systemic embolism, ICH, and total bleeding events were not increased in patients with a greater renal function variability after adjusting for confounding variables (all p > 0.05; Table 4).

[image: Graphs showing risk percentages over five years for various health outcomes based on renal function variability. Each graph, labeled A to G, compares four quartiles (Q1 to Q4) of renal function. The outcomes include ischemic stroke/systemic embolism, intracerebral hemorrhage, total bleeding, major adverse cardiovascular events, all-cause mortality, cardiovascular mortality, and non-cardiovascular mortality, with varying p-values indicating statistical significance.]

FIGURE 4
 Risk of (A) recurrent ischemic stroke and systemic embolism, (B) intracerebral hemorrhage, (C) total bleeding, (D) major adverse cardiovascular events, (E) all-cause mortality, (F) cardiovascular mortality, and (G) non-cardiovascular mortality among patients with TIA/ischemic stroke and AF on warfarin.




3.1.5 Antiplatelet users

A total of 1,365 patients were discharged with antiplatelet drugs only. A greater renal function variability was significantly associated with an increased risk of MACE (multivariate-adjusted SHR 1.18, 95% CI 1.08–1.29), all-cause (1.29, 1.21–1.38), cardiovascular (1.43, 1.20–1.71), and non-cardiovascular mortality (1.28, 1.20–1.37; p < 0.001), while the risks of recurrent ischemic stroke/systemic thromboembolic events, ICH, and total bleeding events were not increased in patients with a greater renal function variability in the multivariate-adjusted analysis (all p > 0.05; Table 4).



3.1.6 Sensitivity analysis

After excluding patients with baseline eGFR < 30 mL/min/1.73 m2, greater renal function variability was significantly associated with an increased risk of recurrent ischemic stroke and systemic embolism, total bleeding, MACE, all-cause, cardiovascular, and non-cardiovascular mortality (Supplementary Table 3). Similar findings were noted when we further excluded 816 patients who had an eGFR < 30 mL/min/1.73 m2 at any time point during the follow-up period (Supplementary Table 4). When using VIM and ARV as the indicators of renal function variability, we found greater renal function variability was also statistically significantly associated with various adverse clinical outcomes (Supplementary Tables 5, 6).




3.2 Hospital-based stroke registries

The clinical characteristics of patients from the hospital-based stroke registries are shown in Supplementary Table 7. A total of 804 patients were included in the final analysis after excluding patients who died within 90 days of the index event, had less than three renal function tests during the follow-up period, had underlying valvular heart disease/undergone valvular replacement, were on dialysis, or received both antiplatelet and anticoagulation treatment. The mean age was 78 ± 11 years, 48% were male, and the mean eGFR was 70 ± 22 mL/min/1.73 m2 at baseline. Out of the 804 patients, 581 (72%) were prescribed anticoagulants upon discharge, with 499 out of 581 (86%) being prescribed with DOACs. During a mean follow-up period of 2.66 ± 1.98 years (2,139 patient-years), patients with greater renal function variability were independently associated with an increased risk of ischemic stroke/systemic embolism, MACE, all-cause, cardiovascular, and non-cardiovascular mortality after adjusting for age, sex, and possible confounding factors (all ptrend < 0.05; Supplementary Figure 2; Supplementary Table 8).




4 Discussion

To the best of our knowledge, this is the first population-based study to investigate the prognostic implications of renal function variability in patients with TIA/ischemic stroke and AF. Independent of age, sex, baseline renal function, and vascular risk factors, higher renal function variability was independently associated with a number of adverse clinical outcomes, including ischemic stroke/systemic embolism, ICH, total bleeding, MACE, and mortality (cardiovascular and non-cardiovascular). These findings remained significant in the 1,738 patients who were prescribed DOACs on discharge. Similarly, higher renal function variability was independently associated with an increased risk of MACE and mortality (cardiovascular and non-cardiovascular) in patients prescribed with warfarin and antiplatelet agents upon discharge. However, higher renal function variability was not independently associated with the risk of recurrent ischemic stroke/systemic embolism, ICH, and total bleeding events in warfarin and antiplatelet users.

Our study found that patients with greater renal function variability were older and had more cardiovascular comorbidities and poorer renal function at baseline. The findings were coherent with previous studies (26). Patients with greater renal function variability were less likely to be prescribed with DOACs in our study. This may be due to the fact that DOACs rely on renal excretion at variable degrees, and they are contraindicated in patients with relatively advanced renal impairment (27). Furthermore, patients with greater renal function variability were more likely to have multiple comorbidities, rendering clinicians potentially more inclined to prescribe antiplatelet agents or no antithrombotic agents due to fear of bleeding complications.

In this study, we calculated three metrics (CV, VIM, and ARV), and the overall direction of effect was the same. The subdistribution hazard ratios decreased when using the ARV as the indicator of renal function variability. ARV averages the absolute differences in eGFR between consecutive visits (25), whereas CV and VIM capture the variation of all the eGFR measurements (28). Previous studies suggest that CV and VIM are highly correlated and may provide similar information (29). However, ARV captures variability from one visit to the next and may convey different information.

The overall mortality rate in our cohort is 170.5 events per 1,000 person-years (17.1% per year). A joint analysis of seven European and Japanese prospective cohorts of patients with AF following acute ischemic stroke found that the mortality rate for DOAC users was 6.3% per year and 10.8% per year for warfarin users (30). The aforementioned study excluded patients not on any anticoagulation treatment or patients who started anticoagulation treatment 90 days after the index stroke event. However, 43.4% of patients in our cohort were prescribed either only antiplatelet agents or no antithrombotic treatment. Patients not on adequate oral anticoagulation regimens were shown to have a higher mortality rate than those properly anticoagulated with either warfarin or DOACs (31). Additionally, the functional outcome would affect the mortality rate; however, neither study assessed the functional outcomes.

The results from our study show the value of renal function variability as a prognostic indicator beyond that of a single renal function measurement. Previous studies suggested that the variation in renal function is the result of both intrinsic and extrinsic factors. Intrinsic kidney diseases include renal microvascular disease, impairment of autoregulatory mechanisms, or limited renal function reserve while extrinsic factors include changes in intravascular volume status, congestive heart failure, liver disease, pulmonary disease, and/or use of medications that may influence renal function (11, 13). Renal function variability has been associated with an increased risk of all-cause mortality in patients with hypertension (12). Data from the TOPCAT trial also showed that increased renal function variability was associated with hospital admissions for heart failure and cardiovascular death in heart failure patients with preserved ejection fraction (14). For TIA/ischemic stroke patients with AF who need OACs for secondary stroke prevention, renal function variability is of utmost importance since all OACs depend on the kidney for clearance, albeit to varying degrees (6, 7). Patient’s exposure to OACs may be altered as a result of fluctuations in renal function and may lead to thrombotic or bleeding complications (32). Testa et al. found that plasma DOAC levels were associated with risks of recurrent ischemic events and bleeding complications (33, 34). Studies in Chinese patients showed that increasing plasma DOAC levels would increase the risk of bleeding complications in patients with renal impairment (32). It is therefore reasonable to postulate that fluctuations in renal function may reduce or increase plasma DOAC levels and thus contribute to a range of adverse clinical outcomes.

Previous studies have indicated that DOAC users experience a slower decline in renal function over time than the warfarin users, in both Asian (35) and Caucasian patients (36–38). A recent network meta-analysis also demonstrated that DOACs had a lower risk of bleeding complications and recurrent ischemic stroke/systemic thromboembolism than warfarin for patients with CrCl of ≥25 mL/min (39). However, we observed no significant differences in the renal function variability between patients prescribed with DOACs and warfarin (p = 0.155), nor in the proportions of DOAC and warfarin users who had a decline in the renal function during the follow-up period (p = 0.200).

The results from our study have several important clinical implications, which prompt further evaluation in future large-scale studies. Our study demonstrated that renal function variability over time holds important prognostic value and serves as an important risk factor in TIA/ischemic stroke patients with AF taking OACs. Regular monitoring of renal function and its changes over time is essential for the management of these patients, especially those with a lower baseline eGFR. With advances in technology and widely used electronic health record systems, renal function variability can be easily calculated and may provide a convenient tool to guide clinical management. While drug levels for various DOACs are now available in some centers and may likely vary depending on one’s renal function, especially if highly fluctuating, it is uncertain whether regular monitoring of DOAC drug levels with consequent adjustment of DOAC dosing has any benefit on clinical outcomes (40). Further studies in this area are required. Nevertheless, given that patients with high renal function variability are at increased risk of a range of adverse clinical events, patients with potential changes in renal function (e.g., volume depletion, new prescription of medications that may affect renal function, etc.) should be monitored closely and treated promptly to minimize renal function fluctuations.

Our study does have several limitations. First, our study was retrospective in nature, and thus, we cannot exclude the possibility of residual unmeasured confounding factors. Moreover, baseline risks of bleeding and ischemic events may be different among hospitalized patients and those managed in the outpatient setting. We were unfortunately unable to differentiate these patients in a population-based study. Furthermore, the frequency of renal function assessment was at the discretion of the attending physician, and it was not standardized. Therefore, the total number and the time interval of renal function tests for each individual were highly variable. Moreover, while the Cockcroft-Gault equation is recommended for the estimation of renal function in the context of DOAC dosing, due to the limitations of CDARS, we could only calculate the eGFR using the CKD-EPI equation (41). The number of patients prescribed warfarin in our cohort was small (n = 418); thus, our cohort will be underpowered to detect the associations of renal function variability with adverse clinical outcomes in patients on warfarin. Similarly, our study is also underpowered to determine the effects of renal function variability in patients taking individual DOACs. Furthermore, caution is warranted when generalizing the study findings, given that the majority of patients were Asian Chinese. Multiple studies have shown that DOACs are more effective and safer for Asian patients compared to Caucasian patients. The findings could be due to the fact that Asian patients had an increased risk of bleeding, and they had difficulties in maintaining the therapeutic range of the international normalized ratio (INR) of 2 to 3 when taking warfarin (42, 43). Moreover, studies also showed that a lower dose of DOACs was needed in Asian patients because of lower body mass index (44). Furthermore, our patients had a relatively high median number of renal tests. Thus, selection bias may be present in the study, as we included those patients who were more susceptible to a decline in renal function and thus may have had more inferior outcomes. Moreover, the exclusion of patients who survived less than 90 days may also introduce selection bias in the study. Inter-laboratory variation in serum creatinine measurement attributed to different calibration settings could also impact our results. The study did not take into account of speed of variability in renal function, which may also be important for patients’ outcomes. Finally, the condition of high renal function variability in patients due to their underlying acute renal impairment could not be identified from the analysis. Future large-scale prospective studies in patients of other ethnic groups will be needed to validate our findings.



5 Conclusion

Increased renal function variability is associated with adverse clinical outcomes in TIA/ischemic stroke patients with AF. Further large-scale studies are needed to validate our results.
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Background: Cerebral vasospasm (CV) is a common complication of aneurysmal subarachnoid hemorrhage (aSAH), leading to increased morbidity and mortality rates. Endovascular therapy, particularly intra-arterial vasodilator infusion (IAVI), has emerged as a potential alternative treatment for CV.
Methods: A systematic review and meta-analysis were conducted to compare the efficacy of endovascular therapy with standard treatment in patients with CV following aSAH. The primary outcomes assessed were in-hospital mortality, discharge favorable outcome, and follow-up favorable outcome. Secondary outcomes included major infarction on CT, ICU stay duration, and total hospital stay.
Results: Regarding our primary outcomes of interest, patients undergoing intervention exhibited a significantly lower in-hospital mortality compared to the standard treatment group, with the intervention group having only half the mortality risk (RR = 0.49, 95% CI [0.29, 0.83], p = 0.008). However, there were no significant differences between the two groups in terms of discharge favorable outcome (RR = 0.99, 95% CI [0.68, 1.45], p = 0.963) and follow-up favorable outcome (RR = 1.09, 95% CI [0.86, 1.39], p = 0.485). Additionally, there was no significant difference in major infarction rates (RR = 0.79, 95% CI [0.34, 1.84], p = 0.588). It is important to note that patients undergoing endovascular treatment experienced longer stays in the ICU (MD = 6.07, 95% CI [1.03, 11.12], p = 0.018) and extended hospitalization (MD = 5.6, 95% CI [3.63, 7.56], p < 0.001). Subgroup analyses based on the mode of endovascular treatment further supported the benefits of IAVI in lowering in-hospital mortality (RR = 0.5, 95% CI [0.27, 0.91], p = 0.023).
Conclusion: Endovascular therapy, particularly IAVI, holds promising potential in reducing in-hospital mortality for patients with CV following aSAH. However, it did not show significant improvement in long-term prognosis and functional recovery. Further research with larger sample sizes and randomized controlled trials is necessary to validate these findings and optimize the treatment strategy for cerebral vasospasm in aSAH patients.
Systematic Review Registration:https://www.crd.york.ac.uk/PROSPERO/, identifier: CRD42023451741.
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1 Introduction

Subarachnoid hemorrhage (SAH) is a rare subtype of stroke, constituting 2–5% of all stroke cases. Among SAH cases, 85% are attributed to the rupture of intracranial aneurysms (ICA), known as aneurysmal subarachnoid hemorrhage (aSAH) (1). The annual incidence rate of aSAH is approximately 7.9 per 100,000 individuals, with the highest occurrence observed between the ages of 40 and 60 (2–4). Despite advancements in diagnostic and treatment approaches that have led to a reduced mortality rate for aSAH, a significant proportion of survivors are left with long-term consequences (5). Cerebral vasospasm (CV) is a common complication of aSAH, typically manifesting between the 3rd and 14th day following SAH, with the highest incidence observed between the 7th and 10th day (6–8). Approximately 30–70% of aSAH patients may develop angiographic vasospasm, and among them, half may experience delayed cerebral ischemia (DCI). Ultimately, even with maximal treatment, approximately 15–20% of patients face infarction or mortality (9).

The treatment of CV remains a subject of extensive debate, with limited available treatment options (10). According to the American Heart Association (AHA) guidelines, all patients with aSAH should receive oral nimodipine (Class I; Level of Evidence A) as it reduces the risk of DCI and improves neurological outcomes. For refractory cases that do not respond to standard treatment, AHA suggests that endovascular therapy may be a reasonable option (Class IIa; Level of Evidence B) (11). Over time, endovascular therapy has gained widespread clinical application and has emerged as an alternative treatment for CV, challenging the traditional standard therapy (12–14). Endovascular therapy encompasses two methods: transluminal balloon angioplasty (TBA) and intra-arterial vasodilator infusion (IAV/IAVI). TBA is suitable for acute-phase CV and provides rapid and direct effects, but is limited to proximal vessels and focal cerebral vasospasm (15, 16). IAVI is another commonly used endovascular treatment for CV, involving the direct delivery of vasodilatory drugs into the spastic vessel via a catheter. This approach aims to dilate the narrowed vessel and increase cerebral blood flow. Commonly used drugs include nitroprusside, calcium channel blockers (such as nimodipine, nicardipine, and verapamil), and the selective phosphodiesterase-3 inhibitor milrinone, et al. (17–19). IAVI can be employed during the acute or subacute phase and is suitable for managing more distal and diffuse vessel spasms.

Currently, the superiority of endovascular therapy over standard treatment remains a subject of controversy, despite it being considered as a salvage treatment after standard therapy failure. The clinical literature reports considerable variation in the outcomes. Given these discrepancies, we conducted a systematic review and meta-analysis to compare the effects of endovascular therapy and standard treatment on post-aSAH cerebral vasospasm. The objective is to provide recommendations for clinicians in selecting treatment strategies and offer guidance for the design of future clinical trial protocols.



2 Materials and methods


2.1 Protocol and registration

This meta-analysis adhered to the recommendations and guidelines outlined in the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) (20). The protocol for this study was registered on PROSPERO. Ethical approval was not necessary for this work as it involved the analysis of previously published data.



2.2 Eligibility criteria

The PICOS statements of this study are as follows:


2.2.1 P(Population)

The study population comprised adult patients (aged over 18 years) with cerebral vasospasm following aSAH. CV diagnosis was based on hemodynamic and imaging criteria. Initially indicated by transcranial Doppler sonography (TCD) showing a mean flow velocity over 160 cm/s in the anterior circulation or an increase exceeding 50% within 24 h, CV was suspected particularly when associated with unexplained neurological symptoms. For definitive diagnosis, imaging techniques such as computed tomography angiography (CTA) and digital subtraction angiography (DSA) were employed, confirming CV through findings of more than 50% vessel diameter reduction or the presence of vascular irregularities.



2.2.2 I(Intervention)

Endovascular treatment, specifically IAVI and TBA.



2.2.3 C(Comparison)

Standard treatment, including oral or intravenous vasodilator infusion and Triple-H therapy, etc.



2.2.4 O(Outcome)

Include one of the following primary outcomes at least:

Primary outcomes:

	1. Favorable outcomes in discharge and follow-up for more than 3 months. The prognosis of patients was evaluated using the Glasgow Outcome Scale (GOS) and the Modified Rankin Scale (mRS). Favorable outcomes were defined as a GOS score of ≥4 or an mRS score of ≤2.
	2. In-hospital mortality.

Additionally, the study examined the following secondary outcomes:

1. Cerebral infarction: Infarction detected on CT at discharge.

	2. Relevant time information during hospitalization, such as intensive care unit (ICU) stay times and total hospital days.



2.2.5 S(Study design)

This study included randomized controlled trials (RCTs) and retrospective cohort studies. If propensity-matched analyses (PSM) were conducted, preference was given to studies with PSM data.

We specifically included the studies comparing the efficacy of endovascular treatment and standard treatment in patients with CV. Studies that solely reported the prognosis of patients treated with endovascular therapy for CV were excluded.




2.3 Search and study selection

A systematic literature search was performed on PubMed, The Cochrane Library, Web of Science, and EMBASE to identify relevant studies on cerebral vasospasm up to January 1, 2023. Additionally, a snowball method was utilized to search for references cited in the included literature to identify additional studies that met the eligibility criteria. The detailed search strategies used in PubMed can be found in Supplementary Table S1.



2.4 Study selection

Two review authors independently screened the titles and abstracts of the identified literature using the predetermined PICOS criteria to exclude clearly unrelated reports. Subsequently, they thoroughly read the full text of the remaining articles to determine which studies met the inclusion criteria. Any studies that did not meet the inclusion requirements were recorded along with the reasons for their exclusion. In cases where there were disagreements in judgment, the two reviewers engaged in discussions to reach a consensus. If any disagreements persisted, a third review author was involved in the discussion to facilitate resolution. The selection process was documented, and a PRISMA flow diagram was completed to illustrate the study selection procedure.



2.5 Data collection

Two review authors independently extracted the following data from the included studies and recorded the information on the data extraction table using Microsoft Office Excel 2019. The following data were extracted:

(1) Basic information on included studies: first author, year of publication, study design and follow-up time, etc. (2) Baseline characteristics of the study queue, such as type of intervention group, sample size, Hunt-Hess score, etc. (3) The primary and secondary outcomes of interest in this study.

Any disagreements were resolved by discussion between the two review authors.



2.6 Assessment of risk of bias in included studies

The risk of bias in each study was assessed using the Newcastle-Ottawa Scale (NOS), a validated tool. The scale assigns a score ranging from 0 to 9, with a score of ≥7 indicating a study with a low risk of bias (21, 22). Two review authors independently evaluated the risk of bias for each study. In instances where discrepancies occurred, they engaged in discussions to reach a consensus. If an agreement could not be reached, a third reviewer participated in the deliberations until a resolution was achieved.



2.7 Statistical analysis

All data analyses were performed using Review Manager (version 5.3, Cochrane Collaboration) and Stata (version 16, StataCorp, College Station, Texas) software. Binary variables were expressed as risk ratios (RR), continuous variables with consistent measurement units were presented as mean differences (MD), and standardized mean differences (SMD) were used for variables with inconsistent measurement units. When necessary, estimation of means and standard deviations was conducted using an online tool based on median, range, and sample size, as described by Wan et al. (23). Subgroup analyses were planned based on specific intervention measures. All variables were calculated with 95% confidence intervals (CI). All reported p-values were two-sided, and p-values <0.05 were considered statistically significant. Heterogeneity of the included studies was assessed using the Q test and I2 test. Due to the limited number of studies included, we have decided to adopt a random effects model for the analysis of all results. We conducted sensitivity analysis on results with significant heterogeneity (i.e., I2 ≥ 50%) to investigate the impact of individual studies on overall effectiveness estimation. If at least five studies were available for the outcomes of interest, visual funnel plot analysis was conducted to assess publication bias, with greater asymmetry indicating a higher likelihood of substantial bias. Additionally, Egger’s and Harbord’s tests were used to assess publication bias.




3 Results


3.1 Characteristics of the included studies

The summary of the search results is presented in a PRISMA study flow diagram (Figure 1). A comprehensive literature search yielded a total of 5,078 articles, which were subsequently refined to 4,623 after eliminating duplicate entries. Through meticulous scrutiny of titles and abstracts, we excluded 4,583 papers that were deemed irrelevant, enabling us to proceed with a detailed examination of the complete texts of the remaining 40 studies. Nonetheless, 33 articles were excluded from our analysis for the following reasons: 20 studies involved irrelevant comparative analyses, five studies focused on comparisons within the experimental group, seven studies lacked a control group, and one study did not report the primary outcome. Ultimately, our systematic review and meta-analysis included seven studies (24–30) that satisfied the predetermined inclusion criteria. No randomized controlled trials (RCTs) were identified among the included studies. Among the selected studies, one (29) employed a prospective cohort design, while the remaining six studies were retrospective cohort studies. Five studies (24, 26–28, 30) employed endovascular treatment using IAV, while two studies (25, 29) employed a combination of IAV and TBA treatment. Two studies (24, 30) provided data for two distinct groups. Table 1 provides a comprehensive summary of the characteristics of all the articles included in our analysis. Each of the included studies underwent an assessment of bias risk using the NOS tool. The scores assigned ranged from 8, 7, to 6, with four studies, two studies, and one study achieving these respective scores. The average score across the studies was 7.4. The results of the bias risk assessment are graphically depicted in Figures 2, 3 (High risk: 0 score, Low risk: 1 score).

[image: Flowchart depicting a systematic review process. Identification phase shows 5,078 records from database searches and 2 additional records identified. After duplicate removal, 4,623 records remain. Screening phase has 4,623 records screened, with 4,583 excluded. Eligibility phase shows 40 full-text articles assessed, 33 excluded due to reasons like irrelevant studies and lack of control group. Seven studies are included in both qualitative and quantitative synthesis.]

FIGURE 1
 Flowchart of study selection for the present study.




TABLE 1 Baseline characteristics of individual studies.
[image: Table summarizing various studies on intervention types for treatments. Details include author, year, country, study design, total sample size, intervention and control group sizes, type of interventions and controls, outcome evaluations, and quality scores. Countries include Germany, Canada, France, India, Australia, and Japan, with years ranging from 2013 to 2021. Study designs are retrospective and prospective with interventions like IA nimodipine and milrinone, assessed by GOS and mRS scores. Quality scores vary from 6 to 8.]

[image: Bar chart illustrating the risk of bias across several study criteria. Categories include representativeness of the cohort, selection, exposure ascertainment, and others. Most show low risk (green), except "Demonstration That Outcome of Interest Was Not Present at Start of Study," "Comparability of Cohorts-2," and "Follow-Up Duration," which show high risk (red). A legend explains the color coding: green for low risk, yellow for unclear risk, and red for high risk. Bars display percentages from zero to one hundred percent.]

FIGURE 2
 Risk of bias graph: results of NOS in included studies.


[image: Table evaluating eight studies on several methodological aspects including representativeness of exposed cohorts, selection of non-exposed cohorts, and follow-up adequacy. Green circles with plus signs indicate positive assessment, while red circles with minus signs indicate a negative assessment. Studies by Abulhasan YB, Anthofer J, Bele S, Crespy T, Goel R, Mortimer AM, and Nakamura T are listed, with various aspects marked either positively or negatively.]

FIGURE 3
 Risk of bias summary: judgements about each risk of bias item for each included study.




3.2 Baseline characteristic analysis

A total of 517 participants were included in the meta-analysis, with 206 individuals allocated to the intervention group and 311 individuals to the control group. Comprehensive baseline information is presented in Supplementary Figures S1, S2. The assessment of neurological status upon admission for all patients primarily relied on the World Federation of Neurosurgical Societies (WFNS) Score, Modified Fisher Score, and Hunt-Hess Score. The study findings revealed no significant disparities in the neurological status at admission between the two groups. However, it was observed that the intervention group had a statistically significant mean age difference of 3.64 years younger compared to the control group (MD = -3.64, 95% CI [−6.01, −1.27], p < 0.05). Notwithstanding this age difference, all other baseline characteristics between the two groups demonstrated comparability.



3.3 Perioperative characteristics and outcomes

Regarding our primary outcomes of interest, patients undergoing endovascular intervention exhibited a significantly lower in-hospital mortality compared to the standard treatment group, with the intervention group having only half the mortality risk (RR = 0.49, 95% CI [0.29, 0.83], p = 0.008). However, there were no significant differences between the two groups in terms of discharge favorable outcome (RR = 0.99, 95% CI [0.68, 1.45], p = 0.963) and follow-up favorable outcome (RR = 1.09, 95% CI [0.86, 1.39], p = 0.485). Regarding secondary outcomes, there was no significant difference observed in major infarction between patients receiving endovascular intervention and those receiving standard treatment (RR = 0.79, 95% CI [0.34, 1.84], p = 0.588). However, patients undergoing endovascular treatment experienced significantly longer stays in the intensive care unit (ICU) (MD = 6.07, 95% CI [1.03, 11.12], p = 0.018) and more extended hospitalization (MD = 5.6, 95% CI [3.63, 7.56], p < 0.001). The detailed results can be found in Table 2, and the forest plots are provided in Figures 4–6.



TABLE 2 Pooled results of primary and secondary outcomes of the meta-analysis.
[image: Table summarizing meta-analysis outcomes for medical studies. It includes primary outcomes: discharge favorable outcome, follow-up favorable outcome, and in-hospital mortality, with risk ratios (RR) and effect estimates. Secondary outcomes: major infarction on CT, ICU stay, and hospital days, with mean differences (MD). Heterogeneity is shown with I² percentages and p-values for Egger's and Harbord's tests.]

[image: Forest plot showing relative risk (RR) and 95% confidence intervals for discharge and follow-up favorable outcomes. The plot compares studies by author and year, with weights included. Subtotals indicate I-squared values and p-values for heterogeneity. Diamonds represent overall effect estimates.]

FIGURE 4
 Meta-analysis of favorable outcomes in discharge and follow-up for more than 3 months.


[image: Forest plot showing the relative risk (RR) with 95% confidence intervals for in-hospital mortality and major infarction on CT from multiple studies. The plot includes two subgroups: "In-hospital mortality" and "Major infarction on CT." Each study is represented with its RR, confidence interval, and weight. The diamonds represent subtotal estimates for each subgroup, with the first subgroup showing an I-squared of 0% and the second subgroup showing an I-squared of 87.1%. The vertical line at 1 indicates no effect.]

FIGURE 5
 Meta-analysis of in-hospital mortality and cerebral infarction.


[image: Forest plot showing weighted mean difference (WMD) for ICU stay and hospital days across studies. For ICU stay, WMD ranges from -3.16 to 15.28 with a total of 6.07. For hospital days, WMD ranges from 5.58 to 5.60 with a total of 5.60. Each study is represented by a square, with size reflecting weight, and lines showing confidence intervals (CI). Diamonds represent pooled estimates.]

FIGURE 6
 Meta-analysis of ICU stay times and total hospital days.


To gain further insights, we conducted subgroup analyses based on the mode of endovascular treatment. The results showed that patients treated with IAV had a significantly lower in-hospital mortality compared to the standard treatment group, with the risk being half (RR = 0.5, 95% CI [0.27, 0.91], p = 0.023). In contrast, there was no significant difference in in-hospital mortality between patients receiving both IAVI and TBA and the standard treatment group (RR = 0.4, 95% CI [0.05, 3.11], p = 0.381). Moreover, subgroup analysis revealed that the differences in ICU stay and hospital days between the intervention and control groups were mainly driven by patients receiving both IAVI and TBA, while patients undergoing IAV treatment did not show significant differences in ICU stay and hospital days compared to those receiving standard treatment. Furthermore, the results of subgroup analysis indicated no significant differences in discharge favorable outcome, follow-up favorable outcome, and major infarction between patients receiving either IAV or receiving both IAVI and TBA, yielding nonsignificant results. Detailed results of the subgroup analysis are presented in Table 3, and the funnel plots for the subgroup analysis can be found in Supplementary Figures S3–S7.



TABLE 3 Pooled results of subgroup analyses of the outcomes.
[image: A table shows subgroup outcomes for primary and secondary results, comparing IAV and IAV combination TBA. Categories include discharge, follow-up, in-hospital mortality, major infarction, ICU stay, and hospital days. Metrics include number of studies, effect measure, estimates, confidence intervals, and p-values. Notably, in-hospital mortality for IAV is 0.5 with a p-value of 0.023, while major infarction on CT for IAV combination TBA is 2.06 with an effect estimate of 0.9. Abbreviations at the bottom clarify terms like RR and MD.]



3.4 Sensitivity analysis and publication bias

During the comprehensive analysis of the results, we observed substantial heterogeneity in three outcomes, namely Follow-up favorable outcome, Major infarction on CT, and ICU stay, with an I2 value exceeding 50%. To further investigate these outcomes, we conducted sensitivity analyses. Remarkably, the sensitivity analysis results revealed that the statistical significance of the combined estimates remained consistent across all outcomes.

Moreover, we performed an assessment of publication bias for four outcomes that included five or more studies: Discharge favorable outcome, Follow-up favorable outcome, In-hospital mortality, and Major infarction on CT. Egger’s test and Harbord’s test highlighted the presence of publication bias in relation to Discharge favorable outcome, while the risk of publication bias for the remaining three outcomes was determined to be low. Detailed results can be found in Table 2. For a visual representation of the publication bias assessment, please refer to Supplementary Figures S8–S11, displaying the funnel plots.




4 Discussion

Cerebral vasospasm is a prevalent and severe complication following aneurysmal subarachnoid hemorrhage (1, 31, 32). This condition imposes a significant burden on patients’ prognosis and economic status, with studies reporting that 25–50% of patients may experience disabilities, while only 30–45% are able to recover to their previous work status (33). Additionally, patients undergoing treatment for CV face an additional economic burden of up to 30% compared to those without CV (34). Hence, timely and effective treatment for cerebral vasospasm is crucial in improving patients’ prognosis and quality of life. Currently, there is no consensus on the treatment approach for CV in the existing treatment guidelines. Therefore, we conducted this meta-analysis to assess the efficacy and safety of endovascular therapy compared to standard treatment in patients with CV. Our objective is to furnish novel insights and recommendations for the management of CV through this meta-analysis, ultimately aiming to enhance patients’ recovery and survival outcomes in the future.

The results of this study indicate that endovascular therapy leads to a perioperative mortality rate that is only half of that observed with standard treatment. Subgroup analysis reveals that this outcome is primarily driven by the IAVI group, where patients receiving both IAVI and TBA exhibit no significant difference in in-hospital mortality compared to standard treatment. This highlights the significant advantage of IAVI in reducing the risk of in-hospital mortality, effectively halving the rate and holding crucial implications for saving patients’ lives. However, it is noteworthy that no significant differences are observed between the IAVI and standard treatment groups concerning the discharge favorable outcomes and follow-up favorable outcomes. In secondary outcomes, patients receiving IAVI show no significant differences in terms of major infarction, ICU stay duration, and total hospital stay when compared to those undergoing standard treatments. This indicates that, although IAVI can reduce perioperative mortality compared to standard treatment, it does not significantly improve patients’ recovery and long-term prognosis, nor does it completely eliminate or reduce the risk of severe infarctions. Nevertheless, this does not imply that IAVI lacks potential benefits. Other factors may have contributed to these results, such as insufficient sample size or inadequate follow-up duration. Furthermore, patients’ recovery and prognosis may be influenced by multiple factors beyond the treatment method. Despite the lack of long-term advantages in prognosis, the clear short-term efficacy of IAVI is evident. Its ability to lower in-hospital mortality is undeniably beneficial for patients and represents a critical clinical achievement, leading us to recommend IAVI as a valuable option for treating cerebral vasospasm. On the other hand, the neurological functional recovery provided by IAVI for cerebral vasospasm is limited, necessitating its combination with other rehabilitation and support measures to optimize treatment strategies and improve patients’ quality of life and functional recovery.

Currently, there is significant controversy in the clinical setting regarding the effectiveness of TBA treatment for CV (20, 35). Some studies have conducted retrospective evaluations to explore the feasibility and efficacy of TBA treatment. Tsogkas et al. (36) conducted a study retrospectively evaluating 17 patients who received Scepter C balloon catheter treatment between 2014 and 2018. These patients were successfully treated for CV after failed medical therapy, with no associated complications. Some researchers have also conducted a similar study, demonstrating the feasibility of Scepter C balloon catheter treatment for CV (37). Another research supports TBA as a therapeutic option for severe proximal vessel spasm and reduced tissue perfusion and suggests considering more frequent use of TBA in conjunction with PW/DW imaging, rather than solely as a last-resort treatment measure (38). However, existing research only provides single-group follow-up results for TBA treatment in CV, and there have been no cohort studies in the clinical setting to compare the differences between TBA and standard treatment. The subgroup analysis in this meta-analysis reveals that receiving both IAVI and TBA only prolongs patients’ ICU stay duration and total hospital stay, with no apparent benefit in terms of therapeutic efficacy for CV compared to the standard treatment group. Our research findings did not indicate a beneficial effect of TBA on patients’ prognosis, but it is important to note that this conclusion is based on the results of only two studies. In the future, high-quality, large-scale clinical studies are still needed to provide compelling evidence regarding the effectiveness of TBA in treating CV. It is noteworthy that the combination therapy of IAVI with TBA demonstrated lower efficacy in improving primary outcomes compared to IAVI monotherapy. This discrepancy may be attributed to multiple factors. Firstly, the increased procedural complexity and the risk of complications associated with dual therapy might negate the individual advantages of IAVI and TBA, especially in patients with complex vascular anatomy or severe vasospasm. Secondly, the timing and criteria for selecting patients for combined therapy versus monotherapy could influence treatment outcomes, as those undergoing combined treatment may have more severe or intractable vasospasm, leading to inferior results. Additionally, the variation in technical expertise and procedural practices across different treatment centers could impact the success rates and clinical outcomes of these therapies. Therefore, conducting further research is essential to gain a more accurate understanding of the optimal timing and patient selection for each treatment modality.

Our meta-analysis revealed nuanced outcomes, with no clear differences between endovascular therapy and standard care, highlighting the need for an in-depth analysis. Contributing to this are the diverse patient demographics and the variability in both the severity and timing of CV treatment, which may obscure outcome disparities. The range of endovascular techniques applied, encompassing various devices and procedural nuances, could lead to outcomes that do not decisively favor one treatment approach over another. Additionally, inconsistencies in clinical practices among different treatment centers and the absence of standardized protocols for CV management could lead to uneven results. The timing of the intervention relative to symptom onset also plays a pivotal role; if not optimally aligned within the therapeutic window, it may result in subdued treatment benefits. These aspects highlight the need for meticulous design in future studies to clarify the effects of endovascular therapies on CV, emphasizing the importance of standardized treatment approaches and optimal timing of intervention.

There are several methods used for the prevention of CV caused by aSAH. The widely used “triple-H” therapy, which includes induced hypertension, hypervolemia, and hemodilution, was once commonly employed. However, research failed to demonstrate the benefits of prophylactic triple-H treatment, possibly due to its association with other complications, leading to its current disuse. Presently, oral nimodipine is the only treatment method recommended in guidelines for all aSAH patients. Although it does not improve CV, it has been proven effective in enhancing neurological outcomes. Other prophylactic uses of CCB, corticosteroids, and magnesium sulfate have not shown clinical significance (11, 39). Current guidelines do not recommend prophylactic hypervolemia or TBA before angiographic spasm occurs. Research results on TBA are inconsistent, with some studies indicating a reduced risk of DCI and CV recurrence, but failing to demonstrate clinical benefits (40, 41). Some studies suggest that intraventricular drainage may have application value in preventing CV, especially in reducing the incidence of vasospasm, mortality rate, and the need for endovascular rescue therapy following procedures such as thrombus removal and ventriculostomy (42–44). Overall, prophylactic treatment should still be chosen based on physicians’ experience and treatment center conditions. Postoperative measures such as active blood volume management, monitoring of patients’ neurological status, enhanced imaging review, and continued oral nimodipine administration remain relatively recommended preventive measures. Recent evidences indicate that several diagnostic tools, such as perfusion CT scan, continuous electroencephalography, xenon-CT scan and brain microdialysis and elevated CSF lactate and glucose levels in the first 3 days following aSAH are predictors of subsequent DCI-related neurological impairment (45–48). Further research is still necessary to determine the most effective preventive approaches.



5 Limitation

This study encompasses certain limitations that may affect the interpretation of results. Primarily, it includes only 7 studies, each with limited sample sizes, which may not adequately represent the broader patient population, thereby necessitating larger-scale studies for more definitive validation. These studies originate from diverse clinical centers across different countries, introducing potential variability in data source processing and treatment protocols. Moreover, the generally short follow-up period in these studies restricts our ability to comprehensively analyze long-term outcomes post-discharge. Although we endeavored to apply unified evaluation criteria to mitigate the impact of heterogeneity, the variability in treatment approaches, timing, and endovascular techniques used across different centers remains a challenge. Notably, the lack of RCTs addressing this specific condition underscores a significant gap in high-quality evidence. Therefore, future research needs to overcome these limitations to improve the reliability and generalizability of the study.



6 Conclusion

Endovascular therapy, especially IAVI, is a promising treatment option for reducing in-hospital mortality in patients with CV. However, no significant improvement has been observed in long-term prognosis and functional recovery. Further research with larger sample sizes and randomized controlled trials is necessary to validate the study findings and optimize the treatment strategy for cerebral vasospasm in aSAH patients.
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Background: Magnetic resonance diffusion-weighted imaging (DWI) is the most sensitive modality for ischemic stroke diagnosis. However, DWI may fail to detect ischemic lesions in a proportion of patients.
Methods: Following PRISMA statement, a systematic search of Medline, Embase, and Web of Science was conducted until January 3, 2024. The inclusion was confined to English literature with sufficient reporting. Proportions of DWI-negative ischemic stroke were pooled. For binary variables, odds ratios (ORs) were computed using the random-effects model.
Results: Fourteen studies constituting 16,268 patients with a clinical diagnosis of ischemic stroke and available DWI findings were included. Intravenous thrombolysis (IVT) was administered to 19.6% of the DWI-negative group and 15.3% of the DWI-positive group. DWI-negative ischemic stroke was reported in 16% (95% CI: 10–24%; after sensitivity analysis: 11% [95% CI: 8–15%]) of stroke patients. Among minor stroke patients (National Institutes of Health Stroke scale [NIHSS] of 5 or less), 24% (95% CI 12–42%) had negative DWI findings. Predictors of DWI-negative scans included posterior circulation stroke, history of ischemic heart disease, prior stroke, or prior transient ischemic attack. Cardioembolic stroke (OR, 0.62, 95% CI: 0.41–0.93) and history of atrial fibrillation increased the likelihood of positive DWI findings (OR, 0.56, 95% CI: 0.45–0.71). Patients with DWI-negative ischemic stroke had higher odds of good functional outcomes (modified Rankin scale [mRS] of 0–1) (OR, 2.26; 95% CI: 1.03–4.92), lower odds of stroke recurrence (OR, 0.68; 95% CI: 0.48–0.96), and lower odds of severe disability or mortality (mRS of 3–6) (OR, 0.44; 95% CI: 0.34–0.57) compared to patients with positive DWI. Rates of symptomatic intracerebral hemorrhage after IVT were comparable between groups.
Conclusion: DWI-negative findings were present in a significant proportion of ischemic stroke patients and may be utilized as a marker for favorable prognosis.
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1 Introduction

Ischemic stroke is a highly debilitating condition that contributes significantly to long-term disability and mortality (1). Magnetic resonance imaging (MRI) studies play a pivotal role in the diagnosis of cerebral infarctions (2). Magnetic resonance diffusion-weighted imaging (DWI) represents the gold-standard imaging modality of cerebral ischemia diagnosis with a sensitivity of 88–100% and a specificity of 95–100% (3). Moreover, DWI studies can be utilized to guide the use of reperfusion therapy (4). Yet, DWI studies are not perfect and can miss ischemic lesions in a proportion of stroke patients. Prior studies suggested that 6.8% of ischemic stroke patients may have negative DWI studies (5). This might be more pronounced in milder stroke cases, as previous studies suggested that one-third of minor stroke individuals may exhibit negative DWI findings (6).

Ultimately, stroke diagnosis depends on components of clinical reasoning in the context of proper clinical history and physical examination. This comes with particular importance in patients with neutral MRI findings (7). Notably, physicians may undermine the diagnosis of stroke in patients exhibiting negative DWI, and therefore important treatment decisions such as thrombolytic treatment and proper secondary preventive strategies can be undermined (8). Prior large prospective studies identified the presence of ischemic lesion as a clear marker of higher risk of stroke recurrences after transient ischemic attacks (TIAs), especially in high-risk cases (9, 10). Moreover, the shift from a time-based definition to a tissue-based definition has been motivated mainly by the evidence that virtually all TIA/stroke cases have a subtle central nervous system damage which can be shown with biomarkers even more sensitive than DWI (11, 12). Previous reports have discussed the prevalence of DWI-negative ischemic stroke, which occurred more in patients with posterior circulation strokes, hyperacute presentations, and small infarct volumes (3, 5). However, long-term outcomes of ischemic stroke patients with negative DWI findings remain unrevealed. Hence, we aim to assess the distribution and the prognostic value of negative DWI findings in patients with clinical diagnosis of ischemic stroke.



2 Methods

This review was reported in compliance with the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (13). This review was conducted according to a prespecified registered protocol (PROSPERO: CRD42024497583). Neither patient consent nor institutional approval was required for the current study as this work constitutes aggregate data meta-analysis of previously published studies.


2.1 Search method and resources

We systematically searched three electronic databases (Medline, Embase, and Web of Science) until January 3, 2024. To ensure coverage of wider literature, a hands-on search of grey literature and reference lists of retrieved full-texts was also conducted. The search strategy was tailored to each database using combinations of relevant terms. The full search strategy is provided in the Supplementary material.



2.2 Study selection process

Independent reviewers performed title and abstract screening, which was followed by a full-text assessment. The inclusion criteria of the current review were as follows (1): confirmed clinical diagnosis of ischemic stroke and (2) sufficient reporting, which entailed adequate reporting of essential study characteristics (such as explicit stroke definition and the provision of separate data for stroke and TIA to allow independent extraction of stroke data) as well as adequate data on patient characteristics for each group (patients with negative AND positive DWI scans). Studies of transient ischemic attacks, abstract conferences, and reviews were excluded. Studies fulfilling the inclusion criteria were selected for final analysis.



2.3 Data extraction and risk of bias

Two reviewers completed the data extraction process. Extracted data included study characteristics, patients’ demographics, medical history details (including comorbidities and smoking history), and short and long-term outcomes.

Independent reviewers assessed the quality of included studies using the Newcastle-Ottawa scale (NOS) for observational studies (14). Conflicts in the assessment were resolved through discussion with a third author. Scoring stars of 7 to 9, 5 or 6, and 0 to 4 indicate good, moderate, and poor quality, respectively. Conflicts were resolved through consultation with a senior reviewer.



2.4 Statistical analysis

Data analyses were conducted using RevMan and R software. A p-value of less than 0.05 was determined for statistical significance. Data were pooled using a random-effects model. The generalized linear mixed model (GLMM) was adopted to pool the prevalence of DWI-negative ischemic stroke. In a prespecified sensitivity analysis, we excluded studies that only included patients with minor stroke. In addition, proportions of DWI-negative among patients with minor stroke [defined as National Institutes of Health Stroke scale (NIHSS) less than or equal to 5] and posterior circulation were pooled separately. Odds ratios (ORs) and their corresponding 95% confidence intervals (CIs) were computed for dichotomous variables. We performed multiple subgroup analyses based on stroke severity and based on follow-up duration (discharge, 90-days, and 1-year). The Higgins index (I2) was used to measure heterogeneity, where I2 values greater than 50% were regarded as significant.




3 Results


3.1 Search results

We identified 832 citations through the database search. Of those, 188 were duplicates and subsequently excluded. Next, 604 references were excluded through titles and abstracts screening. We retrieved 46 potentially eligible studies for full-text screening, of those, 14 eligible studies satisfied our inclusion criteria (Figure 1).
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FIGURE 1
 Flow diagram detailing the literature search process.




3.2 Study and patient characteristics

Fourteen studies (2, 3, 6–8, 15–23) satisfied our inclusion criteria. The included studies were published between 2000 and 2023. We included 16,268 patients with clinical diagnosis of ischemic stroke and with available MRI-DWI findings. A total of 2,563 patients (15.8%) received intravenous thrombolysis (IVT), with 350 (19.6%) in the DWI-negative group and 2,213 (15.3%) in the DWI-positive group. Among the included studies that reported time from stroke onset to DWI scan, there was variability in this interval. Doubal et al. (6) reported a median of 12 days. Six other studies reported data comparing time to scan between DWI-negative and DWI-positive groups. The median time ranged from 2 h (17) to 6 days (8) for DWI-negative patients, compared to 1.81 h (17) to 4 days (8) for DWI-positive patients. Details of age, gender, and stroke severity distribution are summarized in Table 1.



TABLE 1 Characteristics of included studies.
[image: A table comparing different studies on stroke cases with details such as the number of stroke cases, diffusion-weighted imaging positivity, mean age, percentage of males, median baseline NIHSS, time from stroke onset to DWI scan, intravenous thrombolysis, criteria for stroke diagnosis, and Newcastle-Ottawa Scale (NOS) scores. The studies are listed by author, and results vary in each category, with specific data noted for each study.]

For quality assessment of the included studies, four studies were deemed to be of moderate quality, while the remaining articles were judged to be of good quality according to the NOS (Table 1).



3.3 Prevalence

DWI-negative ischemic stroke was found in 16% (95% CI: 10–24%) of stroke patients, with significant heterogeneity (I2 = 99%). After conducting sensitivity analysis and removal of studies reporting only on minor stroke individuals (NIHSS of less than or equal to 5), the prevalence of DWI-negative stroke was further refined to 11% (95% CI: 8–15%) with significant between-study heterogeneity (I2 = 91%). Among patients with minor ischemic stroke, the prevalence of DWI-negative scans was 24% (95% CI: 12–42%), with significant heterogeneity (I2 = 99%) (Figure 2) The prevalence of DWI-negative scans in cases of anterior circulation ischemic stroke was found to be 7% (95% CI: 4–14%; I2 = 83%). Posterior circulation ischemic stroke demonstrated a higher occurrence of negative scans, with a prevalence of 19% (95% CI: 16–22%) and no between-study heterogeneity (I2 = 0%) (Supplementary Figure S1).
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FIGURE 2
 Forest plots of the pooled proportions of DWI-negative ischemic stroke (A) from all 14 included studies (B) after sensitivity analysis and removal of studies only reporting on minor ischemic stroke (NIHSS ≤5) (C) from studies reporting only on minor stroke patients.




3.4 Predictors

Among elements of medical history prior to index stroke, history of ischemic heart disease, prior history of stroke, and prior history of TIA were all found to be significant predictors of DWI-negative stroke. In terms of etiology classifications, there was a significantly lower likelihood of DWI-negative findings in cardioembolic stroke cases (OR, 0.62, 95% CI: 0.41–0.93). However, no statistically significant differences were observed in patients with large artery atherosclerosis (OR, 0.68, 95% CI: 0.45–1.03) or small artery occlusion (OR, 0.71, 95% CI: 0.05–9.32). Posterior circulation stroke resulted in significantly higher odds of DWI -ve lesions compared to anterior circulation stroke (OR, 2.47, 95% CI: 1.30–4.72). On the contrary, patients with atrial fibrillation were more likely to experience DWI-positive stroke (OR, 0.56, 95% CI: 0.45–0.71). No significant difference was observed between the status of DWI scans and other parameters such as female gender, history of smoking, diabetes, hypertension, and dyslipidemia (Table 2).



TABLE 2 Elements or predictors of DWI scan status among ischemic stroke patients.
[image: Table displaying risk factors or predictors for a condition, with columns for the element, number of studies, number of patients, and odds ratio with confidence interval. Factors include female, posterior circulation stroke, and atrial fibrillation. Significant results are marked by asterisks.]



3.5 Outcomes

We pooled aggregate data to demonstrate the prognosis of DWI-negative ischemic stroke. Table 2 demonstrates the pooled analysis of stroke outcomes. In short, rates of stroke recurrence were lower in patients with initial negative DWI scan (OR, 0.68, 95% CI: 0.48–0.96). A similar effect was reported across subgroup analyses based on follow-up duration at 90-days and among minor stroke patients. However, this effect was not sustained at 1-year follow-up (OR, 0.77; 95% CI: 0.38–1.55). Moreover, the odds of good functional outcomes (defined as a modified Rankin Scale [mRS] of 0 or 1) were higher in patients with DWI-negative ischemic stroke (OR, 2.26; 95% CI: 1.03–4.92). In the subgroup analyses, this effect was sustained at hospital discharge and 90-days follow-up but not after 1-year of index stroke. Rates of severe disability or mortality (defined as mRS of 3–6) were significantly lower in patients with DWI-negative ischemic stroke (OR, 0.44; 95% CI: 0.34–0.57), with sustained effect in favor of DWI-negative stroke (compared to DWI-positive) at discharge and 1-year follow-up. Rates of symptomatic intracerebral hemorrhage (sICH) were substantially lower among patients with negative DWI scans after IVT (OR, 0.22 95% CI: 0.04–1.14) (Table 3).



TABLE 3 Stroke outcomes of patients with DWI-negative ischemic stroke compared to DWI-positive.
[image: Table showing outcomes of studies on stroke patients. Categories include stroke recurrence, good functional outcomes (mRS 0-1), severe disability or mortality (mRS 3-6), and sICH post intravenous thrombolysis. Each category lists the number of studies, patients, and odds ratios with 95% confidence intervals. Notable results indicate significant p-values. mRS refers to modified Rankin Scale and sICH to symptomatic intracerebral hemorrhage.]




4 Discussion

The current systematic review and meta-analysis findings indicate that a notable proportion of ischemic stroke patients present with DWI-negative scans, particularly in the context of minor stroke. Among variables of medical history and vascular risk factors prior to index stroke, clinical history of stroke, TIA, or ischemic heart disease can increase the odds of negative DWI findings. Negative scans were more common in posterior circulation stroke. In contrast, cardioembolic stroke and history of atrial fibrillation were associated with more positive scans. In addition, a favorable profile was reported in patients with DWI-negative ischemic stroke with more improvement in good functional outcomes, fewer stroke recurrences, and lower odds of disability and mortality.

DWI imaging plays a fundamental diagnostic role in the workup of select acute ischemic stroke patients who might benefit from reperfusion therapies, including IVT and mechanical thrombectomy (24). The aim of the current study was not to question the pivotal role of DWI imaging in the settings of ischemic stroke. Rather, this investigation aimed to increase the awareness of DWI-negative ischemic stroke as a potential clinical manifestation. In this review, we found that 11–16% of ischemic stroke patients may present with negative findings in the DWI sequence. We reported a slightly higher prevalence of negative DWI findings in routine stroke patients, including minor and non-minor stroke subsets. A previous meta-analysis suggested that 6.8% of ischemic stroke patients may have negative DWI scans (5). The difference in the percentages may stem from the variable proportion of minor stroke cases, geographical distribution, and statistical pooling approaches. Furthermore, the prevalence of DWI-negative events was more pronounced in milder stroke cases (24%). Possible explanations exist for the high prevalence of DWI-negative events in minor stroke. First, higher NIHSS scores may represent more extensive tissue infarction, detectable by DWI (25). Second, during the event of reduced cerebral blood flow, the degree of hypoperfusion in minor stroke causes symptoms but is insufficient to induce changes visible on DWI (26).

In addition, variables associated with DWI-negative ischemic stroke have not been evaluated in detail (18). Our pooled findings showed that among different aspects of medical history and vascular risk factors, prior history of stroke, TIA, or ischemic heart disease appeared to predispose towards DWI neutrality. In contrast, cardioembolic etiology and history of atrial fibrillation were more associated with positive lesions. Emboli from cardiac sources, including those raised from atrial fibrillation, can have varying sizes and often cause acute severe strokes contributing to higher rates of positive DWI lesions (27). Moreover, factors that have been associated with DWI-negative ischemic stroke in the literature included longer times from symptom onset to MRI, lower NIHSS scores, smaller posterior circulation lesions, as well as clinical presentations such as ataxic hemiparesis, internuclear ophthalmoplegia, and lateral medullary infarction syndromes (28). Our results provide further evidence supporting the association between posterior circulation ischemia and DWI -ve stroke (5, 16, 17). DWI abnormalities in posterior circulation tend to appear later in the acute phase compared to anterior circulation stroke (2). This comes with particular importance when there is a short time interval between stroke onset and imaging acquisition which may limit the ability of DWI to capture sufficient signals to detect posterior circulation lesions. In addition, brainstem lesions tend to be smaller and might be overlooked due to the presence of magnetic susceptibility artifacts (16, 20). In our analysis, posterior circulation ischemia was more associated with negative scans compared to anterior circulation stroke (19% vs. 7%; OR, 2.47, 95% CI: 1.30–4.72).

The prognostic implications of DWI-negative ischemic stroke have not been fully explored. Evidence from recent studies has demonstrated poorer prognostic outcomes associated with DWI-positive lesions (8, 29). However, no systematic synthesis has been obtained in this regard so far. In our study, DWI-negative ischemic stroke had a more favorable profile compared to DWI-positive events. These findings are in line with previous reports demonstrating that DWI-negative can be used as an imaging indicator of favorable prognosis. Yet, most included patients in our pooled analysis were derived from studies with major inclusion of minor stroke individuals. Therefore, our findings further corroborate Wang et al. (3) notion which suggests the potential value of negative DWI in the risk stratification of minor stroke individuals. However, limited data exists regarding the optimal treatment approach for these individuals. Within our study, IVT did not elevate the risk of sICH among patients with negative DWI. In the case of TIA patients, a recent report demonstrated that the benefits of dual antiplatelet therapy (DAPT) were restricted to those with positive DWI (30). Nevertheless, there is a scarcity of efficacy data comparing IVT, DAPT, and single antiplatelet therapy (SAPT) in the context of DWI-negative stroke. Currently, international guidelines (24, 31) recommend stratifying individuals with minor strokes based on disability level to guide the administration of IVT. IVT is recommended in minor disabling stroke. In contrast, no additional benefits of IVT were observed in non-disabling stroke (32), and a dual antiplatelet regimen may offer similar efficacy with a superior safety profile (33). Incorporating DWI status into decision-making process and its role in guiding acute and secondary prevention strategies for stroke patients warrants further investigation. Noteworthy, the pooling of outcome data might be limited by the small number of contributing studies, and further evidence in this regard is needed.

Despite the clinical implications and strength of our review, certain limitations need acknowledgment. First, aggregate data were pooled rather than individual patient data. Second, the observational nature of the included studies may introduce bias to the overall synthesis. Third, we included studies published in varying periods, and technical evolutions of MRI machines may enable more detection of ischemic lesions. Fourth, median baseline NIHSS scores of most included studies were consistent with minor and moderate stroke subtypes, which have more proclivity of DWI-negative findings and could affect our results. However, mild stroke represents a substantial proportion of routine stroke patients presenting to the emergency room, which adds to the value of our study (34). Sixth, strict inclusion criteria limited the analysis of some variables. Lastly, our study is limited by intrinsic methodological differences and potential biases within the included studies, including the lack of reported follow-up computed tomography (CT) and/or MRI findings in two studies (20, 21). This raises concerns about the potential inclusion of patients with stroke mimics in the analysis.



5 Conclusion

In conclusion, this meta-analysis revealed that DWI-negative ischemic stroke represents a prevalent phenomenon, particularly among minor stroke patients. Additionally, DWI-negative scan may serve as an imaging marker for a favorable prognosis.
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Objectives: Functional outcomes in patients with intracerebral hemorrhage (ICH) have not been well characterized in the Middle East and North Africa Region. We report the 30 and 90-day clinical outcomes in the native and expatriate of Qatar with ICH.
Methods: We evaluated the Glasgow Coma Scale (GCS), NIHSS, and imaging in the Qatar Stroke Registry (2013–22). The outcome measures were a modified Rankin Scale (mRS) at 90 days and mortality at 30 and 90 days. Unfavorable outcome was defined as mRS of 4–6. We performed non-parametric ROC analyses to measure the concordance index (C-index) to assess the goodness-of-fit of ICH score for predicting 30 day and 90-day mortality and functional outcome.
Results: 1,660 patients (median age of 49 (41.5–58) years; male 83.1%, expatriates 77.5%) with ICH, including supratentorial deep in 65.2%, cortical in 16.2%, infratentorial 16% and primary intraventricular in 2.5% were studied. The median baseline ICH volume was 7.5 (3.2–15.8) ml. An unfavorable outcome was seen in 673 (40.5%) patients at 90 days. The unfavorable 90-day outcome (mRS 4–6) was 49.2% in the native population vs. 44.4% in Africans, 39.0% in South Asian, 35.3% in Far Eastern, and 7.7% in Caucasians, p < 0.001. Mortality at 30 days and 90 days was 10.4 and 15.1%. Increasing age [OR (95% CI), 1.02 (1.00–1.03)], lower GCS [0.77 (0.73–0.80)], prior use of antiplatelet medications [1.82 (1.19–2.08)], higher ICH volume [1.03 (1.02–1.04)], and presence of any intraventricular hemorrhage [1.57(1.19–2.08)], were associated with unfavorable outcome.
Conclusion: In this relatively younger ICH cohort more than 75% were expatriates. The ICH volume, 90-day unfavorable outcome and mortality was lower in the expatriates compared to the local Arab population, likely related to the younger age and smaller size of the hemorrhages. Prognostic scoring systems may have to be modified in this population to avoid early withdrawal of care.
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Introduction

Despite improvements in medical and surgical therapies, acute intracerebral hemorrhage (ICH) carries a grave prognosis (1), with a 30-day mortality between 30–55% and fewer than 20% patients are functionally independent 6 months (2–5). Several tools are used to predict mortality and functional outcome following an ICH (6–11) with the ICH-score being one of the most common in clinical practice (6). A recent meta-analysis of 55 studies reported that ICH-score, while having a good discrimination with low scores, overestimated mortality with higher scores (12).

The clinical impact of ICH appears disproportionately high among lower-resource populations (13). In US-based studies, ICH incidence has been reported to be ≈1.6-fold greater among Black and Mexican (13). Internationally, ICH incidence is substantially higher in low-income countries and comprises ≈ 18% of all strokes (2–4). There are a few reports outlining prognosis of ICH from low resource countries (14–25). The number of patients in such series are small (19–22, 24), and the information collected retrospectively (18, 22, 23) making prediction modelling difficult to study. In a study from Netherlands, comparing the prognosis of ICH in ethnic populations, Surinamese men and women had higher rates if ICH and ischemic stroke compared to stroke patients from Morocco, Turkey, and the local Dutch population (26). In Scotland, the rates of ischemic stroke and ICH was higher in South Asian and Chinese compared to the White European origin subgroups (27).

In order to study admission trends, risk factors and prognosis in a large multiethnic population of patients from native (Arabs), and expatriates (South Asian, Southeast Asian), we investigated primary ICH admissions in the tertiary care centre in Qatar. We aimed to evaluate the outcome and prognosis in patients with ICH.



Methods

The Qatar Stroke Database was established in March 2013 at the Hamad General Hospital (HGH), Doha. All data on patients with suspected acute stroke, including transient ischemic attacks (TIAs), cerebral infarction, stroke mimics, ICH and cerebral venous thrombosis (CVT) are entered prospectively into the registry (28–32). Depending on the severity and location of the ICH, patients are admitted to the stroke ward, ICU or neurosurgery.

For inclusion in the study, the following criteria were use: A diagnosis of ICH that was proven by imaging and related to hypertension or amyloid angiopathy. Patients with primary ventricular ICH were included but hemorrhages related to AVMs or aneurysms were excluded. We also excluded ICH related to trauma, hemorrhagic transformation of an ischemic infarction and systemic coagulopathy. Patients with primary subdural hemorrhage and subarachnoid hemorrhage were also excluded.


Patient characteristics

Patient characteristics including age, sex, nationality, medical comorbidities, and prior medication were recorded. Ethnicity was defined based on social groups sharing cultural and language traits within the broad categories of Native Residents (Qatari and non-Qatari Arabs), South Asians (Indian, Pakistani, Bangladeshi, Sri Lankans, Nepalese and Myanmar) and the Southeast Asians (predominantly from Philippines). Data collected included pre-stroke modified Rankin scale (mRS), NIH Stroke Scale (NIHSS) score at admission, length of stay (LoS) in ED, LoS in the stroke ward (SW), general medical ward (GMW), neurosurgical ward or the ICH. The most recent population statistics from Qatar shows the local Qatari population to be 360,000 (11.6%). In the expatriates 2,760,000 (88.4%), South East Asians comprise the largest group comprising 1,680,000 (46.6%) followed by non-Qatari Arabs 535,000 (17.1%) and individuals from Philippines 236,000 (7.6%).



Patient and public involvement

Patients or the public WERE NOT involved in the design, or conduct, or reporting, or dissemination plans of our research.



Radiological variables

Patients’ plain head CT scans were analyzed to identify the following data: location (cortical, basal ganglia, thalamus, brainstem or cerebellum), ICH volume (cm3) measured using the method with the largest length in three dimensions divided by two (equation: ABC/2); presence or absence of intraventricular hemorrhage IVH. For the purpose of the present study, we combined the location of the hematoma in the basal ganglion and thalamus. Our main objective for the localization was to compare prognosis in patients with cortical, “deep” sub-cortical and brainstem hemorrhages. We did not use any cut-offs for the size of the hematoma in the study populations.



Clinical scores and outcome measures

All patients had Glasgow Coma Scale (GCS) measured at admission and regularly during admission. The primary outcome measures were unfavorable mRS (4–6) at 90-day, 30-day and 90-day mortality. We also compared good outcome at 30-day and 90-days. Good outcome was defined as an mRS of 0–3. As a secondary objective, we also evaluated the favorable outcome as mRS of 0–2. This data is shown in Supplementary Table S1. The 30-day and 90-day data was collected by trained study coordinators by in person visits or via telephone assessments. The ICH-score was used to measure prognosis at admission. The ICH Score was the sum of individual points assigned as follows: GCS score 3 to 4 (=2 points), 5 to 12 (=1), 13 to 15 (=0); age 80-years yes (=1), no (=0); infratentorial origin yes (=1), no (=0); ICH volume > 30 cm3 (=1), <30 cm3 (=0); and intraventricular hemorrhage yes (=1), no (=0) (6).

We have previously shown that the percentage of patients with diabetes is high in the local and expatriate population in Qatar (28–32). An additional objective of our analysis was to evaluate the presence of diabetes on the prognosis in our ICH population.



Statistics

Continuous variables (age, systolic BP, diastolic BP, NIHSS, GCS, BMI and ICH volume) are presented as median values with interquartile range. Categorical variables (sex, residential status, mode of arrival to the hospital, medical comorbidities, concomitant medications, hemorrhage location, ICH score, hospital admission status, and discharge disposition) are presented as counts and percentages. The study population was divided in two groups patients with favorable (mRS 0–3) and unfavorable (mRS 4–6) 90-day outcomes. Unadjusted univariable binary logistic regression analyses were performed to assess differences in continuous variables. The chi-square test was employed to compare categorical variables between groups. Variables with a p-value <0.05 were used for regression analyses. Multivariable binary logistic regression analyses were used to assess the effects of the individual predictors with respect to 30-day, 90-day mortality and 90-day functional outcome. We also performed non-parametric receiver operator curve (ROC) analyses to measure the area under the curve (AUC) for all the variables used in the multivariable logistic regression analysis. We performed non-parametric ROC analyses to measure the concordance index (C-index) to assess the goodness-of-fit of ICH score for predicting 30 day, 90-day mortality and functional outcome at 90 days. All statistical analysis was performed using STATA 18.0 BE (StatCorp LLC Texas, United States).

The study was approved by the Committee for Human Ethics Research, Academic Health Service at HMC (MRC-01-18-102).




Results


Overall results

1,660 patients with primary ICH were available for analysis. As shown in Figure 1, ICH represented 14.8% (1,674/11338) patients with final diagnosis of stroke. The median (IQR) age was 49 (41.5–58) years, men were (1,379, 83.1%) and expatriates were (1,286, 77.5%).

[image: Flowchart illustrating patient exclusion from a stroke database at HGH from January 1, 2014, to August 31, 2022. Out of 16,039 suspected stroke patients, 4,701 were excluded as stroke mimics, 1,487 as TIA, 219 with cerebral venous thrombosis, 7,958 with ischemic stroke, and 14 due to unavailable imaging data. This resulted in 1,660 patients with intracerebral hemorrhage available for analysis.]

FIGURE 1
 Study population for the study.


The details of the clinical features, risk factors, imaging, NIHSS and GCS at admission, ICH score, location and volume, admission location, and surgical intervention are summarized in Table 1. We compared the variables in two groups: favorable outcome (mRS 0–3) versus unfavorable outcome (mRS 4–6) at 90 days (Figure 2). The comparison of mRS 0–2 vs. 3–6 is shown in Supplementary Table S4. A favorable outcome was seen in 987 (59.5%). The better outcome in men compared to women may be related to the relatively young age of the male (48, 41–57 years) patients compared to female (53, 44–66 years, OR 0.96 95%CI 0.95–0.97). The older women reflect the higher percentage of native residents (125, 33.4%) compared to expatriate women (156, 12.1%, OR 3.6 95%CI 2.7–4.8) in the study population.



TABLE 1 Comparison of features related in ICH patients as defined by favorable (mRS 0–3) and unfavorable (mRS 4–6) outcome.
[image: A table comparing demographic, clinical, and medical data of patients with favorable (59.5%) and unfavorable (40.5%) prognoses totaling 1,660 individuals. Variables include age, gender, expatriate status, modes of arrival, clinical assessments, medical comorbidities, concomitant medications, hemorrhage location, ICH score, and care outcomes. Statistical significance is noted with p-values for each category, highlighting differences between the prognosis groups.]

[image: Bar chart illustrating the distribution of mRS scores among different ethnic groups, showing both favorable (mRS 0-3) and unfavorable (mRS 4-6) outcomes. Ethnicities compared include Caucasian, African, Far Eastern, South Asian, and Native Arabs. Each group is represented with percentage values for scores ranging from 0 to 6, with a significant p-value less than 0.001 noted. A legend explains the color coding for scores and outcomes.]

FIGURE 2
 Prognosis at 90-days mentioned as Favorable (mRS 0-3) and Unfavorable (mRS 4-6) outcome- the unfavorable 90-day outcome was 49.2% in the native Arabs, 44.4% in Africans, 39.0% in South Asian, 35.3% in Far Eastern, and 7.7% in Caucasians, p< 0.001.


At 30 days 1,487 (89.6%) of patients were alive and 173 (10.4%) died. Most of the deaths were recorded during the hospitalization 156 (9.4%). The mortality at 90 days increased to 251 (15.1%), predominantly males (202/251, 80.5%).

Favorable outcome was seen in 59.5% of patients. Individuals with a favorable outcome were significantly younger, and had lower random glucose levels, lower NIHSS and higher GCS scores as shown in Table 1. Patients with favorable outcome were more likely to have smaller ICH volume on the initial imaging and supra-tentorial location. Active smoking and dyslipidemia, for unexplainable reasons, were more common in patients with a favorable outcome. The relationship of treatment including decompression surgery and hematoma evacuation is shown in Table 1.



ICH localization and imaging characteristics

The most common location for the ICH was sub-cortical in the basal ganglia or the thalamus (1,072/1660; 64.6%). ICH location was hemispheric in 280 (16.9%) patients, cerebellar in 152 (9.1%), brainstem in 114 (6.9%) patients, and primary intraventricular 42 (2.5%) patients. Most patients had small hemorrhages. The volume of the hemorrhage was less than 10 mL in patients 906 (60.4%) patients. The volume of the hematoma was between 10–19.9 mL in 311 (20.7%), 20–29.19 in 159 (10.6%) and more than 30 mL in 125 (8.3%) patients. The risk of early mortality and unfavorable outcome increased with increasing volume of the ICH. For each volume of the ICH, patients with infratentorial ICH were more likely to have a higher mortality at 30 and 90 days as shown in Figures 3A,B, 4. As is evident from Figure 4, the actual 30-day mortality in our patients was lower at all points of the ICH-score, when compared to the original publication (6). The younger age, smaller volume of ICHs and fewer infratemporal locations likely represent lower 30-day mortality in our study. There was a proportionate increase in unfavorable outcome with increasing ICH-score as shown in Figure 5.

[image: Box plots comparing baseline intracerebral hemorrhage (ICH) volume for supratentorial and infratentorial regions. Panel A shows data for 30-day outcomes and Panel B for 90-day outcomes. Patients are categorized as alive or deceased, with higher ICH volumes associated with deaths for both timeframes.]

FIGURE 3
 Boxplot. (A) Shows the distribution of the baseline ICH volume with respect to the location of the ICH and 30-day mortality. Patients with infratentorial locations had higher mortality at lower ICH volume; (B) shows the distribution of the baseline ICH volume with respect to the location of the ICH and 90-day mortality. Patients with infratentorial locations had higher mortality at lower ICH volume.


[image: Horizontal stacked bar chart displaying ICH scores versus patient outcomes at 30 days. Green bars represent survivors, beige bars indicate deaths. Scores range from 0 to 5, showing declining survival rates from 97.1% at score 0 to 25% at score 5.]

FIGURE 4
 Distribution of patients with ICH score and associated mortality at 30 days. None of the patients had an ICH score of 6.


[image: Bar chart showing Modified Rankin Scale at 90 days by ICH Score, ranging from 0 to 5. Color-coded segments represent scale levels from 0 to 6, with darker colors indicating higher scores. Scores cluster towards higher values as ICH Score increases.]

FIGURE 5
 Distribution of mRS at 90 days and ICH score in ICH patients. No patient had a score of 6.




Antithrombotic medications and ICH prognosis

There were 49 (3%) patients on anticoagulation and 190 (11.4%) on antiplatelet medications at the time of the ICH (Supplementary Tables S1, S2). These patients were older (61 (55–74) vs. 48 (41–56), p < 0.001), and were more likely to have diabetes, CAD, atrial fibrillation and prior stroke. The severity of stroke as measured on the GCS and the NIHSS was not significantly different in patients with or without anticoagulants. ICH volume was also not significantly larger in patients on anticoagulation. Hemispheric location of the ICH was more common in patients taking anticoagulation (35.4% vs. 16.8%, p < 0.001). Despite the similar volume, and as shown in Supplementary Table S1, the 30-day (22.4% vs. 10.1%; p = 0.005) and 90-day (28.6% vs. 14.7%; p = 0.008) mortality was higher in the anticoagulated patients. The percentage of patients with a favorable outcome (mRS 0–3) at 90-days was also lower in patients on anticoagulation (38.8% vs. 61.2%. p < 0.003).

As shown in Supplementary Table S2, patients on antiplatelets were older (63.2 ± 12.1 vs. 49.3 ± 12.1, p = 0.001), and were more likely to have diabetes, CAD, atrial fibrillation and prior stroke. The severity of stroke was not significantly different in patients with or without antiplatelets. ICH volume was also similar in patients on antiplatelets. Hemispheric location of the ICH was more common in patients taking antiplatelets (25.1% vs. 16.3%, p < 0.001). Despite the similar volume of the ICH, and as shown in Supplementary Table S2, the 30-day (14.7% vs. 9.9%; p = 0.04) mortality was higher in patients with antiplatelets. The percentage of patients with a favorable outcome (mRS 0–3) at 90-days was also lower in patients on antiplatelet medications (44.7% vs. 55.3%. p < 0.001).



Diabetes and ICH prognosis

There were 564 (34%) patients with known diabetes at the time of the ICH. As Supplementary Table S3, these patients were older (56.6 ± 13.0 vs. 47.1 ± 12.4, p < 0.001), and were more likely to have prior stroke history, CAD and atrial fibrillation. The severity of stroke was higher in patients with diabetes. A GCS of 13–15 was seen in 34.4% of patients with diabetes and 47.8% of patients without diabetes (p < 0.001). Fewer patients with diabetes had an ICH volume < 10 mL (56.4 vs. 60.6, p < 0.001) and hemispheric location of the ICH was more common in patients with diabetes (19.8% vs. 16.6%, p = 0.02). The 30-day (13.2% vs. 8.8%; p < 0.001) and 90-day mortality (18.8% vs. 13.6%; p < 0.001) was significantly higher in the diabetic patients.

The multivariable analysis for the 30-day, 90-day mortality and 90-days unfavorable outcome are shown in Table 2. Baseline lower GCS, baseline ICH volume, and infratentorial location, presence of any intraventricular hemorrhage, no surgical intervention was all associated with a higher risk of 30-day and 90-day mortality and higher 90-day unfavorable outcome. The receiver operator curve analysis showed lower GCS score had the highest area-under the curve 0.80, 0.81 and 0.79 among all the variables to predict 30-day, 90-day mortality and 90-day unfavorable outcome (Table 2). Baseline ICH volume showed moderate concordance with AUC of 0.69, 0.71 and 0.71 to predict 30-day, 90-day mortality and 90-day unfavorable outcome. Other variables were fair.



TABLE 2 Multivariable association of predictors with 30- and 90-day mortality.
[image: A table presenting factors affecting 30-day and 90-day mortality rates, with columns for unadjusted (uOR) and adjusted odds ratios (aOR) and 95% confidence intervals (CI). Factors include age, sex, expatriate status, GCS score, blood glucose, antiplatelet use, ICH volume, infratentorial location, intraventricular involvement, ICU admission, and surgical intervention. AUC values show discriminative ability for each factor.]




Discussion

Intracerebral hemorrhage comprised 14.8% of consecutive stroke patients admitted with acute stroke in Qatar. The patients were young, had male predominance and from multiple ethnicities, reflecting the population dynamics in Qatar where ~85% of the population is expatriate and mostly comprised of young male workers (28–32). The mortality at 30 days (10.4%) and 90 days (15.1%) was lower in our patients when compared to the previous reports of 30–55% in the literature (2–5). Smaller volume of the hematoma in most of our subjects [only 125 (8.3%) of patients with ICH of ≥30.0 mL/cm3], and smaller number of patients with low GCS of 3–4 [140 (8.4%)] likely contributed to the lower mortality. We are not sure of the reasons of the smaller size of the ICH in this population. Perhaps the younger age, especially in the patients from South East and Far East Asia may have been a factor for the smaller hemorrhages. We also noted a significantly lower mortality in our patients. It is possible that admission to a stroke unit or ICU in a majority of patients may have also contributed to the lower mortality. Maximally treated ICH patients have been shown to have lower mortality in a previous study (11). Increasing age, presence of vascular risk factors, especially diabetes, and the use of antithrombotic medications, especially anticoagulants, were most likely to associated with an unfavorable outcome.

Most studies on ICH focus on mortality, especially early deaths in the hospital and within the initial 30 days. Patients who survive the initial insult are however left with significant disability. The mRS is used globally to determine recovery following ischemic stroke and has been used in occasional ICH studies to evaluate recovery at 90 days to a year (21, 23, 33–35). An mRS of 0–3 (favorable outcome) at 90 days following the ICH was evident in 59.5% of patients in our study. In a smaller study of 243 patients, only 51% of patients reached an mRS of 0–2 at 3 months follow-up and 56% by one-year follow-up (34). The larger study with 3,255 patients from China also showed an mRS of 0–2% in 49% of patients at 90- days and 53% by one year (23). In the Swiss Stroke Registry, 2,650 patients with ICH were followed for functional recovery and 33.2% showed good functional recovery (mRS 0–2) at 3 months (35). In a study of 919 patients from the CLEAR-III and MISTIE-III trials, 11.5% died within 30 days and an mRS of 0–3 was seen in only 14.7% at 30 days (36). Finally, in the recent study from Montreal, similar to our study, favorable outcome (an mRS of 0–3 at 3 months) was evident in 50 percent of patients (33, 37). The mRS at 90-days may therefore be an important measure of recovery in addition to the mortality at 30-days following an ICH to determine prognosis.

There are some limitations to our research. Although the patients were all entered into the database prospectively, this is a retrospective analysis of the registry. Secondly, the analysis is from a single center in one country. The comparison of clinical and outcome data in a large number of patients from multiple ethnicities is, we believe, a major strength of the study. Thirdly, our follow-up is limited to the 90-day outcome as part of the registry data collection. As shown in the study by Hemphill from USA (6) and Wang et al. from China (23), recovery continues well beyond the initial 90 days, we do not have long-term outcome information from our research.

In summary, our study outlines the clinical and radiological features of ICH in a large multiethnic cohort of patients from a single center in Qatar. Our patients were younger and the hematomas were most frequently seen in the sub-cortical thalamic and basal ganglion region. The 30-day mortality was significantly better than what has been previously reported. The lower mortality may be related to the younger age at presentation, fewer patients with sub-tentorial hemorrhages and the small volume of the hematomas. Despite the lower mortality at 30 days, favorable outcome was evident in only 44.5% patients at 90 days.
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Introduction: Symptomatic intracranial hemorrhage (sICH) is a serious complication of acute ischemic stroke (AIS) after endovascular treatment (EVT). Limited data exist regarding predictors and clinical implications of sICH after EVT, underscoring the significance of identifying risk factors to enhance prevention strategies. Therefore, the main objective of this study was to evaluate the incidence of sICH and identify its predictors after EVT in patients with large infarct core-AIS in the pre-circulation stage.
Methods: Using data from the EVT for the Pre-circulation Large Infarct Core-AIS Study, we enrolled patients who were treated with EVT from the Prospective Multicenter Cohort Study of Early Treatment in Acute Stroke (MAGIC) registry. Baseline demographics, medical history, vascular risk factors, blood pressure, stroke severity, radiographic features, and EVT details were collected. The patients were classified into three groups: without intracranial hemorrhage (ICH), with asymptomatic intracranial hemorrhage (aICH), and sICH, based upon the occurrence of sICH. The main outcomes were the occurrence of sICH according to the Heidelberg Bleeding Classification and functional condition at 90 days. Multivariate logistic regression analysis and receiver operating characteristic (ROC) curves were used to identify independent predictors of sICH after EVT.
Results: The study recruited a total of 490 patients, of whom 13.3% (n = 65) developed sICH. Patients with sICH had less favorable outcomes than those without intracranial hemorrhage (ICH) and those with aICH (13.8% vs. 43.5% vs. 32.2%, respectively; p < 0.001). The overall mortality was 41.8% (n = 205) at 90 days post-EVT. The univariate analysis revealed significant differences among the three groups in terms of blood glucose levels at admission, probability of favorable outcomes, incidence of brain herniation, and 90-day mortality. The multifactorial logistic regression analysis revealed that the blood glucose level at admission [odds ratio (OR) 1.169, p < 0.001, confidence interval (CI) 1.076–1.269] was an independent predictor of sICH. A blood glucose level of 6.95 mmol/L at admission was the best predictor of sICH, with an area under the ROC curve (AUC) of 0.685 (95% CI: 0.616–0.754).
Discussion: The study findings demonstrated that the probability of sICH after EVT was 13.3% in patients with pre-circulation large infarct core-AIS, and sICH increased the risk of an unfavorable prognosis. Higher blood glucose levels at admission were associated with sICH after EVT in patients with pre-circulation large infarct core AIS. These findings underscore the importance of early management strategies to mitigate this risk.
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1 Introduction

As the second most lethal and disabling disease worldwide, acute ischemic stroke (AIS) has a serious impact on patient survival and quality of life (1). Approximately 20% of patients with AIS arrive at the hospital with a large infarct core, characterized by high mortality and poor prognosis, posing a global challenge in clinical management for this population (2). Endovascular therapy (EVT) has emerged as the preferred treatment option for AIS due to large vessel occlusion.

A previous study reported that, compared with patients treated with medication alone, those with large infarct-core AIS treated with EVT plus medication had a higher likelihood of reduced disability, independent ambulation, and favorable functional outcomes at 90 days (3). The Chinese Guidelines for Endovascular Treatment of Acute Ischemic Stroke 2023 recommend EVT for patients with large-vessel occlusion-induced AIS in the pre-circulation stage among those who meet the enrolment criteria of the ANGEL-ASPECT (4), RESCUE-Japan LIMIT (5), or SELECT 2 (6) studies (7).

Despite the success associated with EVT, intracranial hemorrhage (ICH) is a common complication, with a prevalence of 46.0–49.5% (8). In particular, symptomatic ICH (sICH) can reduce the benefit–risk ratio of treatment and increase the risk of mortality (9). However, limited data are available regarding the predictors and clinical relevance of sICH after EVT. Therefore, risk factors for sICH after EVT should be identified for the prevention of sICH and improvement in the efficacy of this new treatment strategy. Utilizing the database from the Prospective Multicenter Cohort Study of Early Treatment in Acute Stroke (MAGIC) study, the present study aimed to analyze potential predictors of sICH after EVT in patients with pre-circulation large infarct-core AIS.



2 Materials and methods


2.1 Patients

Patients were enrolled from the database of the MAGIC study, a nationwide prospective registry of consecutive patients who presented with acute, symptomatic, and radiologically confirmed pre-circulation large infarct core AIS. The MAGIC registry included patients with AIS with a large infarct core due to pre-circulation large-vessel occlusion who underwent EVT from November 2021 to February 2023. This prospective observational study was approved by the ethics committees of the participating centers.

The eligibility criteria for EVT were as follows: (1) age 18–80 years; (2) AIS due to anterior circulation large vessel occlusion, defined as occlusion of the internal carotid artery (ICA) or the M1 segment or M2 segment of the middle cerebral artery (MCA); (3) large ischemic core on non-contrast computed tomography (CT) findings [defined as Alberta stroke programme early CT score (ASPECTS) score of 0–5]; (4) pre-stroke score of 0 or 1 on the modified Rankin scale (mRS), assessed retrospectively (scores ranging from 0 to 6, with higher scores indicating greater disability and a score of 6 indicating death); and (5) symptom presentation within 24 h (the time metric of time last known well within 24 h was used if the presentation time was unavailable). The exclusion criteria were as follows: (1) no follow-up brain imaging data (CT or magnetic resonance imaging) at 24 h or when neurological deterioration occurred; (2) serious, advanced, or terminal illness; and (3) no mRS data at 90 days.



2.2 Clinical data collection

The collected data included baseline demographic data (age and sex), medical history, vascular risk factors (smoking, hypertension, hyperlipidemia, diabetes, and atrial fibrillation), blood pressure at admission (systolic and diastolic), stroke severity [National Institutes of Health Stroke Score (NIHSS)], radiographic features (ASPECTS, site of the occluded arteries), and EVT-related data (procedure process time, treatment methods, and recanalization). Additional data analyzed included blood glucose level at admission, triglyceride level, low-density cholesterol level, liver function, kidney function, and intravenous thrombolytic therapy (IVT).

The site of the occluded arteries was identified using CT angiography (CTA), magnetic resonance angiography (MRA), and/or cerebral digital subtraction angiography (DSA) reports and included the ICA and MCA. Anterior circulation lesions were defined using the ASPECTS score, which involved symptom onset to puncture (OTP) time and symptom onset to recanalization (OTR) time.

The patients in our study received EVT, which included intra-arterial thrombolysis, thrombectomy with stent retrievers, thromboaspiration, intracranial angioplasty, stent implantation, or a combination of these approaches at the discretion of the treatment surgeon.



2.3 Post-procedure evaluation

CT was usually performed 24 h after the procedure or whenever ICH was indicated by clinical symptoms. Successful recanalization was defined as a modified treatment in cerebral infarction (mTICI) with a score of 2b, 2c, or 3. The mRS score was evaluated at 90 days by a stroke neurologist during a scheduled post-stroke follow-up visit or via phone interview. Functional outcomes were evaluated according to the mRS as follows: complete recovery (mRS = 0–1), partial recovery, independence (mRS = 2), dependence (mRS = 3–5), and death (mRS = 6). Favorable and unfavorable outcomes were defined as an mRS score of 0–3 and > 3 (4–6), respectively.



2.4 Evaluation of ICH

According to the Heidelberg Bleeding Classification, ICH is diagnosed within 48 h after EVT. sICH and asymptomatic intracranial hemorrhage (aICH) were classified based on the presence or absence of neurological deficit exacerbations. The diagnosis of sICH was based on the association of ICH with any of the following conditions: (1) increase in NIHSS score by >4 points compared to the score prior to ICH; (2) increase in NIHSS score by >2 points in one category; and (3) deterioration leading to intubation, hemicraniectomy, external ventricular drain placement, or any other major intervention. Symptom deteriorations were required to be unexplainable by causes other than the observed ICH (10).



2.5 Statistical analysis

Measures with normal distribution are expressed as mean ± standard deviation of variance (ANOVA) with Bonferroni correction used for multiple comparisons. Continuous variables are presented as medians [interquartile range (IQR)] according to the type of non-normal distribution, and categorical variables are presented as frequencies (percentages). The Wilcoxon rank-sum test was used for comparison between two groups, and the Kruskal–Wallis test was used for multiple comparisons. Categorical variables were analyzed using the chi-squared test or Fisher’s exact test. A multivariate logistic regression analysis was performed to evaluate independent predictors for sICH, with the adjusted odds ratio (OR) and corresponding 95% confidence interval (CI) reported. Receiver operating characteristic (ROC) curve analysis was used to evaluate the optimal cutoff value for predicting sICH and to establish optimal cutoff points for the specificity and sensitivity values. Entered factors were those with at least marginal significance (p < 0.1) in a univariate analysis. p-values of <0.05 were considered significant. Statistical analyses were performed using SPSS 23.0. (IBM, Armonk, NY, United States).




3 Results

A total of 490 patients with pre-circulation large infarct-core AIS who were treated with EVT were enrolled in this study. They were divided into three groups: without ICH, with aICH, and with sICH. Overall, 115 patients (23.5%) had aICH after EVT within 24 h, whereas 65 patients (13.3%) had sICH. The proportions of reaching favorable functional outcomes in the three groups were 43.5, 32.2, and 13.8%, respectively (p < 0.001) (Figure 1 and Table 1). Significant differences were noted in the probability of developing brain herniation (21.6% vs. 30.4% vs. 58.5%, p < 0.001) and mortality at 90 days (35.2% vs. 44.3% vs. 69.2%, p < 0.001) (Table 1).

[image: Bar chart showing modified Rankin Scale (mRS) scores for three groups: sICH, aICH, and No ICH. sICH has 69.2% at score 6, aICH has 44.3% at score 6, and No ICH has 35.2% at score 6. Lower mRS scores are less frequent across all groups.]

FIGURE 1
 Distribution of 90-day mRS scores in patients without ICH, aICH, and sICH. Patients with sICH demonstrated the least favorable outcomes (mRS 0–3) 90 days post-index stroke, with a higher proportion experiencing mortality. The distribution of modified Rankin scale (mRS) scores underscores the impact of sICH on long-term prognosis. mRS, modified Rankin scale; ICH: intracranial hemorrhage; aICH, asymptomatic intracranial hemorrhage; sICH, symptomatic intracranial hemorrhage.




TABLE 1 Baseline characteristics and outcomes of patients without ICH, with aICH, and sICH.
[image: A table displaying clinical and demographic variables for stroke patients divided into groups: all patients (n=490), no symptomatic intracranial hemorrhage (sICH), and sICH. Variables include gender, age, atrial fibrillation (AF), hypertension, diabetes mellitus (DM), hyperlipidemia, smoking status, blood pressure, glucose, triglycerides, cholesterol, LDL-C, creatinine, and blood urea nitrogen (BUN). Additional data cover baseline measurements, occlusion site, procedure process, and results, including intravenous thrombolysis, anesthesia, time variables, and mortality rates. P-values are provided for statistical significance testing across groups.]

When comparing sICH based on the level of blood glucose at admission, a significant intergroup difference was noted (7.6 ± 2.8 vs. 8.0 ± 2.9 vs. 9.25 ± 3.5 mmol/L, respectively, p < 0.001) (Table 1). The one-way ANOVA revealed that the levels of blood glucose at admission in the sICH group were significantly different from those in the without ICH and with aICH groups (p < 0.001; p = 0.008, respectively). The count showed that the levels of blood glucose at admission in the sICH group were significantly different from those in the without ICH and with aICH groups (p < 0.001; p = 0.024, respectively, by the Bonferroni correction) (Figure 2). In multivariate analysis, higher blood glucose levels at admission (OR 1.169, p < 0.001, CI 1.076–1.269) were associated with sICH after EVT in patients with pre-circulation large infarct-core AIS (Table 2).
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FIGURE 2
 Admission glucose levels in patients without ICH, aICH, and sICH. Significant differences in admission glucose levels were observed between groups without ICH, aICH, and sICH. The sICH group exhibited elevated blood glucose levels compared to the other two groups, emphasizing the association between admission hyperglycemia and symptomatic intracranial hemorrhage (after the Bonferroni correction).




TABLE 2 Multiple multifactorial logistic regression predicts sICH after EVT.
[image: Table showing variables with corresponding statistics: Male gender with B 0.279, OR 1.322, 95% CI [0.746, 2.341], P 0.339. Glucose level with B 0.156, OR 1.169, 95% CI [1.076, 1.269], P 0.000. OTR with B 0.000, OR 1.000, 95% CI [0.999, 1.001], P 0.406. Note: ISICH and EVT abbreviations are explained below the table.]

Figure 3 presents the results of the ROC analysis determining the prognostic value of blood glucose levels at admission to predict sICH. The area under the curve for the model was 0.685, with a 95% CI of 0.616–0.754, indicating that blood glucose levels at admission have a good discriminative ability. The optimal threshold was 6.95 mmol/L, corresponding to a sensitivity and specificity of 82.0 and 49.8%, respectively, with Youden’s index of 0.312. The positive predictive value was 19.2%, and the negative predictive value was 84.1%.

[image: ROC curve displaying sensitivity versus one minus specificity. The blue line represents the model's performance, rising above the diagonal red line, which indicates random guess performance. The curve suggests the model has some predictive power.]

FIGURE 3
 Receiver operating characteristic (ROC) curve for blood glucose levels predicting sICH. The ROC curve illustrates the predictive value of admission blood glucose levels for symptomatic intracranial hemorrhage (sICH). The curve highlights the discriminative ability of blood glucose levels, with an optimal threshold identified for predicting the occurrence of sICH after endovascular therapy (EVT).




4 Discussion

In our study, we explored potential predictors of sICH after EVT in patients with pre-circulation large infarct-core AIS and observed that the probability of sICH was 13.3% in patients who underwent EVT. Furthermore, sICH greatly reduced the probability of patients having a 90-day favorable prognosis and increased the risk of brain herniation and mortality. In addition, we demonstrated that the blood glucose level at admission was an independent predictor of sICH after EVT in AIS patients with large infarct cores, and the risk of sICH increased with higher blood glucose levels.

In our study, the occurrence of sICH was similar to that in the SELECT trial, which reported an increased probability of sICH in patients with large-vessel occlusion of large-core infarcts who were treated with EVT with an onset greater than 24 h (11). However, our results showed a higher value (13.3%) than that reported in a previous randomized controlled trial (4.4%) (12) and in the North American Solitaire Acute Stroke Study (9.9%) (13). This discrepancy may stem from the inclusion of patients in our study with large infarct cores in the anterior circulation and an ASPECTS score of ≤5, whereas previous EVT studies have largely excluded patients who had large infarct cores already present at the time of preoperative imaging. Several studies have demonstrated an association between larger cores on imaging and an increased risk of sICH after EVT (14, 15). In most studies, an ASPECTS score of ≤5 was reported to be associated with an approximately 2-fold risk of ICH (16, 17). Patients with large infarct cores have a high degree of blood–brain barrier disruption, and the development of ICH is closely related to blood–brain barrier damage. In previous models of cerebral ischemia in rats, loss of integrity of the matrix and basement membrane connecting the endothelial cells was observed by electron microscopy, and in some cases, glial cell protrusions were observed to be swollen or degenerative. These alterations affect the structure and function of the blood–brain barrier, which induces ICH by increasing its permeability (18).

Experimental results have shown that the ischemia–reperfusion-induced release and activation of metalloproteinases can cause rupture of the basement membrane, leading to ICH (19, 20). The results of a previous meta-analysis demonstrated that, compared to pharmacological treatment, EVT did not increase the risk of sICH but improved the functional outcome in patients with large infarct cores (21, 22). Based on the above observations, it is reasonable to attribute the higher incidence of sICH in our study to the larger infarct core rather than the EVT procedure itself.

Similar to the findings of Shen et al. (23), our results showed that patients with sICH had a higher risk of brain herniation and mortality and a greater likelihood of unfavorable outcomes than patients without ICH and with aICH. This emphasizes the critical nature of sICH as a potentially fatal complication that significantly influences patient functional outcomes, warranting emphasis on preventive measures.

In our study, blood glucose was identified as a predictor of sICH after EVT in AIS patients with large infarct cores in the anterior circulation. The blood glucose levels >6.95 mmol/L at admission were associated with an increased risk of sICH after EVT, comparable to a level of 6.6 [5.7–7.7] mmol/L reported in a previous study (24). Several previous studies have suggested that patients with hyperglycemia are at a high risk of ICH from different perspectives, such as a meta-analysis that retrospectively analyzed the clinical data of patients undergoing EVT and found that higher blood glucose levels at admission were associated with a higher incidence of sICH (25, 26). Previous studies have shown that acute hyperglycemia increases blood–brain barrier disruption and ICH incidence in rat models (27). The results of Shen et al.’s (23) study suggest that high blood glucose levels are the strongest predictors of sICH after EVT. Another study showed that an elevated glycosylated hemoglobin level was significantly associated with an unfavorable prognosis and mortality in 90 days with AIS treated with EVT (28). The results of these studies are consistent with our findings; however, the mechanisms underlying how hyperglycemia enhances ICH remain unclear. The possible causes of ICH are as follows: (1) hyperglycemia exacerbates vascular wall dystrophy and hypoxia, resulting in more susceptible degeneration and necrosis of the vascular wall (29, 30); (2) hyperglycemia leads to disruption of cellular metabolism, resulting in increased plasma osmolality and intracellular lactic acid buildup, ultimately leading to endothelial cell injury and acidosis (31); and (3) hyperglycemia can reportedly increase the activity of the matrix metalloproteinases (MMP-9 and MMP-3) in ischemic areas and aggravate blood–brain barrier dysfunction and post-reperfusion ICH (32–34). While it is hypothesized that maintaining stable blood glucose levels post-successful EVT may be crucial in preventing sICH (35), further studies are needed to confirm this.

This study has some limitations that should be considered when interpreting the results. First, as the study adopted a prospective observational design, we did not evaluate other potentially relevant variables, such as changes in perioperative blood pressure, use of heparin during EVT, and the effect of antiplatelet regimens on hemorrhagic conversion, which may influence the risk of ICH. Second, an incomplete evaluation index may not fully determine a causal connection, and the practical implications of these unresolved findings require future validation. Despite these limitations, the findings of this study provide insights into the predictive value of blood glucose levels at admission for sICH after EVT in pre-circulation large infarct core-AIS to facilitate early management.



5 Conclusion

In this multicenter study, the incidence of sICH after EVT was higher than that previously reported. Patients with pre-circulation large infarct core AIS who developed sICH after EVT had a higher incidence of unfavorable prognosis and mortality than those who did not develop sICH. Higher blood glucose levels at admission increased the risk of sICH after EVT in AIS patients with large infarct cores in the anterior circulation. It remains unclear whether controlling blood glucose levels prior to EVT can reduce the risk of sICH, and further investigation is required.
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A corrigendum on
 Blood glucose to predict symptomatic intracranial hemorrhage after endovascular treatment of acute ischemic stroke with large infarct core: a prospective observational study

by Yang, Y., Yang, L., Shi, X., Ni, X., Fan, S., Xu, X., Ma, J., Yang, S., Wang, Z., Zi, W., Yang, D., and Hao, Y. (2024). Front. Neurol. 15:1367177. doi: 10.3389/fneur.2024.1367177




In the published article, there was an error. The time to diagnose ICH after EVT was written as 24 h, however the correct time for diagnosing ICH after EVT is 48 h.

A correction has been made to 2. Materials and methods, 2.4 Evaluation of ICH, Paragraph 1. This sentence previously stated:

“According to the Heidelberg Bleeding Classification, ICH is diagnosed within 24 h after EVT.”

The corrected sentence appears below:

“According to the Heidelberg Bleeding Classification, ICH is diagnosed within 48 h after EVT.”

The authors apologize for this error and state that this does not change the scientific conclusions of the article in any way. The original article has been updated.
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Objectives: This study proposed an outcome prediction method to improve the accuracy and efficacy of ischemic stroke outcome prediction based on the diversity of whole brain features, without using basic information about patients and image features in lesions.
Design: In this study, we directly extracted dynamic radiomics features (DRFs) from dynamic susceptibility contrast perfusion-weighted imaging (DSC-PWI) and further extracted static radiomics features (SRFs) and static encoding features (SEFs) from the minimum intensity projection (MinIP) map, which was generated from the time dimension of DSC-PWI images. After selecting whole brain features Ffuse from the combinations of DRFs, SRFs, and SEFs by the Lasso algorithm, various machine and deep learning models were used to evaluate the role of Ffuse in predicting stroke outcomes.
Results: The experimental results show that the feature Ffuse generated from DRFs, SRFs, and SEFs (Resnet 18) outperformed other single and combination features and achieved the best mean score of 0.971 both on machine learning models and deep learning models and the 95% CI were (0.703, 0.877) and (0.92, 0.983), respectively. Besides, the deep learning models generally performed better than the machine learning models.
Conclusion: The method used in our study can achieve an accurate assessment of stroke outcomes without segmentation of ischemic lesions, which is of great significance for rapid, efficient, and accurate clinical stroke treatment.

Keywords
acute ischemic stroke, outcome prediction, whole brain, deep learning, machine learning


1 Introduction

Worldwide, ~13.7 million people endure stroke annually, leading to ~5.8 million deaths, while approximately one-third of survivors will be present with varying degrees of disability (1, 2). Acute ischemic stroke is the primary type of stroke, with a prevalence ratio of 85–90% (3). With the continuous progress of medical imaging methods and analysis technology, the mortality rate of stroke has been reduced, but the disability rate has not been effectively improved (4). Assessing the rehabilitation ability of patients in advance would be beneficial for devising clinical therapy plans, disease detection, and therapeutic management in the treatment of stroke disease (5).

In most well-developed countries, stroke outcomes have been greatly improved. These advancements have been achieved depending on the highly effective recanalizing therapies, high-resolution imaging technology, and standardized care for patients across medical departments (6). With the evolution of medical technology, significant progress has been achieved in outcome prediction (7–11). However, most of these methods require clinical physicians to collect basic information about patients, evaluate their status, and score them beforehand, wherein the National Institutes of Health Stroke Scale (NIHSS) has become a widely used indicator of stroke severity (12), and modified Rankin Scale (mRS) has been used as the most common score to evaluate patient outcomes (13). Most clinical scores have the same common limitations in that their evaluation usually depends on clinicians' judgment of the patient's expression, but the subjective expressions and judgments may influence treatment planning and patient prognosis. Although clinical scores and basic patient information have been proven to express prognosis to a certain extent, it is difficult to improve when using them to predict stroke outcomes significantly.

As medical imaging provides more intuitive and abundant image data, research studies are gradually proposed based on clinical scores, basic information about patients, and medical images. Various studies (14–18) explored the role of medical images in predicting rehabilitation levels, but the overall performance failed to outperform the non-imaging data. With the advent of radiomics technology, the detailed quantification of medical images has been achieved, promoting an in-depth analysis of medical imaging in disease diagnosis, treatment, and prevention (19–23). Inspired by this technology, the radiomics features calculated from the diseased regions were used in the outcome prediction task, but it is challenging to outperform the non-imaging data (14, 24–26). Then, the combination of non-imaging data and radiomics features was proposed. Zhou et al. (27) proposed a prediction model based on essential clinical information of patients and radiomics features calculated from the diffusion-weighted imaging (DWI) and apparent diffusion coefficient (ADC) maps, outperforming the models based on individual, clinical, or radiomics features. Quan et al. (28) proved that the predicting ability of the model would be improved after introducing the radiomics feature. It can be seen that the fusion of clinical information improved the prediction of patients' recovery levels and the emergence of new technologies.

Different from the above feature analysis of three-dimensional (3D) images, studies (29, 30) found that the novel dynamic radiomics features (DRFs) extracted from dynamic susceptibility contrast perfusion-weighted imaging (DSC-PWI) can characterize blood flow transmission status and effectively enhance the expression ability of medical images in outcome prediction tasks by combining with clinical text information. Furthermore, a prediction model (31) using the combined features of ischemic lesions and whole brain tissue was proposed and achieved similar accuracy to the models based on non-imaging data and lesion tissue. However, timely treatment for stroke was an essential condition to improve the rehabilitation of patients (32). The basic information about patients and lesion characteristics used in the above-mentioned prognostic studies require extra time for consultation and lesion segmentation, reducing the efficiency of clinical treatment.

Previous works to predict stroke outcomes can be divided into classical machine learning methods (7–11) and deep learning-based methods (10, 14). It is comprehendible that training a deep learning model requires a large amount of clinical data. Due to the privacy protection policy and limited labeled data in the healthcare unit, it is challenging to collect abundant samples. Transfer learning was proposed to solve this issue in small data scenarios (33). Then, some studies used the transfer learning theory to diagnose stroke (34, 35), stroke risk prediction (36), and stroke outcome prediction (37–39). Among present pre-trained models, Med3D, which is pre-trained by eight different datasets, was regarded as a trusted feature extractor in multiple medical scenarios (40–42). However, most of these studies only took medical images or physiological data as the input data, lacking complete information, and it has not been carried out in stroke prognosis.

Based on the above, this study proposed a stroke outcome prediction method based on the combined strategy of dynamic and static features extracted from the whole brain. The features in multiple dimensions and states were calculated through in-depth mining of features in the whole brain, and the prediction accuracy was improved. The significant contributions and innovations of this study are listed below.

a) This study proposed a rapid and efficient stroke outcome prediction model. According to this model, segmenting ischemic lesions or presenting basic patient information is unnecessary. The method used in our study is only dependent on the image features extracted from the brain parenchyma to predict the recovery level of patients, thus saving time for segmentation and consultation.

b) This study used diversity methods to extract the whole brain features, including DRFs obtained from DSC-PWI images, the static radiomics features (SRFs) extracted from the minimum intensity projection (MinIP) map of DSC-PWI images in time direction, and static encoding features (SEFs) extracted from the MinIP map by the pre-trained Med3D model. The complete and comprehensive feature extraction from the whole brain provides more research basis for clinical practice.

c) This study compared the performance of the deep learning and machine learning models in predicting ischemic stroke outcomes, demonstrating the advantages of the deep learning models. In addition, due to the introduction of the pre-training model, the requirement for datasets is reduced.



2 Materials and methods


2.1 Materials

The datasets used in this study were collected from Shanghai Fourth People's Hospital Affiliated with Tongji University School of Medicine and exempted from informed consent. The datasets were collected from 2013 to 2016 and included 161 DSC-PWI images collected from 88 hospitalized patients.

The inclusion criteria for this study are as follows: (1) all patients were adults and scanned for DSC-PWI and DWI images within 24 h of admission and (2) the patients lacking basic or imaging information were removed from the queue. Finally, 156 DSC-PWI images were selected to be used in our study. The DSC-PWI images in our datasets were collected on a 1.5-T Avanto scanner (Siemens, Erlangen, Germany). The imaging parameters were listed as follows: Slices = 19, TH = 5 mm, TR = 1,520 ms, TE = 32 ms, measurements = 50, FOV = 230 mm2, matrix size = 128 × 128, and band width = 1,346 Hz/pixel. The gadopentetate dimeglumine (Gd-DTPA) (Shanghai Pharmaceutical Corporation, Shanghai, China) was injected at a dose of 0.2 mmol/kg body weight and a saline flush of 30 ml at the same injection flow rate of 4 ml/s.

Among the datasets, the ratio of male to female samples was 25%, and the mean ± variance of age, income NIHSS score, outcome NIHSS, modified Rankin scale (mRS) score within 90 days, and the onset time were 69.67 ± 11.02, 8.62 ± 6.69, 4.07 ± 5.29, 1.91 ± 2.13, and 7.05 ± 10, respectively. The mRS score is widely used to evaluate the disability of stroke patients. Regarding patients' basic information, the ratio of patients with left and right limbs weakness, lisp out, confusion, hypertension, diabetes, and atrial fibrillation were 40.9, 43.2, 65.9, 11.4, 67, 29.5, and 25%. The basic statistics for datasets used in this study are shown in Table 1.


TABLE 1 The basic information of datasets in our study.

[image: Table showing statistical data of 88 patients. Key values include dataset volumes: 156, female percentage: 44.3%, mean age: 69.67, income NIHSS score: 8.62, outcome NIHSS score: 4.07, 90-day mRS: 1.91, onset time: 7.05 hours. Percentages of patients with specific conditions are also listed, such as left limb weakness: 40.9%, right limb weakness: 43.2%, lisps: 65.9%, confusion: 11.4%, hypertension: 67%, diabetes: 29.5%, and atrial fibrillation: 25%.]



2.2 Methods

Figure 1 shows the flowchart of the stroke outcome prediction proposed in this study. As shown in Figure 1, the stroke outcome prediction method mainly includes (a) constructing the MinIP map on the time dimension of DSC-PWI images, (b) multidimensional whole brain features quantification, (c) feature dimension reduction, and (d) stroke outcome prediction.


[image: Flowchart illustrating a radiomics-based deep learning model framework. Component A depicts the generation of MiniIP maps from brain images over time. Component B shows the extraction of deep radiomic features (DRFs), shallow radiomic features (SRFs), and semantic features (SEFs) using Radiomics Technology and a pretrained Med3D model. Component C involves feature concatenation, lasso selection, and data processing. Component D demonstrates the deep learning model predicting 90-day modified Rankin Scale (mRS) outcomes, categorized as "Good" or "Poor".]
FIGURE 1
 The flowchart of the stroke outcome prediction. (A) Constructing the MinIP map on the time dimension of DSC-PWI images; (B) multidimensional whole brain features quantification; (C) feature dimension reduction; (D) stoke outcome prediction using deep learning models.



2.2.1 Construction of the MinIP map on the time dimension of DSC-PWI images

DSC-PWI image comprises 50 three-dimensional (3D) images scanned in continuous moments, and the time-intensity curve of each voxel in the DSC-PWI image represents the change in gray level before, during, and after the arrival of the contrast agent. Notably, when the contrast agent arrives, the gray level of abnormal ischemic tissue exhibits a lesser and slower decrease than the normal tissue and may even remain unchanged (43, 44). Therefore, the minimum gray level of voxels in the time dimension provides the blood flow condition of brain tissue. Based on this insight, this study performed MinIP processing of the DSC-PWI image on the time dimension and obtained the MinIP map.

Before the MinIP processing, the preprocessing of datasets should be performed to remove position deviation. In this step, the rigid registration of 3D images in the time dimension of the DSC-PWI image was followed by the simple-elastix package in Python (45). Then, the software FSL (46) was used to segment the skull and brain tissue regions.

After image preprocessing, the MinIP map of the voxels in the brain tissue was obtained by executing the MinIP processing on the time dimension of the DSC-PWI image. The expression to obtain the MinIP map is shown in Equation (1). In this way, the blood flow transmission ability of different tissues in the DSC-PWI image can be preserved, and the image was reduced from four dimensions to three dimensions, saving the operation cost of subsequent work and improving the calculation speed.

[image: Mathematical equation showing MinIP of x, y, z equals the minimum intensity of x, y over the range z sub k.]

Items x, y, and z represent the coordinate values in three-dimensional space, respectively, and the minimum function min() was used to obtain the minimum value in the time-intensity sequence of (x, y, z) of the DSC-PWI image.



2.2.2 The quantification of multidimensional whole brain features quantification

The DSC-PWI image and the MinIP map reflect the different aspects of the blood flow transmission of brain tissue. The DSC-PWI image shows the gray level changes in brain tissue at different times and then shows the dynamic transmission process of cerebral blood flow. The MinIP map represents the response of different brain tissues to the contrast agent. Through the complete feature extraction of DSC-PWI and the MinIP map, brain tissue's current state and recovery ability may be fully characterized.

This study used diverse methods to quantify the whole brain features and achieve the multidimensional quantification of dynamic and static features. For the dynamic features, this study used radiomics technology to extract the whole brain dynamic radiomics features (DRFs) from DSC-PWI images. For the static features, this study used radiomics technology and the pre-trained model Med3D to calculate the whole brain static features from the MinIP maps.

(a) Extracting DRFs of the whole brain

Figure 2 shows the process of extracting DRFs. First, the brain tissue region can be segmented based on the preprocessing step mentioned above. Then, this study divided the DSC-PWI image into N (N = 50) 3D brain images and calculated the radiomics features of the whole brain region in each 3D image. The feature calculation was implemented with the PyRadiomics package in Python. Then, the DRFs were obtained by combining the radiomics features of each 3D image according to the time order.


[image: Diagram showing a DSC-PWI brain image processed through FSL to produce a region of interest. This is analyzed with radiomics technology, resulting in time-ordered derived radiomic features (DRFs).]
FIGURE 2
 The process of extracting DRFs.


When calculating the radiomics features, six feature groups can be found in the DRFs, including First-Order Statistics (First-order), Gray-Level Co-Occurrence Matrix (GLCM), Gray-Level Run-Length Matrix (GLRLM), Gray-Level Dependence Matrix (GLDM), Gray-Level Size-Zone Matrix (GLSZM), and Gand Neighboring Gray-Tone Difference Matrix (NGTDM). In detail, the DRFs had 84,400 features, including First-Order features, GLCM features, GLRLM features, GLSZM features, NGTDM features, and GLDM features.

(b) Static encoding features of the whole brain

As shown in Figure 3, this study used the Med3D model to analyze the MinIP image and calculated the static encoding features (SEFs) of whole brain tissue. In detail, this study used the MinIP map as the input of the encoder of Med3D to extract the SEFs. The output of the last layer of the encoder was performed with average pooling and feature expansion, and then one-dimensional features were obtained. Considering that the gray value of voxels in the MinIP map was the response to the arrival of contrast agents on brain tissue, the extracted SEFs can be used to evaluate the state of blood flow propagation.


[image: Diagram showing a process flow from a MiniP MRI map to a Med3D encoder output. The flow involves three stages: Average Pooling, Reshape, and WB-Encoding. The encoder consists of three progressively smaller cuboid shapes.]
FIGURE 3
 The flow chart of extracting SEFs.


(c) Static radiomics features of the whole brain

To extract the whole brain static feature information more comprehensively, this study further applied radiomics technology to extract the radiomics features of the whole brain in the MinIP map. In contrast to the DRFs obtained based on DSC-PWI images directly, the whole brain static radiomics features (SRFs) can only provide information when the gray level of all the voxels was the lowest, thus it only included the radiomics feature information of one 3D MinIP map. Notably, the SRFs had a total of 1,688 features, including First-order features, GLCM features, GLRLM features, GLSZM features, NGTDM features, and GLDM features.



2.2.3 Feature dimension reduction and combination

(a) Feature dimension reduction

Since the dynamic and static features (DRFs, SRFs, and SEFs) extracted from the whole brain include excessive redundant information, an effective feature dimensionality reduction is necessary to find the most relevant features (47). This study used multilevel feature dimension reduction methods to compress the original features, including the significant feature selection and outstanding feature selection. Before the reduction of feature dimension, the samples should be divided into patients with good outcomes (mRS ≤ 2) and poor outcomes (mRS > 2). Among the 156 samples, 65 samples showed poor outcomes while 91 showed good outcomes.

In the process of feature dimension reduction, the first step was normalizing the datasets with mean-variance normalization (48), which was used to eliminate the influence of dimension and value-range differences between features. Then, the t-test algorithm and the absolute shrinkage and selection operator (Lasso) method were executed for feature dimension reduction (49). Both these methods can compass the original features. Depending on the previous study (50) in which multiple feature selection methods were used and compared, it can be found that features extracted from the Lasso algorithm could accurately reflect cerebral blood flow changes and improve the classification ability of models. Based on this reason, this study applied the Lasso algorithm to extract efficient features.

In detail, the t-test algorithm was used to extract the significant features, namely, significant DRFs, significant SEFs, and significant SRFs. The Lasso algorithm selected the critical features with non-zero coefficients from significant features. We defined the selected features as DRFs, SRFs, and SEFs. The original features were named original DRFs, original SRFs, and original SEFs, respectively.

(b) Feature combination

In this step, the three features selected by the Lasso algorithm were concatenated. Since features from different images and methods may have redundancy, this study used the Lasso algorithm to optimize our study's combined features. Finally, this study obtained the combined features depending on the Equation (2).

[image: Equation showing "F_fuse = LASSO(concat(DRFs, SRFs, SEFs))" with a reference number (2) at the end.]

where concat means concatenation of the three groups of selected features.



2.2.4 Stroke outcome prediction

After obtaining the combination features Ffuse from original dynamic and static features (DRFs, SEFs, and SRFs), this study used four deep learning networks LSTM, CNN, RNN, and linear network (LN) to predict the stroke outcomes (90 days mRS). The input of the deep learning network was Ffuse, and the output was the possibility of either a good outcome or a poor outcome. The training parameters of networks are shown in Table 2. To obtain a reliable result, a mean score (MS), calculated from five mean indexes, namely, mean area under the curve (mAuc), mean precision score (mPre), mean accuracy score (mAcc), mean F1 score (mF1), and mean Recall (mRecall), was used to evaluate the ability to predict stroke outcomes. The five indexes were obtained through a 10-fold cross-validation method, which was achieved using the StratifiedKFold function in the sklearn package. This function can ensure the balance of the ratio between positive and negative samples in the training set and the test set, improving the reliability of the prediction results. In detail, this study used the 10-fold cross-validation to evaluate the obtained features. We randomly and uniformly divide the data into 10 equal parts based on the labels before the experiment. Each iteration used one part as the test set and the remaining four parts as the training set. This process was repeated 10 times independently. For example, the data for one patient in the datasets would be used as the test set in one of the ten iterations and as the training set in the remaining nine iterations, and the parameters of the same model would be re-initialized and trained at each iteration independently of each other. This implies that the 10 iterations are independent, and the data for the same patient will not be used as a test sample and training sample at the same iteration. Using the 10-fold cross-validation, the bias of results due to patient differences can be reduced, and a reliable result can be obtained.


TABLE 2 The training parameters of deep learning networks.

[image: Table displaying training parameters: Epoch is 500, Batch size is 20, Optimizer is Adam, Loss function is Cross entropy, Learning rate is 0.01, and Stop condition is when the loss value exceeds the minimum loss ten times.]

After performing the 10-fold cross-validation operation, ten groups of Auc scores, Acc scores, Pre scores, F1 scores, and Recall scores can be obtained from each prediction model, and the mean score, mAuc, mAcc, mPre, mF1, and mRecall can be calculated using Equation (3). The Acc, Pre, F1, and Recall were calculated using Equation (4), Auc was the area under the curve obtained by the sklearn.metrics package. The obtained mean scores were used to further calculate the MS score according to Equation (5). In Equation (4), TP and TN represent the number of positive samples predicted to be positive, and the number of negative samples predicted to be negative, while FP and FN represent the number of positive samples predicted to be negative, and the number of negative samples predicted to be positive. In Equation (3), the index represents the Auc, Acc, Pre, F1, and Recall, and k is the number of folds (10-fold in our study).

[image: Mathematical formula showing \( m(\text{index}) = \frac{1}{k} \sum_{i=0}^{k} \text{index} \), labeled as equation (3).]

[image: Formulas for performance metrics in machine learning. Accuracy (ACC) is calculated as the sum of true positives (TP) and true negatives (TN) divided by the total population. Precision (pre) is TP divided by the sum of TP and false positives (FP). Recall (Rcall) is TP divided by the sum of TP and false negatives (FN). The F1 score is two times the product of Precision and Recall divided by their sum.]

[image: Formula for model scoring: \(MS = (mAUC + mPre + mAcc + mF1 + mRecall) / 5\), labeled as equation (5).]

In our study, nine machine models were selected to make a competitive result. The machine learning models included support vector machine (SVM), decision tree (DT), AdaBoost classifier (Ada), random forest (RF), k-nearest neighbors (KNN), logistic regression (LR), linear discriminant analysis (DA), gradient boosting classifier (GBDT), and GaussianNB (NB).

Besides, to thoroughly verify the role of SEFs extracted from Med3D, this study conducted comparative experiments with four encoders, namely, ResNet10, ResNet18, ResNet34, and ResNet50, of the pre-trained Med3D model. Thus, a comparison between the encoder and feature dimensions can be made.





3 Results


3.1 The performance of Ffuse

As shown in Table 3 and Figure 4, the performance of Ffuse on the DL models was better compared to the ML model. In detail, Ffuse based on Resnet-10 achieved the best MS scores of 0.893 and 0.91 on the ML models and the DL models, and the 95% confidence interval (95% CI) were (0.705, 0.849) and (0.884, 0.913), respectively. Besides, Ffuse based on Resnet 18 achieved the best performance in this experiment. The best MS score for both ML and DL groups was 0.971, and the 95% CI values were (0.703, 0.877) and (0.92, 0.983), respectively. For Ffuse based on Resnet 34, the best MS scores on the ML models and the DL models were 0.875 and 0.868. Although the best MS score of the ML model was better compared to the DL model, the overall MS scores of the DL models [CI 95% (0.849, 0.87)] were higher than that of the ML models [CI 95% (0.70, 0.817)]. For Ffuse based on Resnet 5, the best MS scores for ML and DL groups were 0.9 and 0.92, respectively, and the 95% CI for both groups were (0.706, 0.863) and (0.896, 0.925), respectively.


TABLE 3 The MS scores of Ffuse obtained from four encoders of Med3D on nine ML models and four deep learning models.

[image: A table comparing machine learning (ML) and deep learning (DL) models across Resnet architectures: Resnet10, Resnet18, Resnet34, and Resnet50. ML models include SVM, RF, DT, KNN, Ada, LR, NB, GBDT, and DA, with performance metrics ranging around 0.610 to 0.971. DL models include CNN, LSTM, RNN, and LN, with metrics from 0.888 to 0.966. Confidence intervals for ML models and DL models are provided for each architecture.]


[image: A series of six tables displaying different performance metrics: Accuracy (Acc), Precision (Pre), F1, and Recall, with each metric evaluated across multiple models. Each table uses a color gradient to indicate the range and comparative performance of models like LSN, ESVM, NB, GEO, CNN, K-A, and SVV. The tables highlight specific values for each model and metric, allowing for clear visual differentiation and comparison.]
FIGURE 4
 The scores of five indexes of Ffuse on the four DL models and nine ML models.




3.2 The performance of DRFs, SEFs, and SRFs and their combinations

This study further concluded the performance of DRFs, SRFs, and SEFs extracted by the Lasso algorithm. As shown in Table 4 and Figure 5, except for SEFs-18 (the SEFs obtained from encoder Resnet 18), the best MS scores of the other five features on the DL models were lower than those on the ML models in general. The SEFs-18 achieved the best score of 0.936 in the ML model and 0.942 in the DL model. Besides, almost all four types of SEFs outperformed SRFs and DRFs. In detail, the SEFs-18 performed best among the four types of SEFs and achieved the best MS score of 0.936 on the ML model (LR) and 0.942 on the DL model (CNN), and the 95% CI were (0.678, 0.852) and (0.897, 0.955), respectively. SEFs-10 and SEFs-50 achieved an even result, wherein the SEFs achieved the best scores of 0.89 [95% CI (0.671, 0.835)] and 0.864 [95% CI (0.687, 0.845)] on the ML models and the DL models, respectively, while that of SEFs-50 was 0.885 [95% CI (0.687, 0.845)] and 0.857 [95% CI (0.836, 0.859)]. In addition, SEFs-34 achieved the same best score of 0.782 on the ML models and the DL models, and the 95% CI for both models were (0.696, 0.755) and (0.76, 0.787), respectively.


TABLE 4 The MS scores of DRFs, SEFs, and SRFs.

[image: Table comparing various machine learning and deep learning models across different feature sets. ML models include SVM, RF, DT, among others, with performance metrics like DRFs and SEFs listed. DL models include CNN, LSTM, RNN, and LN. Each model's performance is quantified under SRFs, DRFs, SEFs-10, SEFs-18, SEFs-34, and SEFs-50. Confidence intervals for ML and DL models are provided in the last row of each section.]


[image: Confusion matrix tables showing performance metrics such as accuracy, precision, recall, F1 score, and AUC score for different machine learning models, including EN, LSTM, CNN, GBM, DT, KNN, Ada, RF, and SVM. Each table uses a distinct color for easy differentiation. The columns correspond to different datasets or conditions labeled T1 through T2 and various context settings.]
FIGURE 5
 The scores of five indexes of SRFs, SEFs, and their combinations on the four DL models and nine ML models.


Table 5 shows the MS scores of the four combined features. The DL models still achieved better results in this experiment. Among the four combined features, combine-50 including DRFs, SRFs, and SEFs (Resnet 50) and combine-18 including DRFs, SRFs, and SEFs-18 were the two best performers. The combine-50 achieved the best MS score of 0.866 on the ML model (NB) and 0.912 on the DL model (CNN), and the 95% CI for both models were (0.696, 0.827) and (0.857, 0.923), respectively. The combine-18 achieved the best MS score of 0.891 [95% CI (0.696, 0.823)] on the ML models and 0.897 [95% CI (0.889, 0.898)] on the DL models. Besides, the combine-10 including DRFs, SRFs, and SEFs-10 and combine-34 including DRFs, SRFs, and SEFs-34 obtained a similar score, where the best MS scores on the ML models were 0.862 (95% CI [0.722, 0.817)] and 0.831 [95% CI (0.7, 0.8)], and the best MS scores on the DL models were 0.876 [95% CI (0.819, 0.892)] and 0.853 [95% CI (0.767, 0.883)].


TABLE 5 The MS scores of combinations of DRFs, SEFs, and SRFs.

[image: Table comparing the performance of various machine learning (ML) and deep learning (DL) models across four combinations labeled Combine-10, Combine-18, Combine-34, and Combine-50. ML models include SVM, RF, DT, KNN, Ada, LR, NB, GBDT, and DA. DL models include CNN, LSTM, RNN, and LN. Each model's performance is given in numerical values. Confidence intervals (95% CI) for ML and DL models are provided for each combination.]




4 Discussion

Previous studies (8–13) have used the image features of stroke lesions region and patients' basic information alone or in combination to predict patient stroke outcomes, resulting in excess time to segment stroke lesions and difficulty in improving accuracy. Some studies (29–31) have demonstrated the role of DRFs extracted from DSC-PWI images in predicting stroke outcomes. However, there is potential for improvement in stroke prediction accuracy based on a single whole brain DRFs. Considering that single DRFs may cause information loss, this study intended to process and extract whole brain images from other dimensions, aiming to obtain whole brain features of multidimensional and multi-state to save time for segmenting lesions and improve the accuracy of prognosis prediction. Based on the experimental results, the method proposed in this study successfully fused the whole brain dynamic and static features, and the combination of DRFs, SRFs, and SEFs achieved the best MS score of 0.971 both in machine learning models and deep learning models. The following four aspects discuss the methods used in this study, including the performance of DRFs, SRFs, SEFs, and their combinations, the effectiveness of the combined effect of whole brain dynamic and static features, the influence of different encoders on the prediction results, and the comparison with the results of the methods as mentioned above.


4.1 The performance of DRFs, SRFs, SEFs, and their combinations

The whole brain features extracted from different methods may provide different information and play their roles in predicting outcomes. This study concluded by comparing the performance of DRFs, SRFs, four types of SEFs, and their combinations. First, for the single DRFs, SRFs, and the four types of SEFs, the SEFs extracted from MinIP maps were more capable of predicting stroke outcomes (as shown in Table 4). The best MS scores of SEFs (Resnet-10), SEFs (Resnet-18), SEFs (Resnet-34), and SEFs (Resnet-50) were 0.89, 0.942, 0.782, and 0.885, respectively. All SEFs exhibited better scores compared to the best performance of SRFs (0.782) and DRFs (0.823). The SEFs and SRFs were extracted from the MinIP map, while DRFs were extracted from the PWI image. In contrast to the PWI image, which can directly characterize the dynamic blood flow of brain tissue, the MinIP map represents the lowest gray value of each voxel in the brain image when the contrast agent arrives, which can also be regarded as the static response of each voxel in the brain tissue. When the gray value is low, it indicates that the blood flow at this point is relatively rich and the blood volume is high. Thus, the transmission ability of brain tissue at the voxel can be reflected in the MinIP map, and the overall analysis of MinIP maps can express the static state of cerebral blood flow transmission and the state of brain injury. For the two static feature extraction methods, the Med3D model is a pre-trained network model, which can extract the global and local details of the MinIP map from the overall perspective, and the obtained SEFs can evaluate the whole brain tissue state relatively accurately. On the contrary, the SRFs extracted by radiomics are the overall analysis of the image's grayscale, texture, and shape. In terms of results, SEFs can provide more abundant prognostic information. In addition, dynamic blood flow information from DRFs may be more valuable than static information from SRFs. Although these extracted qualitative features fully represent the feature information of the brain image, it is not easy to establish a close correlation with the prognostic state due to the limitation of fixed features, and the prediction ability is lower than that of the whole brain coding features.

The direct combination of the three original whole brain features (combine-10, combine-18, combine-34, and combine-50) has a slight advantage over the single features. In detail, the best MS scores of combine-10, combine-18, combine-34, and combine-50 were 0.876, 0.897, 0.853, and 0.912, respectively, which were better compared to DRFs (0.823), SRFs (0.744), SEFs (Resnet-34) (0.782), but lower than that of SEFs (Resnet-18) (0.942). Thus, it can be concluded that the direct combination of primitive whole brain features failed to stably increase the predicting ability of the model, and even if it did, the improvement may not be large. Furthermore, this study further selected important features Ffuse from combined features in Table 5 and achieved a better score. Four groups of Ffuse achieved the best MS scores ranging from 0.868 to 0.971, which were better than the four types of combined features. Therefore, in the process of feature combination, it is necessary to perform feature screening, which is of great value to model optimization.



4.2 The performance of machine learning models and deep learning models

Since different models have their individual characteristics and suitable tasks, to fully verify the performance of the obtained features on different types of models, this study selected models from multiple perspectives of linear, non-linear, time characteristics, and feature dimensions for validation. The following models are commonly supervised ML models: SVM, DT, RF, LR, NB, and DA, while KNN is an unsupervised ML model. Besides, GBDT and Ada are the reinforcement ML models. For deep learning models, LN is the most traditional neural network model. Compared with CNN, RNN is more suitable for processing time series data based on its convolution characteristics and can achieve time memory and prevent the disappearance of the gradient. By adopting these 13 models, a reliable evaluation experiment can be conducted.

In general, the MS scores of the DL models were better compared to the ML models among the 13 models used in this study. Among the 9 ML models, the performance of LR was better compared to other models in most of the experiments. It achieved the best MS scores when input features were Ffuse based on Resnet 10, Resnet 18, and Resnet 34 (as shown in Table 3); SRFs, SEFs-18, and SEFs-34 (Table 4); and combine-10, combine-18, and combine-34 (Table 5). By introducing a non-linear sigmoid activation function, the LR model shows a significant advantage compared with single linear classification models. Among DL models, the CNN model achieved a better performance by not only exhibiting a better MS score than most of the ML models but also outperforming other DL models. Although RNN and LSTM provided the predictive ability of time dimension, they have not achieved effective results in this study. Therefore, it can be concluded that a model selection step is necessary when using different features as input for the model.



4.3 A comparison with the results of the previous methods

With the continuous innovation and development of medical technology, many stroke outcome prediction algorithms based on texture features (7, 10), multi-modal brain images (11, 14), and a combination of both (9) have been proposed. Since the text or image information is used directly in singular, the improvement of prediction accuracy is limited. Studies (30, 32) extracted DRFs from PWI images to supplement the dynamic information of blood flow and strengthen the characterization of the blood flow status of brain tissue. The results of these methods were compared and discussed here.

For the methods using patient basic information, this study collected the age, gender, NIHSS, onset time, lisp out, confusion, hypertension, diabetes, and atrial fibrillation as input data and utilized the model introduced in the study (7). The Auc score of 0.867 and the MS score of 0.831 were obtained. For the methods using DRFs to predict outcomes in studies (30, 32), the Auc scores of 0.828 and 0.934 were obtained. When using fusion strategies of focal and whole brain features, the best Auc score was 0.971, which is the same as our methods. It can be seen that the outcome prediction method based on the combined dynamic and static features of the whole brain proposed in this study can achieve the same score as the method based on the fusion features of the local and the whole brain. It means that the whole brain features from different methods may provide local information on ischemic lesions and supplement the features of local lesions. However, since the method used in our study does not require a quantitative analysis of the ischemic region, there is no need to perform the lesion segmentation process. In practical application, the lesion segmentation process is reduced, the efficiency of outcome prediction will be accelerated, and the clinical demand for rapid treatment and precision medicine for stroke can be better met.



4.4 The limitations and prospects of this study

The reliability of models presents a challenge as a larger dataset is needed to provide a better guarantee. Although the sample size of our study is relatively small which may lead to the vibration of experimental results, this study adopted several measures to reduce its influence. To reduce the confusion caused by the small sample size, we performed 10-fold cross-validation method to calculate five evaluation indexes (Auc, Acc, Pre, F1, and Recall) and obtained their MS scores on multiple models. Thus, a more reliable and equilibrium result can be obtained. Besides, we have also continued to collect new and external datasets to validate the methods presented in this study. Furthermore, we found that the performance of the different models varied widely. Some features performed better on one or more models, but when the features changed, the order of the models also changed. Therefore, we will carry out further work on the proposed stable performance model in the future.

Although the segmentation of stroke lesions was removed in our study, a skull step was needed to be performed. However, since the segmentation of stroke lesions needs to train models depending on a large number of datasets, it is more difficult and more time-consuming to accurately segment the stroke lesions. Moreover, inaccurate segmentation will seriously affect the results of feature analysis. In contrast, the skull step is easier to perform and consumes less time. Eventhough partial skull segmentation becomes wrong, it will not cause significant deviation in results due to a minor effect on the characteristics of the whole brain region.

Furthermore, since the size of the whole brain region is bigger than that of stroke lesions, it may need more time (several seconds) to extract features from the whole brain region than from stroke lesions. In general, the time difference only exists in the feature extraction stage. After determining the key feature Ffuse, these features can be extracted directly in the practical application. In this case, the effect of time is negligible. Thus, even though multiple methods (Radiomics, Med 3D) were used for feature extraction in this study, it will not consume much time in practical application. Typically, at least 10 samples can be processed per minute.

Indeed, our method is proposed to predict the prognostic status of stroke patients, to assist clinicians in selecting more accurate treatment options and reducing the incidence of poor prognosis. However, before entering the clinic, we need to conduct further validation of the prediction model, such as adding multi-source external validation sets to verify the reliability of the model. This is one of our follow-up works.




5 Conclusion

This study proposed an outcome prediction method to improve the accuracy and efficacy of ischemic stroke outcome prediction based on the combined strategy of diverse whole brain features. From the experiments, the feature Ffuse generated from DRFs, SRFs, and SEFs (Resnet 18) achieved the best MS score of 0.971 both on machine learning models and deep learning models, and the 95% CI were (0.703, 0.877) and (0.92, 0.983), respectively. Besides, the deep learning models generally performed better than the machine learning models. The method used in our study can accurately assess stroke outcomes without segmenting ischemic lesions, which is of great significance for rapid, efficient, and accurate clinical stroke treatment.
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Background: Hemorrhagic transformation (HT) is a serious complication after endovascular thrombectomy (EVT) for patients with acute ischemic stroke (AIS). We analyzed the plasma levels of MMP-9 before and after EVT and assessed the temporal changes of MMP-9 that may be associated with, and therefore predict, HT after EVT.
Methods: We enrolled 30 AIS patients who received EVT, and 16 (53.3%) developed HT. The levels of MMP-9 in plasma collected from the arteries of AIS patients before and immediately after EVT were measured using ELISA. The percent change in MMP-9 after EVT (after/before) was calculated and compared between patients with and without HT.
Results: The median age of the AIS patients was 70 years, and 13 patients (43.3%) were men. The median National Institutes of Health Stroke Scale (NIHSS) scores of patients with HT were 18 on admission and 18 after EVT. The median NIHSS scores of patients without HT were 17 on admission and 11 after EVT. Patients with HT demonstrated significantly greater percentage increases in arterial MMP-9 levels after EVT.
Conclusion: Patients with AIS who developed HT had significantly increased arterial MMP-9 levels after EVT, suggesting that the upregulation of MMP-9 following EVT could serve as a predictive biomarker for HT.
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1 Introduction

Ischemic stroke is the most prevalent neurological disease worldwide (1). Intravenous administration of recombinant tissue plasminogen activator (rt-PA) and endovascular thrombectomy (EVT) are the only two United States Food and Drug Administration (FDA)-approved reperfusion therapies for treating patients with acute ischemic stroke (AIS) (2). However, the therapeutic benefits of administering rt-PA 4.5 h after the onset of a stroke are overshadowed by the risks of hemorrhagic transformation (HT) (3). EVT, a more recently FDA-approved procedure, can be carried out within 24 h of the manifestation of symptoms and is primarily intended for AIS caused by large-vessel occlusions (4). Importantly, EVT can only be performed in stroke centers equipped with adequate resources and expertise (5). These constraints contribute to the estimation that less than 10% of stroke patients benefit from reperfusion therapies (6).

HT is a severe complication arising after reperfusion therapy that results in profound neurological impairment and significant mortality risk (3). Our clinical objective is to enhance early diagnosis, diminish the likelihood of cerebral hemorrhage, and ultimately augment the overall effectiveness of reperfusion therapies (7, 8). Matrix metalloproteinase-9 (MMP-9) belongs to the matrix metalloproteinase family and plays a role in proteolyzing cerebrovascular basement membrane and tight junction proteins (9, 10). Elevated expression of MMP-9 has been associated with breakdown of the blood–brain barrier (BBB) and development of HT following rt-PA treatments (11). However, these study results were acquired prior to the widespread adoption of EVT. One recent study determined the levels of serum biomarkers (MMP-9, APP770, ET-1, S100B, and Claudin-5) of venous blood collected from AIS patients at admission, yet predictive value of these biomarkers for HT following EVT was not demonstrated (12). The inability of serum biomarkers collected before EVT to predict HT could stem from factors intrinsic to the EVT procedure. During mechanical thrombectomy, direct vessel wall damage from endovascular procedures may exceed the BBB impairment resulting from ischemia (13). After three stent retriever passes during EVT, the rate of symptomatic intracranial hemorrhage or parenchymal hematoma increased exponentially post-puncture (14). Therefore, instead of relying on venous blood, we specifically collected arterial blood from the EVT puncture site to mitigate the influence of systemic factors. The arterial levels of MMP-9 collected both before and after EVT were analyzed to consider factors inherent in the EVT process. Our findings indicate that the increased levels of arterial MMP-9 post-EVT were associated with incidence of HT and could potentially function as a predictive biomarker for HT following EVT.



2 Materials and methods


2.1 Study design and subjects

This was a single-center, prospective cohort study. Stroke patients older than 20 years who underwent EVT at Taichung Veterans General Hospital (TCVGH) were enrolled between July 2022 and April 2023. Cerebral ischemia with large-vessel occlusion (LVO) was diagnosed by a neurologist and supported by Computed Tomography (CT) perfusion scan. This study protocol was approved by the Institutional Review Board (IRB) of TCVGH (CE22262B) and by National Health Research Institutes (NHRI, EC1110609-E). Written informed consent was obtained from the patients or their legally authorized representatives.



2.2 Data collection

The clinicodemographic data collected included age, gender, diagnoses of hypertension, diabetes mellitus, dyslipidemia, or atrial fibrillation, smoking history, previous transient ischemic attack (TIA) or stroke, prior congestive heart failure, prior rt-PA administration, levels of plasma glucose, HbA1c, fibrinogen, D-dimer, and low-density lipoprotein (LDL), as well as score on the National Institutes of Health Stroke Scale (NIHSS). The etiology of ischemic stroke was categorized based on the Trial of ORG 10172 in Acute Stroke Treatment (TOAST) criteria, distinguishing between large-artery atherosclerosis, cardioembolism, or other causes (15).

Occluded vessels were identified using brain Computed Tomography Angiography (CTA). Times from stroke onset to arterial blood sampling before therapy and after EVT were recorded. Successful reperfusion was determined by attaining a modified Treatment in Cerebral Infarction (mTICI) score of 2b, 2c, or 3. NIHSS was evaluated again 24 h after EVT. Dual-energy Computed Tomography (CT) scans were conducted 24 h after EVT to assess HT. Brain Magnetic Resonance Angiography (MRA) was performed in accordance with clinical necessity, determination of late-onset HT, and stroke location. The categorization of HT was determined in accordance with the Heidelberg criteria (16). All brain images were evaluated by radiologists who were blinded to the laboratory determinations and clinical outcomes.

The primary outcome of this study was HT within a week of admission. Malignant edema was defined as the presence of midline shift ≥5 mm. Functional independence, determined by the modified Rankin Scale (mRS) score, was indicated by scores ranging from 0 to 2.



2.3 Enzyme-linked immunosorbent assay

Arterial blood was collected from the puncture site, in a BD Vacutainer® EDTA tube (Becton, Dickinson and Company, New Jersey, United States), before and after EVT and centrifuged at 1,500 × g for 15 min at 4°C. The supernatant was collected as blood plasma. The level of MMP-9 in the plasma was measured following the manufacturer’s protocol for the human MMP-9 Quantikine ELISA kit (R&D, Minneapolis, MN, United States).



2.4 Statistical analysis

Continuous variables were expressed as mean ± standard deviation (SD) or median (interquartile range, IQR) and compared using the Mann–Whitney U test. Categorical variables were expressed as percentages and compared using Fisher’s exact test. The plasma levels of MMP-9 before and after EVT were compared between HT and non-HT patients using one-way ANOVA with Newman–Keuls post hoc tests. The percentage change in MMP-9 level was calculated by dividing the MMP-9 level after EVT by the MMP-9 level before EVT; the changes observed among non-HT and HT patients were then compared using the two-tailed, unpaired t-test. The diagnostic potential of MMP-9 level change in predicting HT and the cut-off values was evaluated using the receiver operating characteristic (ROC) in simple logistic regression analysis. All data analyses were performed using Prism 9 (GraphPad, La Jolla, CA, United States). A statistically significant difference was defined as p < 0.05.




3 Results


3.1 Baseline characteristics of stroke patients

From July 2022 through April 2023, a total of 30 stroke patients received EVT at TCVGH and were enrolled in this study. Among the 30 patients, 18 stroke patients underwent EVT and 12 patients underwent both rt-PA and EVT therapy (Figure 1). Sixteen patients developed HT after EVT, while 14 did not experience HT (non-HT). Among the HT patients, we observed that 3 patients (18.75%) developed hemorrhagic infarction 1 (HI1), 2 patients (12.5%) developed HI2, 7 patients (43.75%) developed parenchymal hematoma 1 (PH1), 1 patient (6.25%) developed PH2, while 3 patients (18.75%) exhibited subarachnoid hemorrhage (SAH), subdural hematoma (SDH), or intraventricular hemorrhage (IVH) each. Furthermore, only 2 patients (12.5%) experienced delayed HT.

[image: Flowchart depicting patient categorization: 18 patients received EVT; 12 received I.V. rt-PA and EVT. The study population totals 30. Breakdown: 8 non-HT after EVT, 6 non-HT after I.V. rt-PA and EVT, 10 HT after EVT, and 6 HT after I.V. rt-PA and EVT.]

FIGURE 1
 Flowchart of stroke patient inclusion. EVT, endovascular thrombectomy; I.V., intravenous; HT, hemorrhagic transformation; rt-PA, recombinant tissue plasminogen activator.


The baseline characteristics of patients are shown in Table 1. The median age was 70 years, and 43.3% were men. The most common type of occlusion was the insular segment of the middle cerebral artery (MCA; M2, 33.3%), followed by the horizontal segment of the MCA (M1, 30.0%), extracranial internal carotid artery (13.3%), posterior circulation (13.3%), and intracranial internal carotid artery (10.0%). The median NIHSS score upon admission was 18, which subsequently reduced to 14 within 24 h following reperfusion therapy and hospitalization. The median time between stroke onset and arterial blood sampling was 5.7 h before EVT and 6.6 h after EVT. There were no significant differences in demographics, medical history, laboratory findings at admission, or clinical characteristics between non-HT and HT patients. In the evaluation of clinical outcomes, it was found that non-HT patients showed significant improvement in functional independence upon discharge. There were trends toward improvement in the NIHSS 24 h after EVT and functional independence at the 3rd month in non-HT patients, but the differences were not significant.



TABLE 1 Baseline characteristics of patients with and without HT after EVT.
[image: Table comparing demographics, medical history, laboratory findings, clinical characteristics, occluded vessels, and clinical outcomes between all patients, non-hemorrhagic transformation (Non-HT), and hemorrhagic transformation (HT) groups with statistical significance (p-value). Each category lists various statistics such as age, hypertension, diabetes, previous TIA or stroke, and outcomes like NIHSS scores and functional independence. Statistical measures include median values, interquartile ranges, percentages, and standard deviations.]



3.2 Upregulation of MMP-9 after EVT is associated with HT

The mean arterial MMP-9 level in non-HT patients was 179.1 ng/mL before EVT and increased to 195.0 ng/mL after EVT (Figure 2A). For HT patients, the mean arterial MMP-9 level was 100.1 ng/mL before EVT and increased to 134.6 ng/mL after EVT. Although the arterial MMP-9 levels were elevated after EVT in both non-HT and HT patients, these differences did not achieve statistical significance. We calculated the percentage change in arterial MMP-9 for individual patients before and after EVT, revealing a percentage change of 108.8% for non-HT and 147.1% for HT patients (Figure 2B). Interestingly, the percentage changes in arterial MMP-9 after EVT were significantly higher in HT patients compared to non-HT patients. An ROC curve was generated for the MMP-9 percentage changes, with an area under the curve (AUC, 95% confidence interval [CI]) value of 0.701 (Figure 3). The optimal cut-off value of plasma MMP-9 upregulation for the diagnosis of HT versus non-HT is 128.1% (sensitivity = 62.5%, specificity = 85.7%).

[image: Bar graphs showing MMP-9 levels. Panel A displays MMP-9 concentration in ng/ml for four groups: non-b, non-a, HT-b, and HT-a. Panel B shows percentage change in MMP-9 for non and HT groups, with a notable increase marked by an asterisk. Error bars indicate variability with individual data points overlaid.]

FIGURE 2
 Plasma levels of MMP-9 in stroke patients collected before and after EVT. (A) Levels of MMP-9 in the plasma of stroke patients collected before and after EVT measured by ELISA. Data on MMP-9 concentration in plasma from non-HT patients collected before (non-b) and after EVT (non-a), as well as from HT patients collected before (HT-b) and after (HT-a) EVT were analyzed via one-way ANOVA with Newman–Keuls post hoc tests. (B) Percentage change in MMP-9 level (after/before) among non-HT and HT patients. There was a significant increase in percentage change of MMP-9 level after EVT in HT patients (two-tailed, unpaired t-test, *p < 0.05). EVT, endovascular thrombectomy; HT, hemorrhagic transformation; MMP-9, matrix metalloproteinase-9.


[image: Receiver Operating Characteristic (ROC) curve displaying sensitivity versus one hundred percent minus specificity on a graph. The curve is illustrated with a stepped line, each step marked by a gray circle. The diagonal red line represents random chance. Sensitivity and specificity percentages range from zero to one hundred on the axes.]

FIGURE 3
 Specificity and sensitivity of utilization of plasma MMP-9 percentage change to diagnose HT after EVT. EVT, endovascular thrombectomy; HT, hemorrhagic transformation; MMP-9, matrix metalloproteinase-9.


We have included supplemental figures showing the MMP-9 levels (Supplementary Figure S1A) and the MMP-9 percentage changes (Supplementary Figure S1B) of patients who received EVT treatment alone as well as patients who received both I.V. rt-PA and EVT. The arterial MMP-9 levels and changes were compared between these groups using one-way ANOVA and Tukey’s post hoc tests. No significant difference was found between the groups.

The arterial MMP-9 change for non-HT male is 111.9, 133.6% for HT males, 105.7% for non-HT females, and 155.2% for HT females (Supplementary Figure S2). The arterial MMP-9 changes of these four groups were compared using one-way ANOVA and Tukey’s post hoc tests. No significant difference was found between these groups.




4 Discussion

Our results demonstrate that the upregulation of arterial MMP-9 following EVT is associated with the occurrence of HT and may serve as a predictive biomarker for HT after EVT. To the best of our knowledge, this study represents the first research, to date, evaluating the prognostic role of temporal changes in arterial biomarkers after EVT.

Our main finding was partly in line with the large retrospective study where higher admission neutrophil-to-lymphocyte ratio (NLR) was an independent predictor of symptomatic intracranial hemorrhage (sICH) in AIS patients treated with EVT (17). AIS has been shown to trigger a strong immune system response in animal models of MCA occlusion by enhancing neutrophil migration into the brain. Neutrophils are a key source of MMP-9 within the first 24 h after AIS, potentially linking admission NLR to sICH in LVO patients post-EVT, given the association of MMP-9 with BBB disruption and sICH after thrombolysis (17). However, several factors can influence admission NLR, including infections, inflammatory conditions, stress, and certain medications (18).

Several studies indicated that higher levels of MMP-9 before thrombolytic therapies were associated with the development of HT after rt-PA administration (10). The median MMP-9 values detected in blood plasma before rt-PA treatments ranged from 54 to 225 ng/mL (11), a range akin to the MMP-9 levels (100.1–195 ng/mL) observed in our study utilizing blood plasma. A recent study revealed that high MMP-9 levels in blood sera (>775 ng/mL) at 6 h from admission were associated with HT following EVT (19). Conversely, another recent study utilizing blood sera failed to establish a connection between MMP-9 levels (15–46 ng/mL) and HT following EVT (12). MMP-9 levels vary significantly across studies, likely due to the utilization of different ELISA kits sourced from various companies and differences in sample types, such as serum versus plasma (20, 21). The processing of blood samples to obtain sera versus plasma can contribute to differences in MMP-9 levels. Serum is obtained by allowing blood to clot and then centrifuging to separate the liquid portion (serum) from the clot. Plasma, on the other hand, is obtained by centrifuging blood without allowing it to clot, resulting in a liquid portion containing clotting factors and cellular components. Neutrophils are known to be a significant source of MMP-9, and their activation and degranulation can lead to increased MMP-9 secretion (20, 21). During the clotting process in serum preparation, neutrophils may release MMP-9 into the serum, contributing to higher MMP-9 levels compared to plasma samples, where neutrophils are not activated (20, 21).

Personalized medicine, also known as precision medicine, represents an innovative paradigm in medical treatment and healthcare (22). Rather than adopting a one-size-fits-all approach, personalized medicine aims to tailor medical decisions, interventions, and treatments to the specific characteristics of each patient (23). In this study, we embraced the personalized medicine approach by examining the percentage changes in arterial MMP-9 levels before and after EVT in individual patients to identify those at high risk of HT. Although potential gender-related differences in MMP-9 levels in cardiovascular and central nervous system conditions have been reported (24), no significant gender difference of arterial MMP-9 changes was found in this study.

By concentrating resources on individuals at a heightened risk of HT resulting from these interventions, we aim to optimize the utilization of resources and improve patient outcomes. For example, several small-molecule inhibitors targeting MMP-9 have been developed (25). Recently, an anti-MMP-9 neutralizing antibody was isolated based on a functional selection strategy (26). This antibody demonstrated the ability to reduce BBB breakdown in mice following a stroke (27). Our study may assist in identifying and prioritizing patients who would derive the greatest benefits from MMP-9 inhibitors, aiming to prevent or minimize the occurrence of hemorrhagic complications (28).

A major limitation of our study was its relatively small sample size. Nonetheless, the upregulation of MMP-9 showed clear associations with the occurrence of HT following EVT. The application of personalized medicine supported by our study can be substantiated through broader and more extensive investigations. However, a limitation preventing practical clinical use of MMP-9 as a biomarker is the length of time required to obtain results from existing MMP-9 ELISA assays; the current assays require over 3 h to produce results. The development of more rapid MMP-9 assays is crucial for practical clinical application.



5 Conclusion

In conclusion, the results from this single-center prospective study demonstrate an association between MMP-9 upregulation following EVT and the occurrence of HT. We are the first to show that the upregulation of MMP-9 may act as a biomarker for HT following EVT. The idea of biomarker-guided therapy, as suggested in this study, has been explored and applied using the association between various other biomarkers and the clinical status of patients (29, 30). This approach may foster more personalized and targeted strategies in stroke care, ultimately enhancing patient outcomes.
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SUPPLEMENTARY FIGURE S1 | Plasma levels of MMP-9 collected before and after EVT among stroke patients who received EVT alone and patients who received both rt-PA and EVT. (A) The MMP-9 levels are from non-HT patients collected before EVT (non-b-EVT), non-HT patients collected after EVT (non-a-EVT), non-HT patients collected after rt-PA and before EVT (non-b-rtPA+EVT), non-HT patients collected after rt-PA and EVT (non-a-rtPA+EVT), HT patients collected before EVT (HT-b-EVT), HT patients collected after EVT (HT-a-EVT), HT patients collected after rt-PA and before EVT (HT-b-rtPA+EVT), and HT patients collected after rt-PA and EVT (HT-a-rtPA+EVT). The plasma levels of MMP-9 were compared between different groups using one-way ANOVA with Newman–Keuls post hoc tests. No significant difference was found between these groups. (B) The MMP-9 percentage changes are from non-HT patients who received EVT alone (non-EVT), non-HT patients who received both rt-PA and EVT, HT patients who received EVT alone (HT-EVT), and HT patients who received both rt-PA and EVT (HT-rtPA+EVT). The percentage changes of MMP-9 were compared between different groups using one-way ANOVA with Newman–Keuls post hoc tests. No significant difference was found between these groups. EVT, endovascular thrombectomy; HT, hemorrhagic transformation; MMP-9, matrix metalloproteinase-9.



SUPPLEMENTARY FIGURE S2 | Percentage changes in MMP-9 level (after/before) among male and female patients with ischemic stroke. The MMP-9 percentage changes in plasma from male non-HT patients (male-non), male HT patients (male-HT), female non-HT patients (female-non), and male HT patients (female-HT) were analyzed using one-way ANOVA with Newman–Keuls post hoc tests. No significant difference was found between these groups. HT, hemorrhagic transformation; MMP-9, matrix metalloproteinase-9.
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Background: Ischemic stroke (IS) is a neurological disease with significant disability and mortality. MicroRNAs were proven to be associated with cerebral ischemia. Previous studies have demonstrated miR-122 downregulation in both animal models of IS and the blood of IS patients. Nonetheless, the role and mechanism of miR-122-5p in IS remain unclear.
Methods: We established primary human and mouse astrocytes, along with HT22 mouse hippocampal neuronal cells, through oxygen–glucose deprivation/reoxygenation (OGD/R) treatment. To assess the impact of miR-122, we employed CCK8 assays, flow cytometry, RT-qPCR, western blotting, and ELISA to evaluate cell viability, apoptosis, reactive oxygen species (ROS) generation, and cytokine expression. A dual-luciferase reporter gene assay was employed to investigate the interaction between miR-122 and sPLA2-IIA.
Results: Overexpression of miR-122 resulted in decreased apoptosis, reduced cleaved caspase-3 expression, and increased cell viability in astrocytes and HT22 cells subjected to OGD/R. RT-qPCR and ELISA analyses demonstrated a decrease in mRNA and cytokine levels of interleukin (IL)-6 and tumor necrosis factor (TNF)-α in both astrocytes and HT22 cells following miR-122 overexpression. Moreover, miR-122 overexpression reversed OGD/R-induced ROS levels and 8-OHdG formation in astrocytes. Additionally, miR-122 overexpression decreased the mRNA and protein expression of inducible nitric oxide synthase (iNOS). Furthermore, we found that miR-122 attaches to the 3′-UTR of sPLA2-IIA, thereby downregulate its expression.
Conclusion: Our study demonstrates that miR-122-mediated inhibition of sPLA2-IIA attenuates OGD/R-induced neuronal injury by suppressing apoptosis, alleviating post-ischemic inflammation, and reducing ROS production. Thus, the miR-122/sPLA2-IIA axis may represent a promising target for IS treatment.
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Introduction

Stroke, characterized by its significant morbidity and disability burden, is one of the most devastating cerebrovascular diseases and the third leading cause of death worldwide, posing a significant public health concern. IS is an episode of neurological dysfunction caused by focal cerebral infarction resulting from arterial stenosis or occlusion. It represents for approximately 85% of all stroke cases (1). Despite significant advancements in treatment, devising an effective therapeutic strategy for mitigating ischemic brain damage remains a formidable challenge. A substantial induction of pro-inflammatory cytokines and chemokines (including IL-6, IL-1β, TNF-α, IFN-γ, CXCL1, MCP-1) were released within minutes after IS, which is a significant contributor to neuronal loss (2–5). Astrocytes, the most abundant cells in the central nervous system and crucial components of the blood–brain barrier (6). Induced by inflammatory factors (such as IL-1, TNF-α) and chemokines like CCL2 released by microglia, astrocytes polarize into A1 reactive astrocytes characterized by C3/iNOS expression (7). Current understanding suggests that A1 reactive astrocytes exacerbate neuroinflammation by further releasing TNF-α, IL-6, while A2 reactive astrocytes exert neuroprotective effects by releasing neurotrophic factors and facilitating glutamate reuptake, thus playing a role in mitigating cytotoxicity (8, 9). Previous study have demonstrated a significant increase in IL-6, TNF-α, and iNOS expression in astrocytes following OGD, with iNOS(+) reactive astrocytes leading to increased neuronal apoptosis (10), suggesting the involvement of A1 astrocytes in post-IS inflammation and oxidative stress. Moreover, it has been found that edaravone inhibits the transformation of A1 astrocytes by suppressing the expression of inflammatory cytokines and chemokines (11). Additionally, astrocytes play a critical role in the redox homeostasis during ischemic stroke, as evidenced by the significantly higher glutathione (GSH) content in astrocytes compared to neurons during OGD, with mitochondrial transfer from astrocytes to neurons aiding in maintaining neuronal mitochondrial function (12). On the other hand, activated astrocytes further promote microglial activation and induce apoptosis of damaged cells by producing IL-1β (13). In summary, astrocytes play important roles in inflammation, oxidative stress, and cell apoptosis in ischemic stroke.

MicroRNAs (miRNAs) comprise a group of small RNAs that are highly conserved, endogenous, non-coding and widely distributed across eukaryotes. They function primarily in the post-transcriptional regulation of gene expression (14, 15). An expanding body of evidence underscores that miRNAs play a crucial role in the pathophysiology of IS. These miRNAs exert their influence by exaggerating inflammatory responses, impairing the BBB, and inducing cytotoxicity and apoptosis, alongside contributing to vascular injury and facilitating regeneration processes. IS, which arises from ischemia and hypoxia, may trigger alterations in miRNA expression levels (16). These alterations are implicated in the progression of IS as they govern the expression of cytokines and immunomodulatory factors. Previous studies have provided evidence indicating a significant decrease in the levels of miR-122 in both rat models of middle cerebral artery occlusion and reperfusion (MCAO/R), as well as the blood of patients with acute stroke (17–19). Our previous study revealed that treatment with miR-122-5p mimics reduces the volume of cerebral infarction in rats. Furthermore, we validated that miR-122-5p reduces iNOS expression in leukocytes and brain microvascular endothelial cells (BMVECs), suggesting a cerebroprotective role of miR-122 in IR injury following IS (20, 21). Nevertheless, the role and mechanism of miR-122-5p in IS remain unclear.

Phospholipase A2 (PLA2) superfamily is a group of enzymes that hydrolyze the ester bond at the second position on the glycerol backbone of phospholipid molecules (22). Previous studies have revealed the presence of PLA2s in the cerebral cortex following ischemia (23). PLA2s act as rate-limiting factors in the production of bioactive substances, such as arachidonic acid (AA), prostaglandins, and platelet-activating factor (PAF). Therefore, both the concentration and activity of PLA2s are considered independent biomarkers of IS (23). Utilizing predictive analysis software such as TargetScan and miRanda, we suggest that miR-122-5p may exert a regulatory effect on the target gene, secreted PLA2 group IIA (sPLA2-IIA) (20). Therefore, the aim of this study was to examine the regulatory influence of miR-122 on sPLA2-IIA expression and elucidate the protective effects and underlying mechanism of miR-122 in astrocytes subjected to OGD/R-induced injury.



Materials and methods


Cell culture

This study was approved by the Ethics Committee of Guangdong Provincial People’s Hospital (Grant No. KY2020-563-01). Primary human astrocytes (CP-H122), mouse astrocytes (CP-M157), mouse hippocampal neuronal cell line (HT22, CL-0697) were all obtained from Wuhan Procell Life Science and Technology Co., Ltd. (Wuhan, China). The cells were all cultured in Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10% fetal bovine serum (FBS) and a 1% mixture of penicillin and streptomycin. All cell cultures were maintained in an incubator with constant temperature and carbon dioxide levels, specifically at 37°C and 5% CO2.



Cell transfection

The miR-122-5p mimic and its corresponding negative control (NC) were chemically synthesized by Guangzhou RiboBio Co., Ltd. (Guangzhou, China), following established protocols. The miR-122-5p mimic and its NC were transfected into the cells using Lipofectamine 3,000 (Invitrogen, Thermo Fisher Scientific Inc.) according to the manufacturer’s instructions.



OGD/R cell model

The vitro cerebral I/R injury was simulate utilizing OGD/R-treated cells. To induce OGD stimulation, the cells were cultured in hypoxic incubator with 5% CO2, 1% O2, and 94% N2 for 12 h, using DMEM medium devoid of glucose and serum. Following OGD stimulation, the cells were subsequently incubated under normoxic conditions (5% CO2 and 95% air) for 24 h using DMEM medium supplemented with 10% FBS and glucose to simulate reperfusion. The control group was defined as cells cultured in normal DMEM medium under normoxic conditions in an incubator.



CCK-8 assays

According to the manufacturer’s instructions for the Counting Kit-8 assay (APExBio Technology), cell viability measurements were performed by seeding 2 × 104 cells in 100 μL of complete culture media mixed with 10 μL CCK8 reagent per well in 96-well plates, after transfection with miR-122 or its NC for the specified duration.



Cell apoptosis assay

Perform cell apoptosis detection according to the instructions provided in the Annexin V-FITC/PI Cell Apoptosis Detection Kit (TransGen Biotech, Beijing, China). Collect the treated cells from each group as instructed, followed by a thorough washing step utilizing PBS. Subsequently, resuspended the cells in the Annexin V Binding buffer, then proceed to stain the cells with Annexin V-FITC and PI and incubate the mixture in a light-protected environment for 15 min at room temperature. Next, combine the cell suspension with Annexin V Binding buffer, place it on ice, and finally, determine the apoptosis rate by flow cytometry within 1 h.



Real-time quantitative RT-PCR

Total RNA was extracted using the E.Z.N.A. HP Total RNA kit (Omega Bio-tek, United States). The cDNA synthesis was carried out using 0.5 μg of RNA with the Prime Script RT master mix (Perfect Real Time; TaKaRa, Japan). Quantitative real-time PCR analysis was conducted in triplicate on LightCycler 480 (Roche, Mannheim, Germany) using SYBR Premix Ex Taq (TaKaRa, Japan) and the datas were normalized based on the expression of GAPDH RNA. The results were calculated utilizing the ΔΔCT methods. The primers for selected genes were as follows:

h-iNOS: 5′-AGCTGAACTTGAGCGAGGAG-3′, 5′-GGAAAAGACTGCACCGAAGA-3′;

h-TNF-α: 5′-GTGCTTGTTCCTCAGCCTCTT-3′, 5′-ATGGGCTACAGGCTTGTCACT-3′;

h-IL-10: 5′-ACCTGCCTAACATGCTTCGAG-3′, 5′-CTGGGTCTTGGTTCTCAGCTT-3′;

h-sPLA2-IIA: 5′-TGACGACAGGAAAGGAAGCC-3′, 5′-CTGCTCCCCGAGTTGCTAAA-3′;

h-GAPDH: 5′-GCACCGTCAAGGCTGAGAAC-3′, 5′-TGGTGAAGACGCCAGTGGA-3′;

m-IL-6: 5′-CCAAGCCTTATCGGAAATGA-3′, 5′-TTTTCACAGGGGAGAAATCG-3′;

m-TNF-α: 5′-CGGTGCCTATGTCTCAGCCT-3′, 5′-GAGGGTCTGGGCCATAGAAC-3′;

m-sPLA2-IIA: 5′-CTGTTGCTACAAGAGCCTGG-3′, 5′-GCCGTTTCTGACAGGAGTTC-3′;

m-GAPDH: 5′-TGTGTCCGTCGTGGATCTGA-3′, 5′- TTGCTGTTGAAGTCGCAGGAG-3′.



Western blotting

Cell lysis was performed using Radioimmunoprecipitation assay buffer (Beyotime Biotechnology, China) to disrupt cellular membranes and release intracellular components. The concentration of total protein was detected using the BCA Protein Assay Kit (Thermo Fisher, Waltham, MA, United States). The proteins were then separated by 8–12% Sodium dodecyl sulfate-polyacrylamide gel electrophoresis using an electric current, and subsequently transferring them to polyvinylidene fluoride (PVDF) membranes. The PVDF membranes were blocked with 5% skim milk, and then incubated with primary antibodies overnight at 4°C. Following primary antibody incubation, the membranes were washed to remove unbound antibodies and then incubated with the secondary antibodies for an hour at room temperature. Bound antibodies were visualized by ECL reagents (Thermo Fisher). In this study, the primary antibodies consist of anti-β-Actin antibody (#3700, Cell Signaling Technology), anti-iNOS (#68186, Cell Signaling Technology), sPLA2-IIA (sc-58363, Santa Cruz Biotechnology), anti-caspase-3 antibody (#9661, Cell Signaling Technology).



Measurement of cytokine production

The supernatants were collected after the aforementioned steps and stored at −80°C. The levels of TNF-α and IL-10 were measured utilizing sandwich ELISA with an ELISA kit (eBioscience, San Diego, CA, United States), according to the manufacturer’s protocols.



Measurement of intracellular ROS

The ROS expression were detected utilizing the fluorescent probe 2,7-dichlorodihydrofluorescein diacetate (DCFH-DA; Beyotime Institute of Biotechnology, Beijing, China) following the manufacturer’s protocols. Intracellular ROS could oxidize non-fluorescent DCFH, the hydrolysis product of DCFH-DA upon cellular entry, to green fluorescent 2,7-dichlorofluorescein, with fluorescence intensity directly proportional to the cellular ROS levels. Subsequently, the treated cells were incubated with DCFH-DA at a temperature of 37°C for 20 min, and then the fluorescence was detected using flow cytometry.



Measurement of 8-hydroxy-2′-deoxyguanosine

The oxidative stress-associated marker 8-OHdG was assessed utilizing the OxiSelect™ Oxidative DNA Damage ELISA Kit (8-OHdG Quantitation, Trial Size) (Cell Biolabs Inc., United States). After the indicated treatments, cell supernatants were collected, and the 8-OHdG levels were quantified following the manufacturer’s protocol.



Luciferase reporter assay

sPLA2-IIA containing the predicted miR-122-5p binding site were cloned into pGL3-sPLA2-IIA-Wt (wild-type) and pGL3-sPLA2-IIA-Mut (mutant type) (RiboBio Co., Ltd. Guangzhou, China), respectively. The Wt or Mut 3′-UTR of sPLA2-IIA vector and miR-122-5p mimic or its NC were co-transfected into 293 T cells utilizing Lipofectamine 3000 (Invitrogen, Thermo Fisher Scientific Inc.). The luciferase activity within the cells was measured 48 h post-transfection utilizing the luciferase assay system (Ambion, Austin, TX, United States).



Statistical analysis

Results were expressed as mean ± SD based on three independent experiments unless except where noted differently. Formal analysis between two groups were performed using a two-tailed unpaired Student’s t-test, with SD denoted by bars. All statistical analyses were conducted using GraphPad Prism 5.0 (GraphPad Software Inc., La Jolla, CA, United States). A p-value of <0.05 was considered to be statistically significant.




Results


MiR-122 decreases astrocyte apoptosis following an IS in vitro

Astrocytes play a pivotal role in maintaining brain homeostasis, with their activation marking an early response to ischemia–reperfusion IR injury. Apoptosis serves as a major mechanism contributing to neuronal loss after an IS. We therefore explored the impact of miR-122 on the apoptosis response of astrocyte in vitro. RT-qPCR analysis demonstrated that miR-122 mimic transfection successfully resulted in significant overexpression of miR-122 in astrocytes (Figure 1A). Importantly, treatment with miR-122 mimics promoted the survival of primary human astrocytes subjected to OGD/R (Figure 1B). Concurrently, miR-122 mimics significantly decreased apoptosis among astrocytes cultured under OGD/R conditions (Figures 1C,D), indicating that miR-122 might be implicated in astrocyte apoptosis triggered by ischemic conditions. Similar results were observed with primary mouse astrocytes and HT22 mouse hippocampal neuronal cells treated with miR-122 mimics (Figures 1E–G). Moreover, we evaluated the expression of cleaved caspase-3, an apoptosis indicator, in primary astrocytes and HT22 cells through western blot analysis. In this study, we found that treatment with miR-122 mimics markedly reversed the expression of cleaved caspase-3 induced by OGD/R in both primary astrocytes and HT22 cells (Figures 1H–J).
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FIGURE 1
 MiR-122 decreases astrocyte apoptosis after IS in vitro. (A) Primary human astrocytes were transfected with miR-122 mimics and NC, the expression of miR-122 was measured by qRT-PCR. (B) Primary human astrocytes transfected with miR-122 mimics and NC were treated with OGD, cell viability was measured by CCK8 assay. (C,D) Primary human astrocytes transfected with miR-122 mimics and NC were treated with OGD, cells were then stained with Annexin V-APC and propidium iodide, cell apoptosis was analyzed by flow cytometry. (E) Primary mouse astrocytes and HT22 mouse hippocampal neuronal cells were transfected with miR-122 mimics and NC, the expression of miR-122 was measured by qRT-PCR. (F,G) Primary mouse astrocytes and HT22 mouse hippocampal neuronal cells transfected with miR-122 mimics and NC were treated with OGD, (F) cell viability was measured by CCK8 assay, (G) cell apoptosis was analyzed by flow cytometry. (H) Primary human astrocytes transfected with miR-122 mimics and NC were treated with OGD, the expression of cleaved caspase-3 were by western blot. (I) Primary mouse astrocytes transfected with miR-122 mimics and NC were treated with OGD, the expression of cleaved caspase-3 were by western blot. (J) HT22 mouse hippocampal neuronal cells transfected with miR-122 mimics and NC were treated with OGD, the expression of cleaved caspase-3 were by western blot. Each point represents the mean ± SD. Data show a representative of three independent experiments. **p < 0.01, ***p < 0.001.




MiR-122 inhibits pro-inflammatory

Previous studies have suggested that strokes can trigger an inflammatory response that promotes astrocyte activation. Thus, we evaluated the effects of miR-122 on the expression of pro-inflammatory factor. We found a significant reduction in the mRNA expression of the IL-6 and TNF-α in astrocytes and HT22 cells overexpressing miR-122 (Figure 2A). ELISA showed a significant reduction in IL-6 and TNF-α following miR-122 treatment in both astrocytes and HT22 cells (Figure 2B). We further examined the impact of miR-122 on pro-inflammatory effects induced by OGD/R. The results showed that OGD/R resulted in a significant increase in the expression of IL-6 and TNF-α, whereas treatment with miR-122 mimics significantly reduced IL-6 and TNF-α expression in both astrocytes and HT22 cells (Figures 2C,D).
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FIGURE 2
 MiR-122 inhibits pro-inflammatory responses. (A) Primary human and mouse astrocytes, and HT22 mouse hippocampal neuronal cells were transfected with miR-122 mimics and NC, the expression of IL-6 and TNF-α were measured by qRT-PCR. (B) Primary human and mouse astrocytes, and HT22 mouse hippocampal neuronal cells were transfected with miR-122 mimics and NC, the expression of IL-6 and TNF-α were measured by ELISA. (C) Primary human and mouse astrocytes, and HT22 mouse hippocampal neuronal cells transfected with miR-122 mimics and NC were treated with OGD, the expression of TNF-α were measured by ELISA. (D) Primary human and mouse astrocytes, and HT22 mouse hippocampal neuronal cells transfected with miR-122 mimics and NC were treated with OGD, the expression of IL-6 was measured by ELISA. Each point represents the mean ± SD. Data show a representative of three independent experiments. *p < 0.05, **p < 0.01.




MiR-122 inhibits oxidative responses

ROS production serves as an initial trigger for ischemic brain injury. Consequently, this study examined the impact of miR-122 on oxidative damage induced by OGD/R in astrocytes. We found that OGD/R resulted in a significant upsurge in ROS production, whereas treatment with miR-122 mimics significantly reduced ROS production in both primary human and mouse astrocytes (Figures 3A,B). Moreover, treatment with miR-122 mimics significantly attenuated the generation of 8-OHdG, thereby attenuating oxidative stress injury (Figure 3C). Furthermore, we also assessed the impact of miR-122 mimics on iNOS expression levels, a critical enzyme involved in the synthesis of ROS and nitric oxide. We observed a significant attenuation of both mRNA and protein expression of iNOS upon miR-122 overexpression in astrocytes and HT22 cells (Figures 3D,E). These results indicate that miR-122 diminishes ROS production, alleviates oxidative stress, and consequently inhibits astrocyte apoptosis in response to the OGD/R challenge.
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FIGURE 3
 MiR-122 inhibits oxidative responses. (A) Primary human astrocytes transfected with miR-122 mimics and NC were treated with OGD, the levels of ROS were analyzed by flow cytometry. (B) Primary mouse astrocytes transfected with miR-122 mimics and NC were treated with OGD, the levels of ROS were analyzed by flow cytometry. (C) Primary human and mouse astrocytes transfected with miR-122 mimics and NC were treated with OGD, 8-OHdG contents were measured. (D,E) Primary human and mouse astrocytes, and HT22 mouse hippocampal neuronal cells were transfected with miR-122 mimics and NC, (D) the expression of iNOS were measured by qRT-PCR, (E) the expression of iNOS were measured by western blot. Each point represents the mean ± SD. Data show a representative of three independent experiments. *p < 0.05, **p < 0.01.




sPLA2-IIA is a direct target of miR-122

Previous studies have suggested that human group sPLA2-IIA induces neuronal cell death via apoptosis. Exploratory Gene Association Networks have elucidated sPLA2-IIA as a prospective target of miR-122. To ascertain the direct interaction between miR-122 and the 3′-UTR of sPLA2-IIA, we performed the dual-luciferase reporter assay as a further investigation. The results demonstrated that miR-122 overexpression inhibited luciferase activity of the reporter gene in the WT construct, while it had no effect on the sPLA2-IIA-MUT construct (Figure 4A). To explore the potential impact of miR-122 on sPLA2-IIA regulation, we further examined sPLA2-IIA expression in cells following transfection with either miR-122 or NC mimics. Our findings demonstrate that upregulation of miR-122 markedly reduced the sPLA2-IIA expression at both mRNA and protein levels in astrocytes, as well as HT22 cells (Figures 4B,C), suggesting that sPLA2-IIA might be a direct target of miR-122 in astrocytes.
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FIGURE 4
 miR-122 directly targeted sPLA2-IIA 3′UTR to suppress its expression. (A) HT22 mouse hippocampal neuronal cells were co-transfected with wild-type (WT) or mutant (mut) sPLA2-IIA 3′-UTR-luciferase reporter constructs and miR-122 mimics or NC, respectively, the relative luciferase activities were measured. (B,C) Primary human and mouse astrocytes, and HT22 mouse hippocampal neuronal cells were transfected with miR-122 mimics and NC, (B) the expression of sPLA2-IIA were measured by western blot, (C) the expression of sPLA2-IIA were measured by qRT-PCR. Each point represents the mean ± SD. Data show a representative of three independent experiments. *p < 0.05, **p < 0.01.





Discussion

IS ranks among the leading causes of adult mortality globally. Despite significant breakthroughs in diagnostic technologies and novel clinical therapies for IS (24–26), the prognosis remains suboptimal, and the mechanisms underlying IS remain a subject of controversy. MiRNAs are emerging as key molecular mediators in IS and are considered potential diagnostic and therapeutic agents for this condition (27). Earlier research has indicated a significant reduction in miR-122 levels in animal models of ischemic cerebral reperfusion and the blood of patients with acute stroke (18). Our previous study demonstrated that treatment with miR-122-5p mimics reduces the volume of cerebral infarction in rats underwent MCAO/R. Furthermore, it validated that miR-122-5p reduces iNOS expression in leukocytes and BMVECs, suggesting a cerebroprotective role for miR-122 in IR injury following IS (21, 28). We have indicated that overexpression of miR-122 reverses cell apoptosis and cleaved caspase-3 level resulting from OGD/R in primary astrocytes and HT22 cells. Furthermore, our research has shown that overexpression of miR-122 results in decreased levels of IL-6, TNF-α, and ROS. Moreover, we found that overexpression of miR-122 leads to its direct binding to sPLA2-IIA 3′-UTR and the inhibition of sPLA2-IIA expression.

The PLA2 superfamily of enzymes comprises six subfamilies: cytosolic PLA2s, calcium-independent PLA2s, sPLA2s, lysosomal PLA2s, PAF acetylhydrolases, and adipose-specific PLA2s. These subfamilies play crucial roles in maintaining cellular membrane homeostasis under physiological conditions. Among them, sPLA2 play a pivotal role in inflammation-related diseases. sPLA2 hydrolyzes oxidized phospholipids in LDL cholesterol, generating oxidized free fatty acids. These fatty acids are precursors to the production of inflammatory substances such as AA, which is assumed to be associated with neuronal apoptosis (29). Also damages the vascular endothelium. Therefore, sPLA2 has been suggested as a vasculature-specific marker of inflammation (22). In the early stage after MCAO/R, a notable increase in sPLA2-IIA mRNA expression has been observed in the cerebral cortex of rats, which is attributed to the activation of astrocytes (30). However, Wang’s study has also indicated that the autocrine levels of sPLA2-IIA possibly has a protective effect in maintaining the integrity of BMVECs and reducing the increased permeability induced by lipopolysaccharide (31). These findings suggest a close association between sPLA2-IIA and IS. Importantly, a previous study has demonstrated that in the MCAO/R rat model, the levels of sPLA2-IIA in the penumbra did not increase in the early stage of ischemia, but an elevation in sPLA2-IIA levels was observed in the later stage (30). Therefore, sPLA2-IIA inhibitors, which can halt the reversible pro-apoptotic state in the penumbra, hold promise for reducing ischemic damage and facilitating the successful treatment of stroke.

At present, the standard recommended treatment for IS involves intravenous thrombolysis or interventional methods aimed at achieving vascular recanalization (32–34). These treatments are bound by strict time window requirements and carry the risk of secondary cerebral hemorrhage and reperfusion injury (24, 35). Owing to the BBB, antioxidant drugs are unable to reach the ischemic injury site, thereby limiting their biological impact. Consequently, the efficacy of existing drug therapies is limited. MiRNAs are implicated in various human disorders. Possessing high stability in human fluids, miRNAs are promising biomarkers for disease diagnosis and prognosis. Additionally, miRNA-based therapeutics hold the potential to revolutionize the treatment of diverse human pathologies (14, 36, 37). Emerging evidence suggests that miRNA expression is upregulated during stroke and is crucial in regulating the prognosis of stroke patients (21, 28). Therefore, therapeutic and diagnostic methods in stroke management can potentially gain valuable insights from the stroke–miRNA system. Previous studies have demonstrated a significant reduction in miR-122 levels in both animal models of ischemic cerebral reperfusion and the blood of patients with acute stroke (17, 19). Our previous study demonstrated that treatment with miR-122-5p mimics effectively reduces the volume of cerebral infarction in rats subjected to MCAO/R (20, 21). In line with these important observations, we validated that miR-122 mitigates astrocyte apoptosis following IS. Moreover, we elucidated sPLA2-IIA as a novel target gene of miR-122 and demonstrated that the upregulation of miR-122 markedly inhibits sPLA2-IIA expression, thereby suggesting a cerebroprotective role for the miR-122/sPLA2-IIA axis in IR injury following IS.

Emerging evidence suggests that astrocyte-mediated inflammatory responses play a vital role in IS and have emerged as a prime target for novel therapies for stroke (2, 20, 38). Astrocytes, the predominant cell type in the brain in terms of both quantity and volume, are responsible for regulating neuronal cell development and maintaining extracellular environmental homeostasis. In pathological conditions, including IS, astrocytes become activated and release adhesion molecules, chemokines, and other inflammatory factors into the affected areas. This secretion directly or indirectly contributes to the exacerbation of brain damage, neuronal dysfunction, microglial activation, and the recruitment of peripheral immune cells. Previous studies have demonstrated that sPLA2-IIA serves as an inflammatory mediator, stimulating the generation of pro-inflammatory cytokines and chemokines. Our results further validate that overexpression of miR-122 significantly decreases the expression of TNF-α and IL-6 in astrocytes. This finding suggests a cerebroprotective role for miR-122 in IS. However, additional investigations are necessary to explore the impact of miR-122 on post-ischemic inflammation, long-term survival, and functional recovery outcomes in an animal model of MCAO/R.

ROS have traditionally been considered as harmful byproducts of mitochondrial metabolic activities and a primary injury factor contributing to macromolecular damage in various inflammatory-related diseases, including IS. ROS production has been demonstrated to remarkably increase during IR injury (15). Although the sources of these ROS remain a subject of debate, IR injury arises from the interruption and subsequent restoration of blood supply to an organ, resulting in an increase in mitochondrial ROS production. Moreover, the aberrant accumulation of ROS can induce mitochondrial dysfunction, promote the generation of pro-apoptotic proteins, and trigger apoptosis, underscoring the pivotal role of ROS in reperfusion damage (39). Based on this research, we have revealed that miR-122 overexpression effectively reduces ROS production in astrocytes. Moreover, our findings demonstrate that the upregulation of miR-122 also decreases both the mRNA and protein expression of iNOS in astrocytes. Previous studies have suggested that iNOS is induced after 12 h, in the later phases of cerebral ischemia. The neurotoxic nitric oxide synthesized by iNOS has been implicated in impeding the delayed recovery from neuronal damage in the brain (40). Therefore, miR-122 may be involved in mitigating oxidative stress through multiple mechanisms, thereby exerting cerebroprotective effects in IS.

In summary, this particular research demonstrated that overexpression of miR-122 diminishes astrocyte apoptosis following an IS. Furthermore, we have identified sPLA2-IIA as a novel target gene of miR-122, with miR-122 directly binding to the 3′-UTR of sPLA2-IIA, leading to the inhibition of sPLA2-IIA expression. This inhibition, in turn, mitigates post-ischemic inflammation and reduces the production of ROS. Our research suggests an innovative function for miR-122 in IS, as well as highlights its potential utility in intervention strategies for IS. Nevertheless, further study utilizing animal models is warranted to contribute to a thorough comprehension of the vital effects of miR-122 in IS, particularly in relation to post-ischemic inflammation, long-term survival, and functional recovery outcomes.
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Background: Ventilator-Associated Pneumonia (VAP) severely impacts stroke patients’ prognosis after endovascular treatment. Hence, this study created a nomogram to predict the occurrence of VAP after endovascular treatment.
Methods: The individuals with acute ischemic stroke and large vessel occlusion (AIS-LVO) who received mechanical ventilation and endovascular therapy between July 2020 and August 2023 were included in this retrospective study. The predictive model and nomogram were generated by performing feature selection optimization using the LASSO regression model and multifactor logistic regression analysis and assessed the evaluation, verification and clinical application.
Results: A total of 184 individuals (average age 61.85 ± 13.25 years, 73.37% male) were enrolled, and the rate of VAP occurrence was found to be 57.07%. Factors such as the Glasgow Coma Scale (GCS) score, duration of stay in the Intensive Care Unit (ICU), dysphagia, Fazekas scale 2 and admission diastolic blood pressure were found to be associated with the occurrence of VAP in the nomogram that demonstrating a strong discriminatory power with AUC of 0.862 (95% CI, 0.810–0.914), and a favorable clinical net benefit.
Conclusion: This nomogram, comprising GCS score, ICU duration, dysphagia, Fazekas scale 2 and admission diastolic blood pressure, can aid clinicians in predicting the identification of high-risk patients for VAP following endovascular treatment in large vessel occlusion stroke.
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 nomogram; ventilator-associated pneumonia; acute ischemic stroke with large vessel occlusion; endovascular treatment; mechanical ventilation


1 Introduction

Endovascular treatment (EVT) is highly recommended for cases of acute ischemic stroke with large vessel occlusion (AIS-LVO) due to the urgency of the patient’s situation (1). As an anesthesia technique frequently used in EVT protocols, General Anesthesia (GA) with intubation provides the benefits of safeguarding the airway and complete patient immobilization, leading to enhanced angiographic image quality and ensuring surgical safety (2, 3). Nonetheless, mechanical ventilation (MV) often leads to the development of ventilator-associated pneumonia. Ventilator-associated pneumonia (VAP) is a type of pneumonia that occurs in individuals who have been intubated or undergone tracheostomy and have been on mechanical ventilation for either 48 h or within 48 h after extubation (4). Stroke patients with delayed extubation (>24 h) after mechanical thrombectomy showed a higher incidence of pneumonia than those who were extubated within 24 h (5). The most critical period for developing VAP is within the initial 5 days of mechanical ventilation (6). According to research conducted in China, the prevalence of VAP can reach up to 48.4% (7), accompanied by a maximum fatality rate of 43.2% (8, 9). The condition of AIS-LVO patients is critical and there are additional risk factors such as impaired consciousness, dysphagia and stroke-induced immunosuppression (SIIS) that are of particular relevance to a high incidence of pneumonia (10). Additionally, patients with mechanical ventilation after EVT would be transferred to the ICU or NICU wards for monitoring, which increases the exposure of patients to pathogenic bacteria, making them more susceptible compared to non-LVO patients. On the contrary, the occurrence of pneumonia can also lead to difficulties in extubation, prolonging ICU hospitalization, and increasing hospitalization costs (3). Furthermore, the presence of VAP can significantly impact the restoration of neurological function in individuals with stroke. Additionally, the inflammatory response can exacerbate the post-stroke brain injury, potentially resulting in severe complications like sepsis, multiorgan dysfunction, infectious shock, gastrointestinal hemorrhage, and even fatality (11). Therefore, pneumonia acts as a separate influential element that has an adverse impact on the prognosis of individuals with stroke, presenting a considerable obstacle to clinicians.

Early identification and intervention of VAP is of great significance for subsequent treatment and improvement of patient prognosis. In clinical practice, clinicians can use the prediction models of VAP in early identification, thus addressing this obstacle. Currently, there are various prediction models available for VAP prediction. Wu et al. proposed a model for predicting ventilator-associated pneumonia in individuals suffering from acute respiratory distress syndrome (12), while the model of Liao et al. predicts VAP in hospitalized patients with hypertensive intracerebral hemorrhage (13). However, there are currently few studies on the predictive model of VAP after EVT for stroke. As a result, the objective of this research was to develop a precise and personalized prediction nomogram to facilitate clinicians to identify the high-risk individuals for VAP, so that early intervention can be implemented, ultimately enhancing patient prognosis.



2 Methods


2.1 Study design and patients selection

The AIS-LVO patients in the Neurology Department of Dongguan Hospital of Traditional Chinese Medicine admitted from July 2020 to August 2023 who accepted mechanical ventilation and EVT were included as research subjects. All data of patients would be retrospectively collected for the construction of a predictive model. Participants for the study were selected according to the following criteria: (1) Age between 18 and 89 years, (2) presence of large vessel occlusion or severe stenosis indicated by digital subtraction angiography (DSA) onset-to-arrival time less than 24 h, and (3) recipient of endovascular treatment and general anesthesia with intubation. The exclusion criteria include: (1) anesthesia recipient of conscious sedation or local anesthesia, (2) preoperative pneumonia, (3) incomplete medical records, and (4) refusing follow-up or disconnection.

The research adheres to the Helsinki Declaration (updated in 2013) and conforms to the TRIPOD statement (Transparent Reporting of a Multivariable Prediction Model for Individual Prognosis or Diagnosis) (14). The research has been approved by the Ethics Committee of Dongguan Hospital, Guangzhou University of Chinese Medicine (PJ [2023] NO.63). Informed consent is not required since the study does not directly affect patients, and all private health information has been anonymized to safeguard patient confidentiality. The corresponding author can provide the supporting data for this study upon request. This study was not influenced by any commercial entities during its design, implementation, or reporting.



2.2 Primary and secondary clinical outcomes

The objective of this research was to create a nomogram capable of investigating the occurrence of VAP after EVT in stroke patients. To diagnose ventilator-associated pneumonia (VAP), certain criteria must be met (4), which involve the existence of new or deteriorating irregularities on chest X-ray or CT scan, in addition to a minimum of two of the subsequent clinical indications: (1) elevated body temperature exceeding 38°C, (2) respiratory secretions that are purulent, (3) peripheral blood leukocyte count that exceeds 10 × 109/L or falls below 4 × 109/L, and (4) presence of cough, dyspnea, or tachypnea (respiratory rate surpassing 25 breaths per minute). The study excluded patients with symptoms similar to those of other conditions, including tuberculosis, lung tumors, non-infectious lung diseases, pulmonary edema, pulmonary embolism, or lung collapse. The secondary focus is on the 90 days prognosis by assessing the modified Rankin Scale (mRS) score. An mRS score ranging from 0 to 2 suggests a favorable outcome, whereas a score ranging from 3 to 6 suggests an unfavorable outcome. All clinical data were evaluated by a trained neurologist in a blinded manner.



2.3 Predictor factor selection

Firstly, the authors conducted a comprehensive search of the existing literature to identify the relevant risk factors for VAP. After considering these risk factors and examining the clinical and laboratory data stored in this electronic health record system, a total of 36 potential variables were identified for inclusion in the modeling process. There is the demographic information (gender, age), medical history like hypertension, diabetes, coronary artery disease (CAD), atrial fibrillation, chronic obstructive pulmonary disease (COPD), previous stroke, heart failure, smoking, and alcohol use, along with admission clinical indicators such as blood pressure (systolic/diastolic) (15), Albumin (16), blood glucose, the NIHSS score, mRs score, GCS score, dysphagia (water-swallow tests grade II and below), disturbance of consciousness, presence of nasogastric tube and nasogastric tube resetion within 7 days. In addition, the location of occlusion (anterior circulation infarction or posterior circulation infarction), the leukoaraiosis degree (measured with the Fazekas scale:0–3, absent-mild–moderate–severe), EVT surgery time, post-treatment mTICI grade (grade 2b or above indicating vascular reperfusion), the length of mechanical ventilation time, days in the ICU, and postoperative complications (gastrointestinal bleeding, intracranial hemorrhage transformation, and brain herniation) were taken in our concern. Finally, it is believed that the Neutrophil-to-Lymphocyte Ratio (NLR), Systemic Immune Inflammatory Index (SII), Systemic Inflammatory Response Index (SIRI), and Platelet-to-Lymphocyte Ratio (PLR) are connected to the state of inflammation and infection risk (17–21), and they also have a correlation with post-stroke pneumonia (22). Hence, NLR, SII, SIRI and PLR within a day after the EVT mentioned above were incorporated as indicators.



2.4 Statistical analysis

To analyze clinical characteristics, continuous variables were represented as mean ± SD or median (IQR), depending on whether the data exhibited a normal distribution (determined by the Shapiro–Wilk test, with p>0.05). The dissimilarities among the two datasets were assessed utilizing either the non-parametric Mann–Whitney U test or the Student’s t-test. Frequencies and percentages (n, %) were used to present categorical variables, and the chi-square test or Fisher’s exact test was employed to estimate the differences between them. Statistical significance was determined when the two-sided p-value was less than 0.05.

To prevent overfitting in the analysis of this dataset with high dimensions, the Least Absolute Shrinkage and Selection Operator (LASSO) regression was utilized with tenfold cross-validation to identify possible predictive characteristics and determine the optimal lambda value (23). Subsequently, the variables identified via LASSO regression analysis were incorporated in the multivariable logistic regression analysis, employing a stepwise backward method, to further ascertain the factors that impact the incidence of VAP. Statistically significant clinical features were determined based on the multivariable analysis with p<0.05. The predictive factors were used to create a nomogram, where the outcomes were represented by Odds Ratio (OR), 95% Confidence Interval (95% CI), and p-values.

The performance of the model was evaluated by plotting the Receiver Operating Characteristic curve (ROC) and calculating the Area Under the ROC curve (AUROC), the value of which above 0.7 indicates a strong discriminative ability. Moreover, because of the small size of the sample in our research, in order to form reuse of data, the 10-fold cross-receiver operating characteristic (ROC) curves were performed for internal validation by using 9 of the 10 subsets for the stepwise backward regression and the last subset for validation to test the generalization error of the model. In addition, we used bootstrap resampling, with the number of resamples set to 1,000, and the calibration curve was plotted to depict the level of agreement between the observed and nomogram-estimated incidence of VAP. Meanwhile, the Hosmer-Lemeshow test for goodness-of-fit suggests that if the p-value is below 0.05, the model is poorly calibrated. Additionally, Decision curve analysis (DCA) was considered for the assessment of net benefit across different threshold probabilities in the dataset, which involved subtracting the proportion of false-positive cases from the proportion of true-positive cases and considering the negative consequences of both false-negative and false-positive interventions.

LASSO regression was performed using the R package named “glmnet 4.1.8”. DCA curves were created using the “rmda1.6” package, and ROC curves were generated using the “pROC 1.18.5” and “rms 6.7.1” package. SPSS version 25.0, R version 4.2.3, and Python version 3.11.4 were utilized for all analyses.




3 Results


3.1 Flowchart of study

The flowchart illustrating the enrolment process is shown in Figure 1. Of the 225 patients, 41 were eliminated not fulfilling the necessary criteria. Ultimately, a total of 184 individuals were enrolled in this research.

[image: Flowchart outlining a research process for AIS-LVO patients at Dongguan Hospital. It starts with patient inclusion criteria, site investigation, and electronic record inquiries, narrowing 225 patients from July 2020 to August 2023 to 184 after drop-outs. Model establishment uses LASSO regression, multivariable logistic regression, and nomogram. Model validation incorporates ROC, calibration plot, K-fold cross-validation, and decision curve analysis. The conclusion confirms the nomogram risk model's effectiveness in predicting the incidence of VAP after endovascular treatment.]

FIGURE 1
 Flowchart.




3.2 Baseline characteristics

A total of 184 individuals (average age 61.85 ± 13.25 years, 73.37% male) were categorized into VAP and non-VAP groups depending on the occurrence of pneumonia within a week, with a VAP prevalence rate of 57.07%. Table 1 displayed the demographics and traits of both groups. Significant associations were found between the occurrence of VAP after EVT in AIS-LVO patients and factors such as age, diabetes, atrial fibrillation, disturbance of consciousness, dysphagia, Fazekas scale 1–3, admission NHISS score, mRs score (0–2), GCS score, ALB, postoperative SIRI, nasogastric intubation, duration of mechanical ventilation, and days in the ICU (p<0.05). Regarding the 90 days forecast, patients with VAP experienced a reduced occurrence of positive results (mRS 0–2) (40.95% vs. 77.22%, p < 0.001), along with higher mortality (11.43% vs. 2.53%, p = 0.024) (Figure 2).



TABLE 1 Demographics and characteristics of patients undergoing mechanical ventilation after EVT.
[image: A detailed table compares demographics, medical history, clinical features, location of occlusion, inspection results, procedure-related data, postoperative complications, operations, and prognosis between a total group of 184 individuals, divided into VAP and Non-VAP groups. Key metrics include age, gender distribution, medical conditions, clinical scores, operation time, complications, and mortality, with corresponding p-values to assess statistical significance.]

[image: Bar chart comparing 90-day mRs scores between VAP and Non-VAP groups. VAP group scores include: 0 (15.24%), 1 (12.38%), 2 (13.33%), 3 (13.33%), 4 (22.86%), 5 (11.43%), 6 (11.43%). Non-VAP group scores include: 0 (44.30%), 1 (26.58%), 2 (6.33%), 3 (10.13%), 4 (7.59%), 5 (2.53%), 6 (2.53%).]

FIGURE 2
 The distribution of the modified Rankin scale.




3.3 Nomogram construction

A total of 36 variables underwent screening in the LASSO regression, employing 10-fold cross-validation to identify potential predictive characteristics. Consequently, 12 variables were selected to be significant predictors of VAP, with a minimum distance standard error λ of 0.049, and in order they were age, COPD, Fazekas scale 1, Fazekas scale 2, nasogastric intubation, postoperative gastrointestinal hemorrhage, dysphagia, GCS score, NIHSS score, days in the ICU, disturbance of consciousness, and admission diastolic blood pressure (Figure 3), which would subsequently be incorporated into multivariate logistic regression analysis.

[image: Graph A shows a plot of coefficients against log Lambda, with lines diverging from zero as Lambda decreases. Graph B is a plot of binomial deviance against log Lambda, featuring a U-shaped curve with red dots and error bars, indicating minimum deviance at a specific Lambda value. Vertical dotted lines mark selected points in both graphs.]

FIGURE 3
 The LASSO regression was used to obtain optimal lambda parameter values for thirty-six features related to VAP-related risk factors. (A) Log(Lambda) value for the thirty-six characteristics in the LASSO regression. A plot of the coefficient profile was generated by plotting against the logarithmic sequence of lambda. The lambda value corresponding to the minimum mean square error is 0.023, while the lambda value for the standard error of the minimum distance is 0.049. (B) Curves for partial likelihood deviation (binomial deviation) and logarithmic (lambda) curves. Draw a vertical dashed line at the optimal value with the minimum standard and twelve variables had a regression coefficient that was not zero. LASSO, the least absolute shrinkage and selection operator.


Afterward, the multivariate logistic regression analysis with a stepwise backward elimination method revealed that dysphagia (Odds Ratio [OR], 2.51; 95% confidence interval [CI], 1.06–5.92; p = 0.036), diastolic blood pressure (OR, 1.05; 95%CI, 1.02–1.08; p = 0.003), GCS score (OR, 0.63; 95%CI, 0.49–0.81; p<0.001), Fazekas scale 2 (OR, 3.14; 95%CI, 1.00–9.85; p = 0.049) and days in the ICU (OR, 1.77; 95%CI, 1.33–2.35; p<0.001) remained independent predictors for the occurrence of VAP (Table 2). Therefore, the established predictive nomogram as shown in Figure 4, incorporates five variables above: Logit (P) = 0.559 + 0.920 × Dysphagia +0.047 × Diastolic pressure − 0.464 × GCS score + 1.145 × Fazekas scale 2 + 0.569 × Days in ICU. To determine the likelihood of developing postoperative VAP in patients, the total points were represented by the sum of the five variable points, and a perpendicular line was drawn from the total points axis to the outcome axis.



TABLE 2 Multivariate logistic regression analysis to ascertain the factors that impact the incidence of VAP.
[image: Table displaying multivariable analysis results for various covariates. It includes columns for the coefficient (β), odds ratio with ninety-five percent confidence interval, and p-value. Notable entries are dysphagia with odds ratio 2.509 and p-value 0.036, and GCS score with odds ratio 0.629 and p-value less than 0.001.]

[image: Density plots illustrating the distribution of points for different variables: Fazekas scale, Days in ICU, GCS score, Dysphagia, and Diastolic pressure, under a generalized linear model. Total points are also shown with a larger plot at the bottom. X-axes represent different scales and point systems, with corresponding probability ranges on the lower axis.]

FIGURE 4
 Nomogram illustrating the prediction of ventilator-associated pneumonia in postoperative mechanically ventilated patients after EVT. GCS score, Glasgow Coma Scale score.




3.4 Evaluation and clinical application of nomogram

The discriminative ability of the nomogram was evaluated by computing the AUC of the ROC curve, yielding a value of 0.862 (95% CI, 0.810–0.914) (Figure 5A). Furthermore, K-fold cross validation (K = 10) was utilized for internal validation of the model and all models have returned the same variables in k-fold cross validation. Additionally, the 10-fold cross-receiver operating characteristic (ROC) curves of the model under different cross-validation folds were performed (Figures 5B,C). The results showed a mean AUC of 0.821 (95% CI, 0.600–0.995) (Figure 5C), accuracy of 0.717 (95% CI, 0.679–0.754), sensitivity of 0.773 (95% CI, 0.688–0.859) and specificity of 0.869 (95% CI, 0.774–0.964) in the validation set. It is evident that the AUC of both the training and validation sets eventually stabilizes around 0.8, indicating strong predictive performance of the model during the training of the logistic regression model (Figure 5D). Moreover, the R-squared is 0.15 ± 0.41 and the mean square error is 0.186 ± 0.054 in the validation set.

[image: Four panels display data on model performance. Panel A shows a train ROC curve with an AUC of 0.862. Panel B presents a 10-fold cross-ROC curve for training with multiple folds. Panel C illustrates a validation 10-fold cross-ROC curve with varying AUCs. Panel D shows a logistic regression learning curve with ROC-AUC values for training and validation sets across different sample sizes.]

FIGURE 5
 (A) ROC curve of the VAP prediction model. (B) The 10-fold cross-ROC curves for internal validation of the training set. (C) The 10-fold cross-ROC curves of the validation set. (D) The development of the AUC for the training set and validation set throughout the training of the logistic regression model.


The nomogram’s calibration was evaluated using the Hosmer-Lemeshow test (p = 0.723), which indicated a good fit. Additionally, the calibration curve after bootstrap resampling 1,000 times with mean absolate error = 0.015 showed a robust agreement (Figure 6). Ultimately, the Decision Curve Analysis (DCA) indicated that employing this nomogram for VAP prediction yields a higher overall advantage in comparison to both the “all intervention” and “no intervention” strategies, when the threshold probabilities surpass around 18%. It suggests the effectiveness of the nomogram, as demonstrated in Figure 7.

[image: Calibration plot illustrating actual vs. predicted probabilities with three lines: apparent (dotted), bias-corrected (solid), and ideal (dashed). The plot shows data alignment along the 45-degree line, suggesting model accuracy. Marginal rug plot across the top edge represents distribution. Annotations indicate B equals one thousand repetitions, a mean absolute error of 0.015, and sample size of 184.]

FIGURE 6
 Calibration curve with bootstrap resampling 1,000 times of nomogram. The horizontal axis depicts the forecasted VAP vulnerability, while the vertical axis portrays the real diagnosis of VAP. The dashed line that runs diagonally represents a flawless forecast made by an optimal model. The performance of the column chart is represented by the solid line, and the prediction effect improves as it gets closer to the diagonal dashed line.


[image: Line graph showing the net benefit versus high risk threshold. The red line, representing model1, decreases steadily from a net benefit of 0.6 at a threshold of 0 to near zero at 1. The grey and black lines, labeled "All" and "None," respectively, show declining trends. The x-axis is labeled "High Risk Threshold" and the y-axis is labeled "Net Benefit."]

FIGURE 7
 Analysis of decision curves for VAP-risk nomogram. The x-axis depicts the probability threshold, where the patient’s treatment should be initiated upon reaching a specific threshold. The y-axis represents the net clinical benefit for the patient receiving the treatment. The VAP clinical diagnostic model is represented by the red line in the figure, along with the two lines representing the two extreme cases. A sturdy, dense line depicts the assumption that no patients have VAP. The assumption that all patients have postoperative VAP is represented by a thin solid line.





4 Discussion

In this research, the occurrence rate of ventilator-associated pneumonia (VAP) among large vessel occlusion stroke patients after endovascular treatment (EVT) was 57.20%, surpassing the prevalence reported earlier. Patients diagnosed with acute ischemic stroke with large vessel occlusive (AIS-LVO) experience a critical state due to the need for invasive procedures, impaired awareness, difficulty swallowing, and admission to the intensive care unit (ICU), all of which contribute to a heightened risk of pneumonia. Tracheal intubation exposes the original relatively sterile lower respiratory tract directly to the outside world. The challenge of oral hygiene enhances the proliferation of colonizing bacteria in the oropharynx, leading to the flow of oral secretions that contain significant quantities of colonizing bacteria into the lower respiratory tract (24). Simultaneously, the existence of tracheal intubation hinders the patient’s ability to cough efficiently and diminishes their capacity to eliminate phlegm. Furthermore, the tracheal tube is susceptible to the development of biofilms on both its inner and outer surfaces, which can detach due to various factors like sputum suctioning (25). The blockage of the narrow air passages can increase the chances of developing pneumonia Patients diagnosed with AIS-LVO frequently experience reduced awareness, difficulty swallowing, and extended periods of immobility, which heightens their susceptibility to unintentional inhalation. Consequently, the coexistence of stroke and mechanical ventilation frequently amplifies the likelihood of pneumonia development in the individual. Besides administering active anti-infective therapy following the onset of VAP, it is crucial from a clinical standpoint to decrease the occurrence of VAP through enhancing airway safeguarding and promptly identifying and intervening with targeted measures. Similar to previous research (3, 5, 26), our findings indicate that patients who experienced pneumonia following EVT had a worse functional prognosis and a higher mortality rate.

The univariate analysis in this study found a significant association between VAP after EVT and factors such as age, diabetes, atrial fibrillation, impaired consciousness, dysphagia, Fazekas scale 1–3, NIHSS score, GCS score, mRs score, postoperative SIRI, ALB, indwelling gastrostomy tubes, duration of mechanical ventilation, and length of ICU stay, which align with previous studies (20, 27–29). It is important to mention that the significance of nutritional elements in infectious incidents among patients who are hospitalized has progressively gained extensive recognition in recent times. Nevertheless, the findings of our research revealed that individuals diagnosed with pneumonia exhibited reduced levels of albumin. The patient’s overall immune function may be reflected by the albumin status upon admission, and the occurrence of immune suppression and the promotion of lung infections in patients may be caused by hypo-proteinaemia (16). Moreover, this research incorporated four parameters (NLR, SII, PLR, and SIRI) to examine the correlation with VAP, among which only the postoperative SIRI exhibited a significant association with the onset of VAP. The marker SIRI has received attention because it can indicate the overall inflammatory condition and immune reaction as well as exhibit a strong capacity to predict pneumonia in individuals suffering from acute ischemic stroke, as shown in previous studies (20, 22, 30).

ICU stay duration, Glasgow Coma Scale (GCS) score, dysphagia, Fazekas scale 2 and admission diastolic blood pressure were identified as autonomous factors affecting the development of VAP in the multifactorial analysis results. After the EVT procedure, the majority of patients will be moved to intensive care units (ICUs) or neurological intensive care units (NICUs) for additional monitoring. It is evident that the development of pneumonia is closely associated with the hospital environment because ICU wards are typically enclosed areas with inadequate airflow, and the exhaled gases and secretions of ICU patients contain numerous pathogens, leading to air pollution. The risk of infection rises as the duration of hospital stay increases (31). Therefore we need to make efforts to shorten extubation and ICU hospitalization time while urgently improving reperfusion. In clinical practice, the Glasgow Coma Score (GCS score) is frequently employed to evaluate the level of coma and the seriousness of craniocerebral injury in patients. Lower scores suggest greater impairment of consciousness and a worse prognosis. This study’s findings align with previous research indicating that it is also associated with early infections following a stroke (32).

Patients diagnosed with AIS-LVO often present with impaired consciousness, dysphagia, and extended periods of immobility, especially in patients with posterior circulation infarction, rendering them highly prone to aspiration (33–35). A primary risk factor for pneumonia is post-stroke dysphagia (PSD), which causes aspiration of food, fluids, and oral secretions into the lungs (36). Studies have shown that approximately half of all stroke patients experience aspiration, patients with dysphagia who have had a stroke are at an increased risk of pneumonia, which is eight times greater compared to patients without dysphagia (37). Furthermore, the mortality rate of stroke patients with dysphagia was 3 times higher than patients without dysphagia (38). Many hospitals throughout the world use dysphagia screening protocols to identify patients at risk of aspiration and to guide subsequent diagnostic and therapeutic procedures. Recent studies reported higher stroke-associated pneumonia in stroke patients who failed high-sensitive screening for dysphagia compared to those who passed the screening (39). However, higher stroke-associated pneumonia in stroke patients who passed low-sensitive screening for dysphagia compared to those who passed high-sensitive ones who can detect also silent aspiration (40). Both the gold standard the Videofluoroscopic Swallowing Study (VFSS) and the Flexible Endoscopic Evaluation of Swallowing (FEES) have practical limits to be routinely performed in the acute phase. In our research, water-swallow tests (WSTs) are used to screen patients with dysphagia, usually by having the patient drink a predetermined volume of water (e.g., 50 or 90 mL). The test was considered positive whenever clinical signs of aspiration (cough, voice change, wheezing) were present during or after screening. However, we neglected the silent aspiration, which is also a limitation of our study, because the detection of silent aspiration which is defined as aspiration without cough or other signs of distress, relies on the use of techniques other than bedside clinical assessment (40).

For AIS-LVO patients with dysphagia, difficult extubation from mechanically ventilated trachea, insufficient oral intake, or impaired consciousness, authors perform a thorough assessment of patients with dysphagia to select the appropriate method of feeding and preferentially recommend nutritional support by nasogastric tube (NGT) (41). For patients who refuse nasogastric tube placement, authors would help patients reduce aspiration by increasing the concentration of liquid and food by adding solidified powder, postural techniques (such as adopting a chin tuck position), and swallow strategies (such as a supraglottic swallow). NGT is an effective way to provide nutritional supply for patients with dysphagia, but there are many disadvantages of NGT tube feeding: This can cause bacterial translocation in the pharynx or lead to muscle atrophy of the tongue, palate, pharynx, and esophagus, hindering the recovery of swallowing function (42). Of utmost importance, it could result in incomplete closure of the cardia located at the base of the stomach and relaxation of the lower esophagus, increasing the patient’s vulnerability to food regurgitation and aspiration, ultimately resulting in lung infections (43). These results indicated that an indwelling gastric tube was significantly associated with the occurrence of VAP in stroke patients after EVT, which is consistent with prior research. In addition, because displacement and repositioning of the nasogastric tube is an associated risk factor for the development of pneumonia, we included data on the replacement of the nasogastric tube within 7 days to explore the correlation with the occurrence of VAP, but no statistically significant difference was found in our research.

Similarly to ICU stay duration, GCSscore and dysphagia, the leukoaraiosis degree (measured with the Fazekas scale) is a common finding among large vessel occlusion stroke patients (44), and has been described as a significant predictor of poor outcome after acute acute ischemic stroke (45, 46). Therefore we included the leukoaraiosis degree as a reference factor for modeling. The cerebral leukoaraiosis was classified using the Fazekas score, with grades 0–1 indicating absent-mild and grades 2–3 indicating moderate–severe. Our univariate analyses confirmed that Fazekas scale 1–3 was statistically significantly different between the VAP group and the non-VAP group (p<0.05), and that there was a higher Fazekas score for patients with VAP. Previously reported excess leukoaraiosis in women with TIA/stroke is likely to be confounded by age (47). In our multifactorial analyses, patients with Fazekas grade 2 showed significant differences after excluding confounding factors such as age, suggesting that the leukoencephalopathy is an independent influence on the development of VAP after endovascular treatment of acute large vessel occlusion cerebral infarction. Therefore we included the variable of which Fazekas grade 2 in our model. Among stroke patients, LA has been associated with the dimension of the ischemic core volume in the hyperacute phase, the dimension of the final cortex infarct volume, and the growth of the acute ischemic lesion (48–50). There are several mechanisms involved (51–53), including endothelial dysfunction, micro-vessel density reduction, decreased collateral flow, and reduction in functional reserve.

It is important to mention that our findings have identified that admission diastolic blood pressure could potentially serve as a VAP-risk predictive factor. Some studies have suggested that elevated blood pressure might be linked to a higher risk of developing pneumonia (15, 54, 55). Harms et al. study (56) proposed that an increase in systolic blood pressure exceeding 200 mmHg within 24 h of hospital admission could be expressed as a sign of this overactivation. Nevertheless, there is little reported evidence suggesting that diastolic blood pressure has an individual impact on the occurrence of pneumonia, unlike systolic blood pressure. Only one study using Mendelian randomization mentioned a notable rise in pneumonia risk for each 5 mmHg increase in systolic and diastolic blood pressure (HR 1.08, p < 0.001 vs. HR 1.11, p = 0.005) (15). High blood pressure could potentially contribute to the onset of infection through various mechanisms, and it may also worsen pulmonary stasis or exacerbate the disruption of adaptive immune responses in patients after surgery. Molecular pathway analyses suggest that elevated blood pressure may induce inflammatory pathways (54, 57) and lead to endothelial dysfunction promoting pneumonia (58). Additionally, an increase in blood pressure can lead to the development of pneumonia due to its negative impact on lung function. Jankowich et al. (59) discovered a notable inverse relationship (−0.37) between forced expiratory volume in 1 s (FEV1) and average pulse pressure. Admission diastolic blood pressure, as an easy-to-monitor hemodynamic index, has the advantages of clinical convenience of dynamic observation and intervention, through early identification, early active intervention may be able to make these critically ill patients get better prognosis. However, according to our observation, researchers pay less attention to diastolic blood pressure in the clinic and scientific research. Further investigation is warranted to explore the possible ways in which diastolic blood pressure contributes to the onset of pneumonia.

In this study, both internal validation and the Hosmer-Lemeshow test demonstrated that the nomogram greatly reflected the real-life situation. Additionally, the results of the ROC analysis indicated that the prediction model had a good predictive value for the occurrence of VAP in EVT patients, with an AUC of 0.862. The nomogram was developed to assist neurologists in identifying patients with VAP after endovascular treatment. Clinicians can mitigate the risk of VAP by directing identifications and interventions toward individuals with pertinent attributes, thereby enhancing patients’ prognosis.



5 Conclusion

In acute ischemic stroke patients after endovascular treatment, the nomogram, consisting of the length of ICU stay, GCS score, dysphagia, Fazekas scale 2 and diastolic blood pressure upon admission, has the potential to forecast the development of VAP. This Nomogram graphical prediction model allows for personalized and graphical predictions of VAP development in AIS-LVO patients undergoing EVT, which means early identification enables timely and effective treatment, improving outcomes of patients.



6 Limitations

This study has multiple constraints. (1) Initially, the study was carried out retrospectively at a solitary facility, implying the possibility of unaccounted variables and potential bias in participant selection. (2) Additionally, the sample size used in the study was limited. Hence, it is necessary to conduct larger trials involving multiple centers or conduct external validation with a more extensive sample size to validate the dependability of this model. (3) In this research, the dysphagia screening conducted at the bedside identified the majority of evident dysphagia cases. However, we did not utilize more specialized criteria such as the Videofluoroscopic Swallowing Study (VFSS) and Flexible Endoscopic Evaluation of Swallowing (FEES), consequently resulting in the omission of some patients with silent aspiration. Although overt dysphagia is a common feature in patients with stroke combined with pneumonia, several studies give prevalence estimates for silent aspiration in subacute dysphagia stroke patients of 15–39% (60–62), suggesting that a large proportion of pneumonia patients may be due to silent aspiration. This datum dramatically affects the PSD patients both dysphagia detection and its prognosis (39, 40). Silent aspiration might associated with reduced pharyngeal sensation and an impaired, low cough reflex (40). Aviv et al. (63) found that 11/18 stroke patients without clinical dysphagia had impaired pharyngeal sensation during an air-pulse test on the mucosa innervated by the superior laryngeal nerve. In addition, it is also possible that prolonged tracheal intubation impairs vocal cord movement (64), and airway desensitisation leads to silent malabsorption. (4) Due to the retrospective study, no data were gathered on HLA-DR and IL-6, which have notable correlations with stroke-associated pneumonia (SAP).
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Background: Hyperglycemia affects the outcomes of endovascular therapy (EVT) for acute ischemic stroke (AIS). This study compares the predictive ability of diabetes status and glucose measures on EVT outcomes using nationwide registry data.
Methods: The study included 1,097 AIS patients who underwent EVT from the Taiwan Registry of Endovascular Thrombectomy for Acute Ischemic Stroke. The variables analyzed included diabetes status, admission glucose, glycated hemoglobin (HbA1c), admission glucose-to-HbA1c ratio (GAR), and outcomes such as 90-day poor functional outcome (modified Rankin Scale score ≥ 2) and symptomatic intracranial hemorrhage (SICH). Multivariable analyses investigated the independent effects of diabetes status and glucose measures on outcomes. A receiver operating characteristic (ROC) analysis was performed to compare their predictive abilities.
Results: The multivariable analysis showed that individuals with known diabetes had a higher likelihood of poor functional outcomes (odds ratios [ORs] 2.10 to 2.58) and SICH (ORs 3.28 to 4.30) compared to those without diabetes. Higher quartiles of admission glucose and GAR were associated with poor functional outcomes and SICH. Higher quartiles of HbA1c were significantly associated with poor functional outcomes. However, patients in the second HbA1c quartile (5.6–5.8%) showed a non-significant tendency toward good functional outcomes compared to those in the lowest quartile (<5.6%). The ROC analysis indicated that diabetes status and admission glucose had higher predictive abilities for poor functional outcomes, while admission glucose and GAR were better predictors for SICH.
Conclusion: In AIS patients undergoing EVT, diabetes status, admission glucose, and GAR were associated with 90-day poor functional outcomes and SICH. Admission glucose was likely the most suitable glucose measure for predicting outcomes after EVT.

Keywords
 acute ischemic stroke; diabetes; endovascular therapy; plasma glucose; outcomes


1 Introduction

Endovascular therapy (EVT) is an effective treatment for acute ischemic stroke (AIS) due to large vessel occlusion, with the number needed to treat ranging from three to seven (1). However, real-world data have shown that less than half of stroke patients can achieve functional independence after undergoing EVT (2, 3). Therefore, it is crucial to find a predictor of EVT success to aid in decision making, inform prognosis, and develop new treatment strategies to improve outcomes for patients with ischemic stroke.

Hyperglycemia, whether with or without diabetes, is a well-known risk factor for stroke (4) and a potentially modifiable predictor of adverse outcomes after stroke (5–7). Pre-stroke glycemic control, as represented by glycated hemoglobin (HbA1c), and stress hyperglycemia, as defined by the plasma glucose-to-HbA1c ratio (GAR), have been shown to predict stroke outcomes after EVT (8–16). Furthermore, approximately 30% of patients with AIS have prediabetes (17), while approximately one-fifth of diabetic stroke patients are newly diagnosed with diabetes after stroke (18). Although prediabetes and newly diagnosed diabetes may predict poor outcomes in AIS patients treated with or without intravenous thrombolysis (IVT) (19–21), it remains unclear whether prediabetes or newly diagnosed diabetes after stroke are associated with adverse stroke outcomes after EVT.

Despite the abundant literature available, few studies have directly compared the effectiveness of different glucose measures and diabetes status in predicting stroke outcomes after EVT. Therefore, using a nationwide registry database, we aimed to evaluate and compare the predictive ability of diabetes status, admission glucose, HbA1c, and GAR for outcome events after EVT in patients with AIS due to large vessel occlusion.



2 Methods


2.1 Data source

This study retrospectively analyzed the data obtained from the Taiwan Registry of Endovascular Thrombectomy for Acute Ischemic Stroke (TREAT-AIS). TREAT-AIS is an ongoing nationwide multicenter registry program that prospectively enrolls adult patients with AIS who underwent EVT for large vessel occlusion in 19 hospitals across Taiwan (2). The criteria for EVT follow the guidelines published by the American Heart Association/American Stroke Association (22) and the Taiwan Stroke Society (23). The registry received approval from the Joint Institutional Review Board of Taipei Medical University and the Institutional Review Boards of all participating hospitals.

The TREAT-AIS program prospectively collects information on demographics, risk factors, and stroke etiology based on the Trial of ORG 10172 in Acute Stroke Treatment classification, laboratory tests, imaging studies, medications, surgical interventions, complications, National Institutes of Health Stroke Scale (NIHSS) scores at arrival, before needle insertion, and 24 h after EVT, and modified Rankin Scale (mRS) scores at discharge and 90 days post-stroke.

The following time points for EVT procedures are recorded: last known well, arrival at the emergency department, initial imaging study, IVT if applicable, arterial puncture, and reperfusion. Additionally, devices used (such as stent retrievers, thrombosuction, and others), the number of passes, and the extent of recanalization are recorded. Reperfusion success is defined as a modified thrombolysis in a cerebral infarction score of 2b or 3.



2.2 Study population

The study population included patients who met the following inclusion criteria: (i) aged ≥20 years; (ii) with confirmed large vessel occlusion by computed tomography or magnetic resonance angiography; and (iii) undergoing EVT between January 2019 and June 2022. Patients with missing glucose status or outcome events were excluded from the study.



2.3 Diabetes status and glucose measures

Patients were grouped into those with known diabetes, newly diagnosed diabetes, prediabetes, and non-diabetes. The known diabetes group included patients with a pre-stroke existing diagnosis of diabetes, with or without the use of antidiabetic medication. The newly diagnosed diabetes group included patients without pre-existing diabetes but with an HbA1c level of ≥6.5%. Patients with an HbA1c level between 5.7 and 6.4% were assigned to the pre-diabetes group, while the remaining patients were assigned to the non-diabetes group.

Three different glucose measures were investigated in this study. The first glucose measure was the plasma glucose level upon arrival after stroke onset. The second measure was the first HbA1c level obtained within 48 h after the stroke. Finally, the GAR (24) or stress hyperglycemia ratio (16), calculated as the ratio of plasma glucose to HbA1c, was used as a third glucose measure. For these glucose measures, patients were categorized according to quartiles of the levels of plasma glucose, HbA1c, and GAR, respectively.



2.4 Outcome events

The primary outcome event was the functional outcome at 90 days as assessed using the mRS. The mRS score was dichotomized into 0–2 (good functional outcome) versus 3–6 (poor functional outcome). Secondary outcome events included symptomatic intracranial hemorrhage (SICH) and reperfusion success. SICH was defined as the occurrence of new intracranial hemorrhage within 36 h of stroke onset, meeting the criteria for type 2 parenchymal hemorrhage and accompanied by an increase of ≥4 points on the NIHSS (2).



2.5 Statistical analysis

We used descriptive statistics to assess the characteristics of the study population. Categorical variables are presented as counts and percentages, while continuous variables are presented as means and standard deviations. We compared differences between patient groups stratified by different outcome events. The chi-square tests were used for categorical variables, and the ANOVA tests were used for continuous variables.

We performed univariable and multivariable logistic regression analyses to evaluate the association between diabetes status or each glucose measure and the outcome event. Four successive models were tested, including an unadjusted model (Model 1), a model adjusted for age, sex, and NIHSS score (Model 2), a model adjusted for age, sex, NIHSS score, and reperfusion success (Model 3), and a model adjusted for age, sex, NIHSS score, reperfusion success, and last known well to reperfusion time (Model 4). For the outcome event of reperfusion success, only Models 1 and 2 were evaluated.

In the sensitivity analysis, we investigated whether the territory of arterial occlusion and the use of intravenous thrombolysis could alter the predictive value of diabetes status or glucose measures. We classified the area of arterial occlusion into two categories: anterior circulation stroke and posterior circulation stroke. We incorporated either anterior circulation stroke or intravenous thrombolysis as a covariate in Models 2 to 4. Additionally, we carried out subgroup analyses to evaluate the predictive value of glucose measures in non-diabetic patients and in male and female patients separately.

Receiver operating characteristic (ROC) analysis was used to determine the ability of diabetes status or each glucose measure to predict the outcome event. Plasma glucose, HbA1c, and GAR were analyzed as categorical or continuous variables. We calculated the area under the receiver operating characteristic curve (AUC) and compared them using DeLong’s method (25).

We used SAS software version 9.4 (SAS Institute, Cary, NC) for all statistical analyses. A two-tailed p-value of 0.05 was considered significant.




3 Results


3.1 Characteristics of the study population

A total of 1,522 patients met the inclusion criteria during the study period. After removing patients with missing glucose status (n = 235) and those who did not have data on outcome events (n = 190), the study population consisted of 1,097 patients. Among them, 338 individuals had known diabetes before stroke, 88 were newly diagnosed with diabetes, 331 were prediabetic, and 340 were non-diabetic. Regarding the categories of glucose measures, the admission glucose values were divided into the following categories: <6.11 mmol/L, 6.11–7.20 mmol/L, 7.21–9.04 mmol/L, and ≥ 9.05 mmol/L. HbA1c levels were categorized as follows: <5.6%, 5.6–5.8%, 5.9–6.5%, and ≥ 6.6%. The GAR values were divided into <19.0, 19.0–21.9, 22.0–25.9, and ≥ 26.0.



3.2 Outcomes

Among the study population, 733 (66.8%) patients had poor functional outcomes at 90 days, 40 (3.6%) experienced SICH, and 372 (33.9%) had asymptomatic intracranial hemorrhage. Compared to patients with good functional outcomes (Table 1), those with poor functional outcomes were older, more likely to be female, and had a higher prevalence of hypertension, atrial fibrillation, and previous strokes but a lower proportion of smoking habits. Additionally, they presented with higher baseline systolic blood pressure and NIHSS scores, were less likely to receive IVT, experienced a longer time from last known well to groin puncture and reperfusion, and had a lower likelihood of achieving reperfusion success. Patients with poor functional outcomes were more likely to be diabetic and had higher levels of admission glucose, HbA1c, and GAR than those with good functional outcomes.



TABLE 1 Characteristics of the study population.
[image: A table comparing medical parameters between groups with modified Rankin Scale (mRS) scores of 0–2 and 3–6, as well as groups with and without symptomatic intracerebral hemorrhage (SICH). It includes data on age, female patients, risk factors, endovascular treatment procedure, and diabetes status, along with p-values indicating statistical significance. Data are expressed as numbers and percentages or mean values with standard deviation. Definitions for abbreviations like AF, LAA, CE, and EVT are provided below the table.]

Compared to patients without SICH (Table 1), those with SICH had higher initial NIHSS scores and were more likely to be diabetic. Additionally, they had higher levels of admission glucose and GAR. However, no significant differences were observed for other risk factors or laboratory results between patients with SICH and those without.



3.3 Predictive ability of diabetes status and glucose measures

In the unadjusted model (Model 1), patients with known diabetes and those with newly diagnosed diabetes were significantly more likely to experience poor outcomes at 90 days than non-diabetic patients (Figure 1A; Supplementary Table S1). In the adjusted models (Models 2 to 4), only known diabetics showed a significantly higher likelihood of poor outcomes at 90 days than non-diabetics, with odds ratios (ORs) ranging from 2.10 to 2.58.

[image: Forest plot comparing odds ratios (ORs) and confidence intervals (CIs) for different diabetes statuses across four models. Panels A to D depict diabetes status, glucose, HbA1c, and GAR. Each panel shows various subgroups with ORs ranging from less than one to over four, indicating the association with good or poor outcomes.]

FIGURE 1
 The effects of diabetes status (A) and glucose measures (B–D) on 90-day functional outcomes in univariable (Model 1) and multivariable logistic regression analyses (Model 2: adjusted for age, sex, and NIHSS score; Model 3: adjusted for age, sex, NIHSS score, and reperfusion success; Model 4: adjusted for age, sex, NIHSS score, reperfusion success, and last known well to reperfusion time). CI, confidence interval; GAR, glucose-to-HbA1c ratio; HbA1c, glycated hemoglobin; OR, odds ratio.


Higher quartiles of admission glucose were consistently associated with a significantly increased risk of poor functional outcomes across different models (Figure 1B; Supplementary Table S1). In contrast, while patients in the third (5.9–6.5%) and fourth (≥6.6%) HbA1c quartiles were more likely to experience poor outcomes (Figure 1C; Supplementary Table S1), the association was relatively weak. Notably, patients in the second quartile (5.6–5.8%) had a non-significant tendency toward good outcomes compared to those in the lowest HbA1c quartile (<5.6%). On the other hand, higher GAR quartiles were associated with poor outcomes. Patients in the fourth GAR quartile (≥26.0) had a consistently significantly higher risk of poor outcomes than those in the lowest GAR quartile (<19.0) (Figure 1D; Supplementary Table S1).

Regarding SICH, patients with known diabetes had a significantly higher risk of SICH than non-diabetics in all four models (Figure 2A; Supplementary Table S2). Patients in the fourth glucose quartile (≥9.05 mmol/L) had a significantly higher risk of SICH than those in the first glucose quartile (<6.11 mmol/L) (Figure 2B; Supplementary Table S2). Patients in the fourth HbA1c quartile (≥6.6%) had a significantly higher likelihood of SICH compared to those in the lowest HbA1c quartile (<5.6%) in Models 1, 2, and 3 but not in Model 4 (Figure 2C; Supplementary Table S2). However, there was a trend toward higher odds of SICH for higher HbA1c levels. Similarly, a trend toward higher odds of SICH was observed for higher GAR. Additionally, patients in the third (22.0–25.9) and fourth (≥26.0) GAR quartiles had a significantly higher risk of SICH than those in the lowest GAR quartile (<19.0) in all four models (Figure 2D; Supplementary Table S2).

[image: Forest plots display odds ratios (OR) with 95% confidence intervals (CI) for various models across four panels: A) diabetes status, B) glucose levels, C) HbA1c levels, and D) GAR. Each panel presents ORs for different groups such as non-diabetic and newly diagnosed diabetic, across various models and quartiles. Horizontal lines represent CI, with dots indicating ORs compared between No SICH and SICH. Text annotations show the specific OR and CI values for each category.]

FIGURE 2
 The effects of diabetes status (A) and glucose measures (B–D) on symptomatic intracranial hemorrhage in univariable (Model 1) and multivariable logistic regression analyses (Model 2: adjusted for age, sex, and NIHSS score; Model 3: adjusted for age, sex, NIHSS score, and reperfusion success; Model 4: adjusted for age, sex, NIHSS score, reperfusion success, and last known well to reperfusion time). CI, confidence interval; GAR, glucose-to-HbA1c ratio; HbA1c, glycated hemoglobin; OR, odds ratio; SICH, symptomatic intracranial hemorrhage.


As for reperfusion success (Supplementary Table S3), none of the diabetes status and glucose measures were associated with reperfusion success in either the unadjusted model or the model adjusted for age, sex, and initial NIHSS.

Table 2 and Supplementary Table S4 display the AUC values for diabetes status and various glucose measures. When glucose measures were analyzed as categorical variables, diabetes status had the highest AUC for predicting poor outcomes, followed by admission glucose. However, the difference was not statistically significant (p = 0.602 for Model 1; p = 0.565 for Model 2; p = 0.601 for Model 3; p = 0.708 for Model 4). For the prediction of SICH, admission glucose exhibited the highest AUC in Model 1, while GAR achieved the highest AUC in Models 2 to 4. HbA1c had the lowest AUC in all models. The AUC of HbA1c was significantly lower than that of GAR (p = 0.014 for Model 4) and that of admission glucose (p = 0.042 for Model 1; p = 0.042 for Model 3; p = 0.016 for Model 4).



TABLE 2 AUC values for diabetes status and different glucose measures.
[image: Table showing the area under the receiver operating characteristic curve (AUC) for different variables categorized as "Poor outcomes" and "SICH". For poor outcomes: Diabetes status (Categorical: 0.592; Continuous: NA), Admission glucose (Categorical: 0.583; Continuous: 0.593), HbA1c (Categorical: 0.565; Continuous: 0.567), GAR (Categorical: 0.571; Continuous: 0.574). For SICH: Diabetes status (Categorical: 0.639; Continuous: NA), Admission glucose (Categorical: 0.678; Continuous: 0.673), HbA1c (Categorical: 0.594; Continuous: 0.583), GAR (Categorical: 0.676; Continuous: 0.674). GAR represents glucose-to-glycated hemoglobin ratio; HbA1c, glycated hemoglobin.]

When glucose measures were analyzed as continuous variables, admission glucose achieved the highest AUC for predicting poor outcomes, followed by GAR and HbA1c. The AUC of admission glucose was significantly higher than that of GAR (p = 0.032). GAR had the highest AUC for predicting SICH, followed closely by admission glucose, while HbA1c had the lowest AUC. However, the difference in AUCs between GAR and admission glucose was not significant (p = 0.987).



3.4 Sensitivity and subgroup analyses

In the sensitivity analysis, adding anterior circulation stroke or intravenous thrombolysis to the models did not materially alter the results. Specifically, known diabetes, higher admission glucose quartiles, the third and fourth HbA1c quartiles, and GAR were associated with poor outcomes (Supplementary Figures S1, S3). Known diabetes, the fourth quartile of admission glucose and HbA1c, and the third and fourth GAR quartiles were linked to SICH (Supplementary Figures S2, S4).

In the non-diabetic subgroup, the fourth quartile of admission glucose was linked to poor functional outcomes. However, no significant correlation was found between admission glucose and SICH (Supplementary Figure S5).

In male patients, known diabetes and the fourth quartile of admission glucose and GAR were associated with poor functional outcomes. Higher HbA1c quartiles showed a trend toward poor outcomes, but this was not statistically significant (Supplementary Figure S6). The fourth quartile of admission glucose and the third and fourth quartiles of GAR were associated with a higher likelihood of SICH (Supplementary Figure S7).

In female patients, known diabetes and higher admission glucose quartiles were linked to poor functional outcomes. Much like their male counterparts, higher HbA1c quartiles showed a trend toward poor outcomes, but it was not statistically significant (Supplementary Figure S8). A detailed analysis of SICH in this subgroup was not possible due to the small number of events (Supplementary Figure S9). In summary, we did not identify a sex difference in the correlation between glucose measures and stroke outcomes.




4 Discussion

We found that diabetes status, admission glucose, and GAR were associated with poor functional outcomes and SICH in patients with AIS undergoing EVT. By contrast, the association between HbA1C and poor functional outcomes, or SICH, was borderline. Interestingly, HbA1c appeared to have a non-linear relationship with the risk of poor functional outcomes. The ROC analysis indicated that diabetes status and admission glucose had similar abilities to predict poor functional outcomes, while admission glucose and GAR had similar predictive abilities for SICH. HbA1c had the lowest predictive ability for poor functional outcomes and SICH.


4.1 Diabetes status and outcomes

In accordance with previous studies (6, 26), we discovered that known diabetes was linked to a higher risk of functional dependence following EVT. Conversely, while the connection between known diabetes and SICH varied in the literature (6, 26, 27), this study showed an increased risk of post-treatment SICH in individuals with known diabetes, similar to those treated with IVT (28). By contrast, newly diagnosed diabetes, defined by a single high HbA1c, was not associated with adverse functional outcomes or SICH in this study. A Chinese study on unselected patients with AIS also found no association between newly diagnosed diabetes (defined by the same criteria) and poor functional outcomes (29). This suggests that the current HbA1c threshold for diagnosing diabetes may not accurately predict outcomes in Asian AIS patients (29). However, a Korean study primarily focusing on AIS patients at high risk of cerebral hemorrhage indicated that newly diagnosed diabetes significantly increased the risk of post-stroke cardiovascular events (21). Additionally, prediabetes did not correlate with poor functional outcomes or SICH in our EVT patients. Previous studies have similarly shown no association between prediabetes and poor functional outcomes at various time points after stroke in unselected AIS patients (20) or those treated with IVT (19).



4.2 Admission glucose, HbA1c, GAR, and outcomes

Consistent with the literature (6, 7), admission glucose was significantly associated with poor functional outcomes and SICH after EVT in our patients. Admission hyperglycemia may modify the effect of EVT on stroke outcomes, with the benefit of EVT decreasing as glucose levels increase (30). The detrimental effects of hyperglycemia may be mediated by direct tissue injury caused by mitochondrial dysfunction and lactic acidosis, impaired recanalization, decreased reperfusion, and increased reperfusion injury (31). In addition, oxidative and nitrosative stress mechanisms, mediated by peroxynitrite, may also have a significant impact on the worsening of stroke due to hyperglycemia, as suggested by preclinical studies (32, 33).

By contrast, HbA1c, which measures baseline glycemic control over the past 3 months (34), had the lowest AUCs in predicting poor functional outcomes and SICH. Additionally, compared to patients in the lowest HbA1c quartile (<5.6%), those in the second HbA1c quartile (5.6–5.8%) showed a trend toward good outcomes (Figure 1C), suggesting a possible non-linear relationship between HbA1c and functional outcomes. A Korean study also found that patients in the lowest and highest HbA1c groups had a higher risk of poor functional outcomes after EVT than those in the middle groups (10). Similar J-shaped or U-shaped relationships have been observed in patients with acute myocardial infarction undergoing percutaneous coronary intervention, where both low HbA1c and high HbA1c were associated with an increased risk of major adverse cardiovascular events and mortality (35, 36). These observations may be attributed to the negative effect of hypoglycemia in patients with low HbA1c due to excessive glycemic control. The non-linear relationship between HbA1c and stroke outcomes may explain why HbA1c achieved the lowest AUC.

On the other hand, GAR achieved comparable AUC values to admission glucose, especially in the prediction of SICH. These findings are consistent with previous studies that examined unselected AIS patients with or without thrombolysis (37, 38). The reason for using GAR to account for HbA1c is that chronic hyperglycemia could downregulate glucose transporters (39). This would lead to reduced sensitivity of the neuroendocrine system to stress and minimize the damage caused by stress hyperglycemia during acute stroke. However, we did not observe any additional benefit when using GAR instead of admission glucose in predicting outcome after EVT. It is worth noting that GAR was calculated in this study using random admission glucose rather than fasting glucose, as in other studies (11–15).



4.3 Clinical implications

In addition to diabetes status, this nationwide registry study suggests that admission glucose may be the most suitable glucose measure for predicting functional outcomes and SICH after EVT. Unlike diabetes history, plasma glucose measurement is readily available, even in comatose patients, and it is a recommended routine laboratory test for the management of acute stroke (22).

Admission glucose can be considered a simple mixed indicator of background glycemia and hyperglycemic reaction to stress during acute stroke. In contrast, obtaining HbA1c and GAR in the acute setting may require additional cost and effort, and these two glucose measures did not provide better outcome prediction than admission glucose. Although GAR calculated using fasting plasma glucose may perform better than using random admission glucose in predicting functional outcomes after IVT (37), it is unlikely to obtain fasting glucose and make informed decisions based on the prediction within the short time window before EVT. Moreover, fasting plasma glucose may be affected by post-stroke management, such as glycemic control in the stroke unit.

Currently, EVT has become the standard treatment for AIS patients with large vessel occlusion (22). However, more real-world studies are still needed to better understand the effectiveness and safety of EVT outside the controlled clinical trial settings (3). Such studies are particularly important for identifying subgroups of patients who may benefit the most from EVT. Since diabetes status or glucose level significantly predicts stroke outcomes, proper adjustment for this factor is crucial for these real-world studies. Our study findings may provide insights for future studies on which glucose measure to use and how to incorporate it for multivariable adjustment. For example, considering the non-linear relationship between HbA1c and functional outcomes, treating HbA1C as a categorical covariate may be more appropriate. Additionally, current risk scores for predicting outcomes of EVT typically include admission glucose as one of the elements (40, 41). Diabetes status, or GAR, can be considered an alternative predictor when developing or refining these risk scores.



4.4 Limitations

This study has several limitations worth mentioning. First, there were only 88 patients with newly diagnosed diabetes, so we cannot rule out the possibility that the non-significant association between newly diagnosed diabetes and outcomes was due to insufficient statistical power. Second, we did not control for the type of antidiabetic drugs used before stroke in the multivariable analysis. Pre-stroke exposure to sulfonylureas may decrease the likelihood of favorable functional outcomes, especially in non-lacunar stroke subtypes (42). However, this issue remains debated, as evidenced by several studies showing that administering sulfonylurea before a stroke has no impact on the severity or outcomes of the stroke (43–45). Third, the percentage of poor functional outcomes in TREAT-AIS was higher than in other registries, likely due to a longer door-to-puncture time (2). The possibility that a high percentage of poor functional outcomes may influence the predictive ability of glucose measures and limit the generalizability of the study cannot be ruled out.




5 Conclusion

This study examined the association between diabetes status, admission glucose, HbA1c, and GAR with functional outcomes and SICH in patients with AIS undergoing EVT. The results indicated that diabetes status, admission glucose, and GAR were associated with poor functional outcomes and SICH. The association between HbA1c and outcomes was only marginally significant. Admission glucose was found to be the most suitable glucose measure for predicting outcomes after EVT. However, diabetes status and GAR can be considered as alternative measures for outcome prediction. This study also suggests a potential non-linear relationship between HbA1c and functional outcomes. These findings have clinical implications for the management of AIS patients undergoing EVT. In addition, future studies investigating the effectiveness of EVT using real-world data should take into account the varying predictive abilities of diabetes status and different glucose measures.
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Background: Lipid-lowering therapies are mainstays in reducing recurrence after acute ischemic stroke (AIS). Evolocumab, a Proprotein convertase subtilisin-kexin type 9 (PCSK9) inhibitor, is a promising lipid-lowering agent known to decrease LDL cholesterol and mitigate vascular events alongside statins. However, its effects on the early functional outcomes post-mechanical thrombectomy (MT) remain unclear. This study aimed to assess the short-term effects and incidence of bleeding events after the early, off-label use of PCSK9 inhibitors in AIS patients undergoing MT.
Methods: We retrospectively analyzed patients who had MT at a Regional Stroke Center from December 2018 to April 2023. Our primary outcome was discharge functional outcomes. Secondary outcomes included early neurologic deterioration (END), symptomatic intracerebral hemorrhage (sICH), 3-month functional outcomes, 3-month recurrence rate, and lipid profiles.
Results: Of 261 patients (mean age 69.2 ± 11.7, men 42.9%), 42 were administered evolocumab peri-procedurally. While baseline characteristics were similar between the two groups, evolocumab group demonstrated improved discharge outcomes, with a lower mean NIHSS (8.8 ± 6.8 vs. 12.4 ± 9.8, p = 0.02) and a higher percentage of patients with discharge mRS ≤ 3 (52.4% vs. 35.6%, p = 0.041). The 3-month follow-up show a non-significant trend toward an improved outcome in the evolocumab group. Multivariable analysis indicated that evolocumab had a potential impact on favorable discharge outcomes (aOR 1.98[0.94–4.22] for mRS ≤ 3 and 0.47[0.27–0.84] for lower ordinal mRS). Notably, evolocuamb users exhibited fewer instances of END and sICH, although they do not reach statistical significance. Additionally, the evolocumab group demonstrated potential benefits in LDL cholesterol reduction over time.
Conclusion: Early use of evolocumab in AIS patients undergoing MT appeared to be safe and associated with better early functional outcomes. The potential benefit of the PCSK9 inhibitor shown here warrants further prospective studies.
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Introduction

Lipid-lowering therapies, mainly statins, have been shown to reduce the risk of stroke recurrence following an acute ischemic stroke (AIS) and are fundamental to secondary preventive treatment (1, 2). Since gain-of-function mutations in Proprotein convertase subtilisin-kexin type 9 (PCSK9) have been identified as contributors to familial hypercholesterolemia (3, 4), PCSK9 inhibitors have gained attention as novel lipid-lowering treatment. During 2017–2018, two pivotal trials demonstrated that PCSK9 inhibitors, when used in conjunction with high-dose statins, can achieve further reductions in low-density lipoprotein (LDL) cholesterol levels and subsequently decrease the incidence of vascular incidents, including ischemic stroke and myocardial infarction (5, 6).

Beyond the LDL cholesterol regulation, PCSK9 has been shown to have multiple roles in vascular diseases (7–10), PCSK9 inhibitors exhibit anti-inflammatory properties, contribute to the stabilization of atherosclerotic plaques (9), and reduce infarction volume, as seen in in-vitro and animal studies (11, 12). These pleiotropic effects of PCSK9 inhibitors have also observed in small human studies (11, 13), with follow-up studies using IVUS showing regression of atherosclerotic plaques (14). Based on these insights, several recent and ongoing studies have been employing PCSK9 inhibitors early in the treatment process and off-label for patients with acute myocardial infarction who are receiving percutaneous coronary intervention (15, 16).

Although the findings from early-phase PCSK9 inhibitor studies in small myocardial infarction cohorts were inconclusive, the potential impact on AIS receiving mechanical thrombectomy (MT) is anticipated, especially considering the direct relationship between final infarction volume and functional outcomes in AIS. A role of PCSK9 inhibitors in the secondary prevention of AIS is relatively well recognized. However, their effectiveness and safety in patients for AIS patients who have undergone MT remain to be explored.

In this study, we retrospectively investigated patients who underwent MT at a regional stroke center to assess whether the early administration of PCSK9 inhibitors is effective in improving the functional outcomes after acute ischemic stroke.



Methods


Study population

We retrospectively collected data from patients with acute ischemic stroke who underwent MT at our stroke center between December 2018 and April 2023. Eligibility for inclusion in the study was determined based on the follows: (1) presentation within 24 h after symptom onset, (2) an initial NIH Stroke Scale (NIHSS) score of 2 or higher. Exclusion criteria was as follows: (1) a pre-stroke modified Rankin scale (mRS) score over 2, (2) prior PCSK9 inhibitors treatment before the index stroke, and (3) poor quality of procedure images, or missing data procedure on in-hospital events (a flow chart for patients’ selection presented in Supplementary Figure S1).



Intervention and treatment

All patients presenting our stroke center with sudden neurologic symptoms received CT or MR angiography with perfusion imaging to determine the presence of large vessel occlusion. When a clinical-core mismatch or core-penumbra mismatch was identified by a neurology specialist, mechanical thrombectomy was performed by one of our five experienced neurointerventionists. A balloon-guide catheter was used as standard practice when applicable.

The choice of thrombectomy technique among contact aspiration, stent retriever, or a combination approach was left to the neurointerventionist’s expertise and judgment. In instances of distal clot migration or clot reformation, pharmacological intervention with intravenous or intra-arterial tirofiban or tissue plasminogen activator (t-PA) was employed. In cases with residual severe stenosis, balloon angioplasty and/or stent insertion were implemented based on the operator’s assessment.

Regarding the administration of evolocumab, a dosage of 140 mg was prescribed prior to the procedure without additional specific indications. Evolocumab was administered subcutaneously, either before the procedure or as promptly as possible afterwards. The prescription of other medications was determined at the discretion of physician according to local guidelines.



Outcome measure and data collection

The primary outcome of our study was the functional status at discharge, as measured by the mRS. Secondary outcomes included the discharge NIHSS score, in-hospital mortality, the incidence of early neurologic deterioration (END), syptomatic intracerebral hemorrhage (sICH), the 3-month mRS score, and change in the lipid profile (total cholesterol, high-density lipoprotein [HDL] cholesterol, LDL cholesterol, and triglyceride) at the 3-month follow-up.

We systemically collected demographic and clinical data from the prospective registry of our Regional Stroke Center. It included pre-stroke mRS, initial NIHSS score, prevalence of vascular risk factors (hypertension, diabetes, dyslipidemia, atrial fibrillation, prior stroke, current smoking, and obesity [body mass index, BMI ≥ 30 kg/m2]), stroke subtypes according to the Trial of Org AST classification (TOAST) (17), prior medications, initial blood pressure, laboratory results (creatinine, C-reactive protein, liver enzymes, Hb A1c), intravenous t-PA use, and discharge medications. We supplemented this data with retrospective chart review when necessary.

Procedure-specific details such as onset-to-door time, door-to-puncture time, puncture-to-recanalization time, the site of occlusion, devices used, the number of devices passes, and the post-procedural reperfusion status [assessed by the modified Thrombolysis in Cerebral Infarction (mTICI)] (18) were collected through the review of intra-procedural images and procedural reports. All procedural images were independently reviewed by two neurointerventionists (J.K. and H-K.P.).

END was defined as any clinical event leading to an increase in the NIHSS score by 2 or more points (19). Symptomatic hemorrhage was characterized as any hemorrhagic transformation on post-procedural CT or MRI that associated with increase of ≥4 points on the NIHSS (20).

The most of baseline characteristic variables we examined had no missing values, although LDL and lipid panels during hospitalization were not recorded in 13.4% and HbA1c in 29.8% of cases. Data on events during hospitalization and outcomes at discharge were collected for all patients; however, 3-month outcomes were missing in 6.5% of cases. Furthermore, data on 3-month lipid panels were only available for 38.3% of cases. These missing values were deleted pair-wisely in the analysis. The data used in this study can be available upon request to the corresponding author.



Statistical analysis

We compared the baseline characteristics, procedural characteristics, in-hospital events, outcomes at discharge, 3-month clinical outcomes, and 3-month lipid profiles between patients administered evolocumab and those not. We conducted the Chi-square test or Fisher’s exact test for categorical variables and the Student’s t-test or the Mann–Whitney U test for continuous variables. For ordinal mRS score, we employed the Wilcoxon rank-sum test.

We conducted multivariable logistic regression to identify predictors of favorable discharge outcomes, defined as a mRS score of 0–3. Variables that either exhibited a p-value ≤ 0.10 in univariate analyses or were considered clinically significant were included. Three models were utilized for this analysis: Model 1 adjusted for demographics and initial stroke severity; Model 2 included variables that were statistically significant in univariate analyses; and Model 3 added variables that differed between evolocumab users and non-users. Additionally, we applied multivariate ordinal regression to mRS scores at discharge and at 3-month, using the same models. All statistical analyses were conducted using the R version 4.3.1.1 A p-value < 0.05 was considered statistically significant.



Ethics

The study received a waiver of informed consent from the Inha University Hospital Institutional Review Border (2023-11-040), given the retrospective design and the minimal risk posed to the participants.




Results

Among 261 eligible patients (mean age 69.2 ± 11.7, men 42.9%), 42 received the evolocumab peri-procedurally without standard indications for PCSK9 inhibitors. Baseline characteristics and comparisons are detailed in Table 1, showing no significant difference in demographics, pre-stroke mRS, most vascular risk factors, stroke subtypes, t-PA use, laboratory findings, and blood pressure between groups. Median initial NIHSS was slightly lower in evolocumab users but was not statistically significant (14 [10.25–18.75] vs. 16 [11–19], p = 0.65). Dyslipidemia and atrial fibrillation were less prevalent in evolocumab users, although not statistically significant (19.0% vs. 31.1%, p = 0.14, and 33.3% vs. 45.7%, p = 0.17, respectively). No significant differences were noted in pre-stroke statin use and discharge statin prescription between groups (14.3% vs. 26.0%, p = 0.12, and 92.7% vs. 84.9%, p = 0.22, respectively).



TABLE 1 Baseline characteristics of evolocumab user and non-user groups.
[image: A table comparing Evolocumab users and non-users across various medical and demographic variables, including gender, age, pre-stroke mRS, NIHSS scores, risk factors like hypertension and diabetes, stroke subtypes, medication use, and laboratory findings. It includes p-values to indicate statistical significance.]

Procedural characteristics and outcomes are presented in Table 2. The primary occlusion site was not different between the groups (p’s > 0.05 for CCA-ICA, ICA terminus, M1, M2, ACA/PCA, and VBA). Onset-to-door time and puncture-to-recanalization time were comparable between the groups. However, evolocumab users had a slightly longer median door-to-puncture time (145 min [125.5–205.25] vs. 134 min [105.5–168.5], p = 0.02) and a higher usage rate of stent retriever (70.7% vs. 53.4%, p = 0.04). Aspiration catheter use and angioplasty and/or stenting rates were similar between the groups. The rate of achieving a mTICI of ≥2b was similar between the groups (88.1% vs. 86.3%).



TABLE 2 Procedural characteristics and clinical outcomes between evolocumab user and non-user groups.
[image: A table comparing clinical outcomes between Evolocumab users (N=42) and non-users (N=219) in stroke treatments. The table includes median onset-to-door, door-to-puncture, and puncture-to-recanalization times. It lists primary occlusion sites, device usage, procedural results, and clinical outcomes like early neurological deterioration and discharge NIHSS scores. Statistical significance (p-values) indicates differences, with highlighted values showing significance under 0.05. For instance, stent retriever use is significantly higher in Evolocumab users (70.7% vs. 53.4%, p=0.04). Discharge NIHSS median score is also significant (p=0.02).]

Notably, evolocumab users had better discharge outcomes, with lower mean discharge NIHSS (8.8 ± 6.8 vs. 12.4 ± 9.8, p = 0.02) and a higher proportion of patients with discharge mRS of 0–3 (52.4% vs. 35.6%, p = 0.041, Table 2; Figure 1A). Furthermore, incidence of any hemorrhage were significantly lower in evolocumab users (16.7% vs. 33.8%, p = 0.03). Although not statistically significant, the incidences of END, sICH, and in-hospital death were also lower in evolocumab users compared to non-users (11.9% vs. 20.1%, p = 0.21, 2.4% vs. 8.7%, p = 0.16, and 2.4% vs. 12.3%, p = 0.06, respectively).

[image: Stacked bar charts labeled A and B compare Evolocumab users and non-users based on mRS scores, ranging from 0 to 6. Each group shows different color gradients representing scores, indicating varying distributions for each category.]

FIGURE 1
 Comparison of mRS proportions between evolocumab user and non-user groups at discharge (A) and at 3-month (B).


At the 3-month, functional state was assessed in 95.2% of evolocumab users and 93.2% of non-users. Evolocumab users showed a trend toward better outcomes with a higher proportion of patients achieving a mRS of 0–2 and lower mortality (55.0% vs. 39.2, and 7.5% vs. 19.1%, respectively) (Figure 1B); however, the differences were statistically insignificant (p = 0.06 and 0.08, respectively). Stroke recurrence rates at 3 months were similar between the groups.


Predictor of favorable functional outcome

In univariate analysis, sex, age, initial NIHSS score, cardioembolic stroke subtype, hypertension, diabetes, and smoking were associated with discharge mRS of 0–3 (Table 3). Use of evolocumab was associated with a favorable discharge functional outcome (p-value = 0.043). Besides, stent retriever use and pre-stroke statin use, which differed in proportion between evolocumab users and nonusers, were not associated with a discharge mRS of 0–3.



TABLE 3 Multivariable analysis for predictors of discharge mRS ≤ 3.
[image: A table displays odds ratios (OR) and p-values for various variables across three models. Variables include Evolocumab, Men, Age, Initial NIHSS, Cardioembolism, Hypertension, Diabetes, Smoking, Stent Retriever Use, and Pre-stroke Statin. Significant p-values below 0.05 are in bold. Model 1 adjusts for demographics and initial NIHSS. Model 2 adjusts for significant variables in univariate analyses. Model 3 adjusts for differences between groups. Key findings: Men and Smoking consistently show significant associations, while Hypertension and Diabetes do not.]

In the simplest model (Model 1; adjust only demographics and initial NIHSS), evolocumab use was an independent predictor for a discharge mRS of 0–3 (adjusted OR 2.10, 95% CI 1.03–4.33, p = 0.043). However, its significance was reduced upon adjusting for additional variables. In Models 2 and Model 3, the association between evolocumab use and discharge mRS of 0–3 was marginally significant (adjusted OR 2.02, 95% CI 0.97–4.24, p = 0.06 and adjusted OR 1.98, 95% CI 0.94–4.22, p = 0.07, respectively).

In the multivariate ordinal logistic regression assessing the impact of evolcumab use on discharge mRS, a statistically significant association was observed with a reduction in discharge mRS scores. The significance persisted across multiple models: the simplest Model 1; Model 2, which adjusted for variable associated with discharge mRS; and Model 3, which accounted for differences between the evolocumab user and nonuser groups (Table 4; Figure 2). Additionally, significant associations were noted with the initial NIHSS score and the presence of hypertension. In the multivariate ordinal logistic regression for 3-month mRS, evolocumab use exhibited a marginal association (p = 0.09, 0.08, and 0.09 for Models 1, 2, and 3, Supplementary Table S1; Supplementary Figure S2). However, significant associations were found for age, initial NIHSS score, and hypertension with 3-month mRS.



TABLE 4 Multivariable analysis for ordinal discharge mRS score.
[image: A table showing Odds Ratios (OR) and p-values for different variables across three models. Variables include Evolocumab, gender, age, initial NIHSS, cardioembolism, hypertension, diabetes, smoking, stent retriever use, and pre-stroke statin. Bold values indicate p-values less than 0.05. Model 1 adjusts for demographics and initial NIHSS, Model 2 further adjusts for significant variables, and Model 3 accounts for differences between groups.]

[image: Forest plot depicting the adjusted odds ratios (OR) for various factors affecting ordinal discharge mRS. Variables include Evolocumab, Male, Age, Initial NIHSS, Cardioembolism, Hypertension, Diabetes, and Smoking. The plot shows confidence intervals, with a vertical line at OR equals one, indicating a neutral effect.]

FIGURE 2
 Predictors of lower discharge mRS as ordinal scale.




Lipid profile

In the baseline lipid panel, evolocumab users had slightly higher total cholesterol levels compared to non-users, although this difference was not statistically significant (178.9 vs. 163.5, p = 0.07, Supplementary Table S2). The levels of LDL, TG, and HDL were also similar between the two groups (p’s = 0.39, 0.30, and 0.30, respectively).

At 3-month, 64.1% of evolocumab users and only 31.7% of non-users had completed the lipid panel follow-up. No significant differences were observed between the two groups in 3-month total cholesterol, LDL, and HDL levels. However, the interval changes in lipid levels from baseline to follow-up showed greater reductions in total cholesterol (−58.9 vs. -45.3, p = 0.12) and LDL (−48.1 vs. -28.1, p = 0.01) in evolocumab users compared to non-users.

Patients who had a 3-month lipid follow-up demonstrated significantly higher statin prescriptions at discharge than 3-month stroke survivors without lipid follow-up. However, there was no difference in other characteristics, including initial stroke severity, discharge NIHSS and discharge mRS (data not shown). Although these findings in lipid profile were based on a small subset of patients, they confirmed a potential benefit of evolocumab in reducing LDL-cholesterol levels over time.




Discussion

In this study, the early use of evolocumab was associated with lower discharge NIHSS and a higher proportion of patients achieving lower mRS scores, suggesting improved functional outcomes. However, statistical significance was not maintained at 3-month follow-up. Patients who treated with early evolocumab experienced fewer instances of END, sICH, and in-hospital deaths, along with a significant reduction in LDL-cholesterol levels.

To our knowledge, this is the first study to explore the early use of evolocumab in AIS patients underwent MT without specific indications. Our cohort demonstrated a discharge mRS 0–3 proportion of 38.2% and a 3-month mRS 0–2 proportion of 41.8%. We defined a discharge mRS of 0–3, not a traditional mRS of 0–2, as an indicator for a ‘favorable functional outcome’, considering the potential for enhanced benefits of rehabilitation in patients receiving reperfusion therapy. Interestingly, the discharge mRS 0–3 rates closely matched the 3-month mRS 0–2 rates. However, these were slightly lower that 46% rate reported in a meta-analysis of major MT trials (21). This discrepancy may be due to the inclusion of 7.7% of our patients with a pre-stroke mRS of two, whereas most studies in the HERMES collaboration included patients with pre-stroke mRS 0–1 (21–23).

Evolocumab users had a 1.4-fold higher proportion of discharge mRS 0–3 than non-users (p = 0.043). After adjusting for demographics, initial NIHSS scores, and other potential contributing factors such as hypertension, diabetes, current smoking, stroke subtype, stent retriever use, and pre-stroke statin use, the statistical significance diminished. However, the association between evolocumab and a lower discharge mRS remained significant in the multivariate ordinal logistic regression model, even after adjusting for the variables (p’s = 0.01 for Model 1, 2 and 3).

We proposed two mechanisms for the beneficial effects of early PCSK9 inhibitor use during MT: (1) The inhibition of PCSK9 could potentially prevent vessel re-occlusion and reduce infarct size. This hypothesis is supported by findings from a pilot randomized trial that indicated a trend toward an increased myocardial salvage index with immediate administration of PCSK9 inhibitor following coronary intervention (15); (2) PCSK9 inhibitors might reduce the hemorrhagic transformation in the reperfused area, thereby leading to favorable functional outcomes, as evidenced by the lower incidence of sICH in evolocumab users in our study.

While pivotal trials spotlighted the LDL-lowering capabilities of PCSK9 inhibitors, recent studies have focused on the pleiotropic effects of PCSK9 inhibitors on atherosclerosis beyond LDL reduction (24). PCSK9 modulates inflammation, atherosclerosis progression, platelet activation, and thrombus formation. In animal models, application of alirocumab and the anti-PCSK9 AT04A vaccine have been shown to reduce vascular inflammation and atherosclerotic lesions (12, 25). There are several recent or ongoing studies examining the early use of PCSK9 inhibitors in acute coronary syndrome patients undergoing percutaneous coronary intervention with anticipated extra-LDL reduction and other pleiotropic effects (15, 26, 27).

The addition of PCSK9 inhibitors to high-dose statin has been shown to reduce the occurrence of stroke, MI, and cardiovascular death in patients with vascular diseases or high-risk features (5, 6). The greater LDL reduction with PCSK9 inhibitors has been associated with fewer cardiovascular events. In our study, evolocumab users exhibited a significantly greater LDL reduction at 3 months than non-users (mean −48.1 mmol/L vs. −28.1 mmol/L, p = 0.01). However, given the retrospective nature of our study and incomplete lipid panel follow-ups, further systematic study is necessary to clarify the relationship between LDL reduction and functional outcomes after AIS.

Few epidemiologic studies and the SPARCL study have linked LDL lowering with intracerebral hemorrhage (28, 29), raising concerns that excessive LDL lowering could increase the risk for hemorrhage. However, our study did not find an increase in sICH or any hemorrhagic transformation in evolocumab users compared to non-users. This is consistent with the FOURIER study (5), which reported no significant increase in intracerebral hemorrhage, and meta-analyses that showed no increase in hemorrhage even in subgroup with extremely low LDL levels (30). Instead, the improving functional outcome may be attributed to a significant reduction in hemorrhage in the post-procedural period.

Our study has several limitations. First, the small number of patients treated with evolocumab at our center constrains the statistical power, resulting in only a trend toward significance after adjustment. Moreover, the smaller subset of patients available for the 3-month follow-up precludes the demonstration of medium-term effects of the treatment. To overcome this limitation, we plan to conduct a subsequent multicenter study. Second, the non-randomized, retrospective observational design may introduce selective bias and prevent the establishment of a causal relationship between evolocumab use and outcomes. Nonetheless, aside from differences in stent retriever use and pre-stroke statin use, there were no significant differences in the demographics, vascular risk factors, and mTICI grade between evolocumab-users and non-users. Third, due to national insurance policies and cost considerations, evolocumab was administered only once, and follow-up on LDL levels was not comprehensive. As a result, it was difficult to fully assess the LDL-lowering effect of evolocumab in our cohort.

In conclusion, our study suggests that PCSK9 inhibitors could potentially benefit discharge outcomes for AIS patients who undergo MT. PCSK9 inhibitors may contribute to favorable outcomes by reducing the incidence of hemorrhage and END. However, these findings, derived from a small cohort, need validation in larger, prospective studies.
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Purpose: To investigate the value of dual-phase head-and-neck computed tomography angiography (CTA) in assessing advantages and risks associated with mechanical thrombectomy for stroke with a large ischemic region in the anterior circulation within 6 h of onset.
Methods: We retrospectively analyzed the data of patients with acute occlusion of the internal carotid artery or middle cerebral artery-M1 segment. Baseline dual-phase CTA was performed for collateral grading using the 4-point visual collateral score (0, 0% filling; 1, >0% and ≤50% filling; 2, >50 and <100% filling; 3, 100% filling). The rates of modified Rankin score (MRS) ≤ 3 at 90 days, any intracranial hemorrhage (ICH) within 48 h, malignant cerebral edema within 24 h, and all-cause 90-day mortality were analyzed.
Results: Among the 69 study patients, 15, 26, 17, and 11 patients had collateral grades of 0, 1, 2, and 3, respectively. At 90 days, the MRS was ≤3 in 0, 8.33, 29.41, and 36.36% of patients with grades 0, 1, 2, and 3, respectively. ICH incidence was 73.33, 57.69, 29.41, and 18.18% for grades 0, 1, 2, and 3, respectively, while the incidence of malignant brain edema was 100, 76.92, 35.29, and 0%, respectively. All-cause 90-day mortality was 53.33% for grade 0 and 30.77% for grade 1; no deaths occurred at grades 2 and 3.
Conclusion: Collateral grading based on dual-phase CTA enables simple and rapid preoperative evaluation prior to mechanical thrombectomy for acute anterior-circulation stroke with a large ischemic focus, particularly for patients presenting within the 6-h time window.
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Introduction

Advances in equipment and operative techniques have led to recanalization rates exceeding 80% after mechanical thrombectomy for the treatment of acute anterior-circulation large-vessel occlusion (1, 2). Nonetheless, even when the target vessel is successfully opened within the 6-h time window, the rate of favorable prognosis (defined as functional independence within 90 days after the operation) remains around 40–50% (2). This poor outcome may stem from multiple factors, with the primary contributor being intracranial large-vessel occlusion with poor collateral circulation. For these patients, the large ischemic area following intracranial target-vessel occlusion rapidly progresses to infarction, rendering intravascular therapy ineffective and potentially increasing treatment-related damage (3). Recent trials have demonstrated that patients with extensive cerebral infarctions experience improved functional outcomes with endovascular therapy compared with medical care alone, but they also experience more intracranial hemorrhages (ICHs) and other complications (4–6). Consequently, the early and rapid identification and prognostic evaluation of stroke patients with a large ischemic region are of utmost importance. Given the time-dependent changes in density on non-contrast computed tomography (NCCT) following cerebral ischemia and infarction, the Alberta Stroke Program Early Computed Tomography Score (ASPECTS) based on NCCT presents limitations for ultra-early infarct evaluation. The sensitivity of computed tomography angiography source images (CTA-SI) for detecting infarct foci is significantly higher than that of NCCT (7, 8), though single-phase CTA alone is insufficient for both primary occlusion detection and collateral capacity estimation (9–11).

Therefore, the objective of this study was to determine the value of dual-phase head-and-neck CTA in assessing the advantages and risks associated with mechanical thrombectomy for stroke patients who have a large ischemic region in the anterior circulation and present within 6 h of onset.



Methods


Selection criteria

We retrospectively analyzed the imaging and clinical data of patients with large-vessel occlusion involving the anterior circulation who underwent emergency interventional thrombectomy at the Affiliated Yiwu Hospital of Wenzhou Medical University, between January 1, 2020 and January 1, 2023.

Patients were eligible for inclusion in this study if they satisfied the following criteria: (1) patients aged 18 years or older; (2) patients with acute ischemic stroke and a score of at least 6 on the National Institutes of Health Stroke Scale (NIHSS) at admission (NIHSS scores range from 0 to 42, with higher scores indicating greater neurologic deficit); (3) patients with a score of 0 or 1 on the modified Rankin scale (mRS) before the onset of stroke (mRS scores range from 0 to 6, with 0 indicating no disability, 1 indicating no clinically significant disability, 2 indicating slight disability, 3 indicating moderate disability but able to walk unassisted, 4 indicating moderately severe disability, 5 indicating severe disability, and 6 indicating death); (4) patients with an occlusion of the distal internal carotid artery (ICA) or M1 segment of the middle cerebral artery (MCA-M1); and (5) patients with a baseline CTA-SI ASPECTS <6 (if thrombectomy was performed with strategies such as stent retriever, contact aspiration, or combined contact aspiration and stent retriever; if femoral-artery puncture was performed within 6 h after stroke onset; if endovascular therapy could be initiated within 60 min after imaging examination; if the time from femoral-artery puncture to vessel recanalization was less than 120 min; and if the modified Thrombolysis in Cerebral Ischemia (mTICI) score reached 3 for the anterior circulation after thrombectomy).

Patients were excluded if they had a baseline CTA-SI ASPECTS ≥6; underwent femoral-artery puncture at least 6 h after stroke onset; underwent endovascular therapy at least 60 min after the imaging examination; had a time from femoral-artery puncture to vessel recanalization of 120 min or more; or their mTICI score did not reach 3 for the anterior circulation after thrombectomy. The study was approved by the ethics committee of the Affiliated Yiwu Hospital of Wenzhou Medical University.



Assessment of collateral status

Two neuroradiologists, each with over 5 years of experience, were blinded to the clinical findings and independently evaluated the status of the collateral circulation. In case of any discrepancy between the readers, a third senior neuroradiologist, with over 10 years of experience, was consulted to reach a consensus. The collateral circulation was graded by comparing the dual-phase CTA-SI by using the 4-point visual collateral score (12). Initially, the ischemic range following target-vessel occlusion was identified using the CTA-SI in the early arterial phase. Subsequently, the collateral-circulation status was categorized based on the degree of collateral filling in the same slice of the CTA-SI during the delayed phase (Figure 1). The collateral circulation was graded as follows: grade 0, absent collaterals (0% filling of the occluded vascular territory, Figures 1M–P); grade 1, poor collaterals (>0% and ≤50% filling of the occluded vascular territory, Figures 1I–L); grade 2, moderate collaterals (>50 and <100% filling of the occluded vascular territory, Figures 1E–H); and grade 3, good collaterals (100% filling of the occluded vascular territory, Figures 1A–D). All available slices were utilized to assess the collateral status of the target vessel. If different slices demonstrated varying collateral capacities, the average collateral score across all slices was calculated.

[image: Sixteen-panel medical imaging series of brain CT scans labeled A to P. Each image highlights a specific area with a red oval, indicating regions of interest for medical analysis.]

FIGURE 1
 Collateral circulation grading for each category of the 4-point scale. (A–D) Grade 3 (100% filling of the occluded territory). A case of left middle cerebral artery occlusion 4 h after onset: preoperative NCCT (A); arterial phase of the CTA source image (B); delayed phase of the CTA source image (C); and NCCT (D) 24 h after the operation. (E–H) Grade 2 (>50 and < 100% filling of the occluded territory). A case of left middle cerebral artery occlusion 4 h after onset: preoperative NCCT (E); arterial phase of the CTA source image (F); delayed phase of the CTA source image (G); and NCCT (H) 24 h after the operation. (I–L) Grade 1 (>0% and ≤ 50% filling of the occluded territory). A case of terminal occlusion of the right internal carotid artery 2 h after onset: preoperative NCCT (I); arterial phase of the CTA source image (J); delayed phase of the CTA source image (K); and NCCT (L) 8 h after the operation. (M–P) Grade 0 (0% filling of the occluded territory). A case of right internal carotid artery occlusion 1 h after onset: preoperative NCCT (M); arterial phase of the CTA source image (N); delayed phase of the CTA source image (O); and NCCT (P) 6 h after the operation.




Clinical and imaging parameters

The following baseline data of the patients were collected: age, sex, history of hypertension, history of diabetes mellitus, history of atrial fibrillation, clinical localization, NIHSS score, occlusion site, CTA-SI ASPECTS, bridging venous thrombolysis, imaging to femoral-artery puncture time, and puncture to vascular recanalization time. The mRS was employed for outcome analysis, and mRS ≤ 3 at 90 days was considered a favorable outcome. The primary safety outcome was any ICH within 48 h after target vessel recanalization. Other safety outcomes included all-cause 90-day mortality and malignant cerebral edema (defined as brain edema with a significant space-occupying effect leading to progressive neurological deterioration, evolving into a malignant state of brain hernia or death, and requiring decompressive craniectomy within 24 h).



Image acquisition

NCCT and CTA scans were acquired using a standardized protocol on the same multi-section scanner (Optima CT680, 64-slice; General Electric Healthcare, Milwaukee, WI, United States). Axial CT scans were initially obtained for all patients at 120 kV and 60 mA, with 5-mm-thin sections. CTA was subsequently performed, with scanning from the aortic arch to the vertex using a helical scan technique. The CTA acquisitions were obtained after a single intravenous bolus of 90–120 mL of nonionic contrast medium into an antecubital vein at a rate of 3–5 mL/s. Arterial-phase (first-phase) imaging was auto-triggered upon the appearance of contrast medium in the ascending aorta (at 120 HU), followed by delayed-phase imaging immediately after the completion of the first scan. The CTA-SI were reconstructed in the axial plane with 0.625-mm thickness and 0.625-mm intervals as well as with 5-mm thickness and 5-mm intervals. The latter reconstruction was used to evaluate the collateral circulation.



Statistical analysis

Statistical analysis was conducted using SPSS version 26.0 software (IBM SPSS Inc., Chicago, IL, United States). Continuous variables were represented as means with standard deviations (SDs), while categorical data were presented as counts and percentages. One-way analysis of variance and the Pearson chi-squared test were employed to compare measurement data and categorical data, respectively, among multiple groups, and statistically significant differences were indicated by p values of <0.05. Between-group comparisons of clinical and safety outcomes were made using the Fisher exact probability test or Pearson chi-squared test with subsequent Bonferroni correction, and a corrected p value of < 0.05 after the Bonferroni adjustment was considered statistically significant.




Results

A total of 69 patients with anterior-circulation intracranial large-vessel occlusion were included in this study. The distribution of the collateral-circulation status was as follows (Table 1): grade 0 (21.7%, n = 15), grade 1 (37.7%, n = 26), grade 2 (24.6%, n = 17), and grade 3 (15.9%, n = 11). The baseline characteristics (Table 1) were evenly distributed across the 4 collateral-circulation grade groups, except for trends in age (p = 0.004), sex (p = 0.012), history of hypertension (p = 0.020), baseline NIHSS score (p = 0.011), and occlusion site (p = 0.001).



TABLE 1 Clinical and imaging characteristics at the baseline.
[image: A table illustrating clinical characteristics divided by grades zero to three, with variables including age, sex, history of hypertension, history of diabetes, atrial fibrillation, clinical localization, baseline NIHSS score, occlusion site, CTA-SI ASPECTS, treatment with IV alteplase, IPT, and PRT. Each column presents data values and percentages. Statistical values for F/χ² and p-values are shown on the right. Abbreviations and meanings are listed below the table.]

The rates of favorable outcomes (mRS ≤ 3) at 90 days were 0, 8.33, 29.41, and 36.36% in the grade 0, 1, 2, and 3 groups, respectively (Table 2). Although the rate of favorable outcomes increased with increasing collateral-circulation grade, no statistically significant differences were found between the 4 grades (p > 0.05/6 = 0.0083; Table 2; Figure 2).



TABLE 2 Clinical and safety outcomes.
[image: Table showing collateral grades versus various outcomes. Grade 0: 0% 90-day mRS ≤ 3, 73.33% ICH within 48 hours, 100% malignant cerebral edema, 53.33% mortality. Grade 1: 8.33% mRS ≤ 3, 57.69% ICH, 76.92% edema, 30.77% mortality. Grade 2: 29.41% mRS ≤ 3, 29.41% ICH, 35.29%* edema, 0%* mortality. Grade 3: 36.36% mRS ≤ 3, 18.18% ICH, 0%* edema, 0%* mortality. Significant differences marked with * and #.]

[image: Line graph depicting four outcomes across grades zero to three: 90-day mRS less than or equal to three (blue line) increases; Any ICH within 48 hours (orange line) and Malignant cerebral edema (grey line) decrease; All-cause 90-day mortality (yellow line) increases initially, then stabilizes at grade two.]

FIGURE 2
 Trends of clinical and safety outcomes after the operation stratified by collateral circulation grade. mRS, modified Rankin score; ICH, intracranial hemorrhage.


The incidence of any ICH within 48 h was 73.33, 57.69, 29.41, and 18.18% in the grade 0, 1, 2, and 3 groups, respectively (Table 2). Despite the decrease in the incidence of any ICH with increasing collateral-circulation grade, no statistically significant differences were found between the grades (p > 0.05/6 = 0.0083; Table 2; Figure 2).

The incidence of malignant brain edema within 24 h was 100, 76.92, 35.29, and 0% in the grade 0, 1, 2, and 3 groups, respectively (Table 2). The incidence of malignant brain edema was significantly lower for grades 2 and 3 than for grades 0 and 1, respectively (p < 0.05/6 = 0.0083; Table 2). No significant differences were found between grades 0 and 1 as well as between grades 3 and 4 (p > 0.05/6 = 0.0083; Table 2; Figure 2).

The all-cause 90-day mortality rate was 53.33% in the grade 0 group and 30.77% in the grade 1 group; no deaths occurred within 90 days in the grade 2 and 3 groups (Table 2). The all-cause 90-day mortality was significantly lower for grades 2 and 3 than for grade 0, respectively (p < 0.05/6 = 0.0083; Table 2). No statistically significant differences were found between the other groups (p > 0.05/6 = 0.0083; Table 2; Figure 2).



Discussion

Among stroke patients who present within the 6-h routine time window, the presence of a large ischemic area is an important factor that can reduce the rate of good prognosis after mechanical thrombectomy. Hence, the ultra-rapid identification and evaluation of stroke patients with a large ischemic region and the estimation of the safety and prognosis of thrombectomy in these patients have crucial clinical implications. With the integration of artificial intelligence (AI) and imaging technology, some automated processing software, such as RAPID® (Rapid Processing of Perfusion and Diffusion), can accurately measure the infarct core and penumbra based on CT perfusion imaging or magnetic resonance−diffusion-weighted imaging (13). However, current diagnostic and treatment guidelines do not recommend overly complex imaging examinations for patients with intracranial large-vessel occlusion who present within 6 h of stroke onset; instead, head NCCT and head-and-neck CTA are often the first choices for the evaluation of these patients prior to thrombectomy (14).

The density changes in ischemic infarcts in brain tissue on NCCT are gradual and time-dependent (15, 16). Some patients in this study arrived at the hospital shortly after stroke onset, resulting in minimal detectable abnormalities on preoperative head NCCT (Figure 1M). This finding further confirmed that the NCCT ASPECTS has certain limitations in recognizing ultra-early massive cerebral infarction. Research has shown that CTA-SI ASPECTS is significantly superior to NCCT ASPECTS for the preoperative evaluation of patients with acute ischemic stroke prior to intravascular treatment (7, 8). Some researchers have also assessed collateral circulation by observing the degree of collateral-vessel filling in the blood supply area of the target occluded vessels on single-phase CTA-SI (17–19). Since the potential compensatory blood supply after the occlusion of the distal ICA or MCA-M1 is often via the leptomeningeal pathway, and since peak collateral flow occurs after the arterial phase, delayed-phase CTA-SI could be more advantageous for estimating collateral circulation (Figure 3). The dual-phase CTA employed in this study added a delayed-phase scan based on conventional head-and-neck CTA, enabling more accurate assessment of the ischemic range and collateral circulation (Figure 3).

[image: A series of brain scans with labels A to F. Scans A and D show angiograms with red arrows indicating a specific area. Scans B, C, E, and F are CT images of the brain, each with a red oval highlighting an area on the left side.]

FIGURE 3
 A case of left middle cerebral artery occlusion 4 h after onset. (A) Digital subtraction angiography (DSA) in the early arterial phase indicates left middle cerebral artery occlusion (red arrow). (B,C) Arterial-phase CTA source images show the ischemic region in the left temporal lobe (red circles). (D) DSA in the late arterial phase shows compensatory vessels of the anterior cerebral artery (red arrow). (E,F) Delayed-phase CTA source images indicate that the ischemic region has been filled by the compensatory vessels (red circles).


Collateral circulation is an essential determinant of clinical outcomes after acute intracranial large-vessel occlusion (20, 21). Poor collateral status is associated with larger follow-up infarct volumes, increased mortality, and unfavorable functional prognosis. Among the patients included in this study, those with collateral circulation grades 2 and 3 had a lower incidence of ICH, malignant brain edema, and mortality than patients with grades 0 and 1, which is consistent with previous studies (22). Considering the inclusion of patients with anterior-circulation large-vessel occlusion with large ischemic lesions (baseline CTA-SI ASPECTS <6), this study defined mRS ≤ 3 (instead of mRS ≤ 2) at 90 days after thrombectomy as a favorable outcome. The incidence rates of favorable outcomes at 90 days in patients with collateral circulation grades 0 and 1 were 0 and 8.33%, respectively, indicating that even though the target vessel was successfully opened in a short period of time, the original large ischemic area quickly transformed into an infarct. Therefore, the treatment time window for these patients may be much less than 6 h. For patients with better collateral circulation (grades 2 and 3), the incidence rates of favorable outcomes at 90 days were only 29.41 and 36.36%, respectively. This finding further demonstrates the importance of minimizing preoperative delay for patients with anterior-circulation large-vessel occlusion accompanied by large ischemic lesions who present within 6 h of onset.

In recent years, the use of perfusion imaging techniques has been expanding to more and more hospitals. These techniques have improved prognostication in acute ischemic stroke and enabled the identification of patients with treatment targets well beyond the conventional time window for intravenous thrombolysis or endovascular treatment or both (23–26). However, perfusion imaging techniques do not directly provide information on collateral circulation, and to some extent increase the examination time, leading to delayed treatment. This is particularly not recommended for acute ischemic stroke patients with poor collateral circulation who present within 6 h of onset (14). Therefore, this study employed dual-phase CTA for the preoperative workup of stroke patients with a large ischemic region in the anterior circulation who presented within 6 h of onset. Dual-phase CTA may have some advantages in this population, especially in terms of not requiring too much additional examination time.

It is worth noting that compared to previous research (4), this study has a relatively high ICH rate, especially in the grade 0 and 1 groups. This is attributable to the rapid progression of large ischemic lesions with poor collateral circulation to infarction, leading to an increased likelihood of reperfusion hemorrhage after target vessel recanalization. The high ICH rate is also attributable to the relatively high rate of intravenous thrombolysis bridging endovascular therapy in the patients included in this study (Table 1). This study included patients who were screened prior to mechanical thrombectomy based on the CTA-SI ASPECTS primarily identifying large ischemic lesions by using the filling defect area on the arterial-phase CTA-SI images. Such lesions often do not show severe or extensive density changes on NCCT during the ultra-early infarct stage or even within 4.5 h of onset. In fact, this is one of the key points that this research revealed: neither NCCT nor single arterial-phase CTA-SI could accurately reflect the infarct core; NCCT might underestimate the core, while CTA-SI might overestimate it. However, considering that this study was single-center study with a small sample size, a clear conclusion could not be drawn yet, and further in-depth research is needed in the future.



Limitations

First, the acquisition of arterial- and delayed-phase data by head-and-neck CTA is influenced by the CT scanning equipment, and the optimal display time of the collateral circulation is affected by the location of the large-vessel occlusion, the variability of contrast injection, the compensatory capacity, and the extent of collateral vessels. Consequently, the selection of CTA-data acquisition time points in this study requires further optimization (27). Second, image resolution may affect the accuracy of the assessment of the collateral circulation status, and further optimization and adjustments to the image resolution are needed (28). Third, collateral grading necessitates manual judgment, which is inevitably influenced by the subjectivity of the evaluator and can vary based on the experience of the radiologist. Finally, this study is a retrospective, single-center study, and the small sample size limited the ability to draw definitive and causal conclusions.



Conclusion

Dual-phase head-and-neck CTA could more comprehensively display the ischemic range and local collateral status after intracranial large-vessel occlusion. Collateral grading based on dual-phase CTA offers a simple and rapid method for the preoperative evaluation of patients with acute anterior-circulation stroke with a large area of ischemic focus prior to mechanical thrombectomy. This is especially important for patients who present within the 6-h time window.
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The lesion core extent modulates the impact of early perfusion mismatch imaging on outcome variability after thrombectomy in stroke
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Introduction: Despite profitable group effects on functional outcomes after mechanical thrombectomy (MT) in large vessel occlusion (LVO), many patients with successful reperfusion show a non-favorable long-term outcome, highlighting the necessity to identify potential biomarkers predicting outcome variability. In this regard, the role of perfusion mismatch imaging for outcome variability in the early time window within 6 h after symptom onset is a matter of debate. We attempted to investigate under which conditions early perfusion mismatch imaging accounts for variability in functional outcomes after mechanical thrombectomy.
Patients and methods: In a retrospective single-center study, we examined 190 consecutive patients with LVO who were admitted to the Medical Center Lübeck within 6 h after symptom onset, all of whom underwent MT. Perfusion mismatch was quantified by applying the Alberta Stroke Program Early CT score (ASPECTS) on CT-measured cerebral blood flow (CBF-ASPECTS) and subtracting it from an ASPECTS application on cerebral blood volume (CBV-ASPECTS), i.e., ASPECTS mismatch. Using multivariate ordinal regression models, associations between ASPECTS mismatch and modified Rankin Scale (mRS) after 90 days were assessed. Furthermore, the interaction between ASPECTS mismatch and the core lesion volume was calculated to evaluate conditional associations.
Results: ASPECTS mismatch did not correlate with functional outcomes when corrected for multiple influencing covariables. However, interactions between ASPECTS mismatch and CBV-ASPECTS [OR: 1.12 (1.06–1.18), p-value < 0.001], as well as NCCT-ASPECTS [OR: 1.15 (1.06–1.25), p-value < 0.001], did show a significant association with functional outcomes. Model comparisons revealed that, profoundly, in patients with large core lesion volumes (CBV-ASPECTS < 6 or NCCT-ASPECTS < 6), perfusion mismatch showed a negative correlation with the mRS.
Discussion and conclusion: Perfusion mismatch imaging within the first 6 h of symptom onset provides valuable insights into the outcome variability of LVO stroke patients receiving thrombectomy but only in patients with large ischemic core lesions.
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Introduction

In recent years, the selection of patients with anterior circulation large vessel occlusion (LVO) for mechanical thrombectomy (MT) has been continuously extended. Profitable outcomes have been shown until 24 h after symptom onset (1, 2), and most recently, randomized controlled trials (RCT) have shown a group benefit of MT for patients even with large core lesion volume (1–4). However, there are a significant number of patients with futile recanalization, i.e., poor outcomes despite successful MT. This highlights the urgent need to identify biomarkers that most likely predict a beneficial outcome and therapeutic gain for individual patients after mechanical thrombectomy. In patients presenting with anterior circulation LVO within 6 h after symptom onset, early diagnostics used in most RCT trials includes non-contrast CT (NCCT) and demonstration of the LVO using angiography to select patients for further endovascular treatment (5–7). CT-perfusion (CTP) imaging allows the quantification of irreversibly damaged and potentially salvageable brain tissue, i.e., the mismatch between definite infarction and tissue with reduced perfusion (8–11). Perfusion imaging is not commonly used in early diagnostics within the first 6 h since its primary usage is for penumbra imaging, which, for various reasons like RCT designs, starts at 6 h when considering patients with LVO and stroke. Therefore, it has not been systematically investigated in its relevance for functional outcome variability but instead used to increase the sensitivity depending on the healthcare system (12). Being widely accessible and still essential for patient selection for MT in the extended or unknown time window by estimating targeted mismatch (13), it may add valuable information for patient outcome variability within the first 6 h after symptom onset. By comparing MT patients with a historical cohort without MT, it has been shown that in patients with large ischemic core lesions within the first 6 h of symptom onset, the prevalence of CTP mismatch might distinguish patients who benefit from MT from those who do not (14). Reperfusion in patients with targeted CTP mismatch was associated with better outcomes in patients within 6 h after symptom onset (15) and patients after 6 h of onset, suggesting the potential role of CTP mismatch for clinical decision-making in the early time window (16). On the contrary, a comprehensive meta-analysis evaluated cohort studies within the first 6 h after symptom onset and did not see any association between functional outcomes and initial mismatch, but rather with lesion core volume (17). The perfusion mismatch is most commonly defined on validated cutoffs on specific perfusion maps (e.g., CBF < 30%, Tmax > 6 s) (11). However, its determination relies heavily on post-processing procedures, including smoothing and signal deconvolution typically integrated into commercial software (e.g., RAPID, VizAI) (18), which restricts its applicability in resource-limited settings. We introduce an alternative region-based approach to describe the extent of perfusion mismatch by applying the Alberta Stroke Program Early CT score (ASPECTS) on perfusion imaging maps. It further implies the potential advantage of weighting the perfusion mismatch or extent of the core lesion depending on the specific anatomical region involved compared to a solely volume-based approach. The core lesion was defined based on the CBV for its high correlation with MRI CBV maps within 6 h after onset (19). Tissue at risk was defined based on reduced CBF.



Aims and hypothesis

The relevance of mismatch and, consequently, the rationale of perfusion imaging within the early time window remains unclear. Arguably, the perfusion mismatch might only be relevant in a specific subgroup of patients with certain clinical features. This aids the development of biomarkers and prediction models aiming at the likelihood of beneficial outcomes and potential therapeutic gain after MT individually.

This study explores the significance of perfusion imaging for functional outcome variability after MT in patients with LVO of the anterior circulation admitted within 6 h of symptom onset.



Materials and methods


Patient selection

Patients with anterior circulation stroke due to LVO admitted to the University Medical Center (UKSH) in Lübeck from August 2014 to April 2020 within 6 h of symptom onset were retrospectively assessed. Eligibility was given if patients (i) showed any perfusion deficits in the CTP, (ii) received CT-angiography confirming LVO of the anterior circulation, (iii) underwent MT due to confirmed LVO of the anterior circulation in CT-angiography, and (iv) sufficient clinical information in the medical charts regarding the National Institutes of Health Stroke Scale (NIHSS) at admission and the modified Rankin Scale (mRS) at follow-up after 90 days was given. Patients with isolated occlusion of peripheral branches of the middle cerebral artery (M2 and distal) were excluded. The study was conducted in accordance with the Declaration of Helsinki and approved by the local ethical committee (Nr. 2023-129). As the data were already anonymized, written informed consent was not sought for the present study. The report follows STROBE guidelines for cohort studies.



Image acquisition and analysis

NCCT, as well as CTP examinations, were acquired on two different scanners. The first scanner was a Siemens Somatom Definition As (Siemens Healthineers, Erlangen, Germany), while the second was a CT6000 iCT from Philips (Philips Healthcare, Hamburg, Germany). In the case of the Siemens scanner, the NCCT was carried out using 100-kV, z-axis dose modulation with a reference tube load of 513 mAs, 1 second resolution time, a pitch set to 0.8, and an effective detector width of 12 mm. However, the kV value was set to 80, and the tube load was referred to 105 mAs at a revolution time of 0.3 s for CTP scans. The CTP acquisition was performed in 45 s with an intrinsic delay of 4 s after bolus injection and a cycle time of 1.5 s with helical image acquisition at 2 × 38, 4-mm detector width, allowing whole brain coverage.

In the case of the Philips scanner, the NCCT was carried out using 100 kV, a fixed tube load of 380 mAs, 0.4 s revolution time, a pitch set to 0.3, and an effective detector width of 40 mm. However, the kV value was set to 80, and the tube load was referred to 100 mAs at a revolution time of 0.33 s for CTP scans. The CTP acquisition was performed in 40 s with an intrinsic delay of 4 s after bolus injection and a cycle time of 1.5 s with static, i.e., axial image acquisition at 80 mm detector width, allowing whole brain coverage.

For postprocessing, syngo.via (Siemens Healthcare, Forchheim) was used with a 5.0 mm slice thickness to generate maps of the CBV and CBF.

The NCCT, as well as perfusion maps (CBV and CBF), were visually inspected by two experienced neuroradiologists (LR and AN) blinded to the clinical outcome. The ASPECTS was applied to NCCT (NCCT-ASPECTS) and the two perfusion maps (CBV-ASPECTS, CBF-ASPECTS) to quantify the extent of early ischemic changes and perfusion deficits. In case of a discrepancy between the two raters, the median was taken. If the median was between two absolute values, the lower value was taken as the extent of the lesion visualized in follow-up MRI is often more extensive than that in initial NCCT-ASPECTS (20). The perfusion mismatch, i.e., the ASPECTS mismatch, was operationalized by CBV-ASPECTS—CBF-ASPECTS values. An alternative approach was performed to estimate the perfusion mismatch volume as well as the core lesion volume based on the perfusion maps CBF (< 30%) and Tmax (>6 s) using an in-house Python script. For a detailed description, please see the Supplementary material.



Clinical and demographic data

The primary outcome measure was defined as the modified Rankin Scale (mRS) obtained 90 days after stroke. Data on age, National Institute of Health Stroke Scale (NIHSS) at admission, sex, the affected hemisphere (side), and the Thrombolysis in Cerebral Infarction (TICI) score were extracted from the medical charts and the neuroradiological reports. All researchers extracting the clinical information were blinded to the functional outcomes of individual patients.



Statistical analysis

The association between ASPECTS mismatch and mRS after 90 days was assessed using multivariate ordinal logistic regression models. Odds ratios (OR) with 95% confidence intervals (CI) were fitted for more deficits in patients with larger mismatches. Models were fully adjusted for age, NCCT-ASPECTS, NIHSS at admission, sex, side of the lesion, and TICI score. Furthermore, two interactions were evaluated to explore ASPECTS mismatch information in the dependency from the core lesion volume as operationalized by CBV- and NCCT-ASPECTS. When testing the interaction with CBV-ASPECTS for association with the outcome, CBV-ASPECTS was included as an additional covariable. Further sensitivity analyses were conducted. Separate multivariate ordinal logistic regression models were used (i) for the subgroup of patients with successful recanalization and (ii) corrected for individual medical history. Multivariate imputation analyses were performed to test for the influence of selective bias due to missing functional data, and statistical models were repeated in 216 patients. Multivariate ordinal logistic regression models were used similarly based on the volumetric description of the core lesion and perfusion mismatch using CBF and Tmax (Supplementary material).

Finally, the results of univariate regression modeling assessing the relationship between ASPECTS mismatch and mRS 90 days after stroke were compared in patients with extended core lesions against those with less core lesion sizes. Subgroups included all patients having a score below 6 in the CBV-ASPECTS or NCCT-ASPECTS and patients with a score of 6 or higher. P-values were corrected for multiple comparisons. Models were compared using LR statistics. Statistical analyses were performed using Python (v. 3.9.13; Toolboxes used: Scipy, Statsmodels).




Results


Clinical and demographic data

Between August 2014 and April 2020, 835 patients were admitted to UKSH Lübeck due to LVO and treated with mechanical thrombectomy. A total of 445 (53%) patients were admitted to the hospital < 6 h after symptom onset, with 302 patients with LVO of the anterior circulation. Complete imaging protocols, including NCCT and perfusion maps with sufficient quality to assess the ASPECTS, were available in 216 patients. Complete clinical and demographical data, including the mRS 90 days after stroke, were accessible in 190 patients included in the final analysis (Figure 1). The same cohort was studied in a separate analysis evaluating white matter disconnectivity based on pre-interventional perfusion imaging (21). The clinical and demographic characteristics of the study cohort are presented in Table 1.


[image: Flowchart depicting patient selection for a study on mechanical thrombectomy. Initially, 835 patients were considered. 390 were excluded as they were admitted beyond six hours of symptom onset. Among 445 patients within six hours, 130 had LVO outside the anterior circulation, 11 had isolated M2 occlusions, and 2 had internal carotid artery stenosis, leaving 302 patients. Of these, 49 had incomplete imaging, 34 had non-analyzable imaging, and 3 had no perfusion deficit, leading to 216 with complete analyzable imaging. Finally, 26 more were excluded for missing data, resulting in 190 patients enrolled in the study.]
FIGURE 1
 Recruitment. CTA, computed tomography angiography; CTP, computed tomography perfusion; LVO, large cerebral vessel occlusion; mRS, modified Rankin Scale; NCCT, non-contrast computed tomography; and NIHSS, National Institutes of Health Stroke Scale.



TABLE 1 Patient baseline clinical and demographic characteristics.

[image: Table summarizing clinical variables and outcomes for a cohort of 190 patients. Median age is 72 years. Fifty percent are male. Key scores reported: NIHSS median 16, NCCT-ASPECTS median 7, CBV-ASPECTS median 6, CBF-ASPECTS median 1. Time from imaging to reperfusion averages 113 minutes. High proportions received IV thrombolysis (71%) and successful recanalization (95%). Common diagnoses include arterial hypertension (67%) and atrial fibrillation (45%). Notes detail medical terms and acronyms.]



Association between CTP mismatch and functional outcome

ASPECTS mismatch did not contribute significantly to the outcome variability (Table 2). NCCT-ASPECTS [OR: 0.66 (0.55–0.80), p-value < 0.001], age [OR: 1.06 (1.04–1.09), p-value < 0.001], sex [OR: 0.45 (0.26–0.79), p-value = 0.006], and TICI [OR: 0.53 (0.38–0.74), p-value < 0.001] contribute significantly to the functional outcomes with higher NCCT-ASPECTS, lower age, male gender, and higher reperfusion scale being associated with a better functional outcome 90 days after stroke. There was no significant association between perfusion mismatch volume based on CBF and Tmax and functional outcomes (Supplementary Table S1).


TABLE 2 Multivariable ordinal logistic regression: mRS at 90 days after stroke.

[image: Multivariable ordinal logistic regression model table showing the outcome of mRS ninety days after stroke. Variables include ASPECTS mismatch with OR 0.99, p-value 0.903; ASPECTS mismatch × CBV-ASPECTS with OR 1.12, p-value <0.001; and ASPECTS mismatch × NCCT-ASPECTS with OR 1.15, p-value <0.001. Text below explains influencing factors and covariables including NCCT-ASPECTS, age, sex, and more.]



Evaluating the interaction between ASPECTS mismatch and CBV-ASPECTS as well as between ASPECTS mismatch and NCCT-ASPECTS and its relevance for functional outcomes

The interaction between ASPECTS mismatch and CBV-ASPECTS, as well as the interaction between ASPECTS mismatch with NCCT-ASPECTS, showed a significant contribution to functional outcomes in the multivariate ordinal logistic regression model (Table 2). Conducting the same multivariate ordinal logistic regression modeling among patients achieving successful recanalization (TICI ≥ 2b) yielded consistent findings (Supplementary Table S2). The results were consistent after correcting for the individual medical history (Supplementary Table S3) and after performing multivariate imputation analyses to compensate for missing functional outcome data (N = 216, Supplementary Table S4). There was no significant association between the interaction of perfusion mismatch volume and estimates of core lesion extent (CBF < 30%, NCCT-ASPECTS) with functional outcome when considering CBF < 30% and Tmax > 6 s to define perfusion mismatch (Supplementary Table S1).



Association between ASPECTS mismatch and functional outcome within different subgroups of lesion core volumes

Within the subgroups of patients with CBV-ASPECTS with a score < 6, there was a significant association between ASPECTS mismatch and mRS 90 days after stroke [OR: 0.68 (0.50–0.91), p-value = 0.036]. This association was not significant in the group of patients with CBV-ASPECTS of 6 or higher [OR: 1.11 (0.91–1.35), p-value = 0.302]. Model comparison using LR statistics favors the model including patients with low CBV-ASPECTS (p < 0.001). In patients with NCCT-ASPECTS lower than 6, there is a significant association between ASPECTS mismatch and mRS 90 days after stroke [OR: 0.52 (0.30–0.91), p-value = 0.042], which is not present within the group of patients with NCCT-ASPECTS of 6 or higher [OR: 0.97 (0.79–1.03), p-value = 0.192]. Model comparison favors the model, including patients with low NCCT-ASPECTS (p < 0.001).

Figure 2 illustrates the relationship between ASPECTS mismatch and functional outcomes between the subgroups of patients with CBV-ASPECTS (A) and NCCT-ASPECTS (B) below and above/equal to 6. Both comparisons show negative correlations between ASPECTS mismatch and mRS 90 days after stroke in the group with lower CBV-ASPECTS or NCCT-ASPECTS.


[image: Four box plots show imaging results. Panel A: The first plot depicts a negative trend in ASPECTS mismatch for 0-5 scores, while the second shows a positive trend for 6-10 scores. Panel B: Both plots show a negative trend for NCCT ASPECTS scores, 0-5 and 6-10. Green lines indicate linear trends.]
FIGURE 2
 Relationship between ASPECTS mismatch and mRS 90 days after stroke in dependency of CBV-ASPECTS and NCCT-ASPECTS. The mRS scores at 90 days after stroke are illustrated in relation to the ASPECTS mismatch at onset within patients below and equal or above 6 score points in CBV-ASPECTS (A) and NCCT-ASPECTS (B). Data are shown with median, first and third quartile, minimum, and maximum given. Numbers above each box plot indicate the number of patients within this subgroup. Furthermore, for illustrative reasons only, data are fit to a linear regression model with a given trend line and 95% confidence Interval (green). CBV-ASPECTS, Cerebral Blood Volume Alberta Stroke Program Early CT Score; ASPECTS mismatch, CBV-ASPECTS—CBF-ASPECTS; NCCT-ASPECTS, Non-Contrast CT Alberta Stroke Program Early CT Score.





Discussion

Within the presented analysis, we aimed to investigate the conditional functional meaning of perfusion imaging in patients with LVO of the anterior circulation receiving mechanical thrombectomy who were admitted to the hospital < 6 h after the symptom onset.

By calculating the ASPECTS based on the CBV and CBF maps, the ASPECTS mismatch was quantified by subtracting CBF-ASPECTS from CBV-ASPECTS. First, multivariate regression models did not show any association between ASPECTS mismatch and functional outcomes, as NCCT-ASPECTS, age, sex, and TICI already explained most variance. However, by incorporating the interaction of ASPECTS mismatch with measurements of the extended core lesion volume, estimated by CBV-ASPECTS or NCCT-ASPECTS, we could show that perfusion mismatch does become relevant for estimating functional outcomes in those patients with extended early ischemic changes.

These results have significant implications for the future development of predictive modeling regarding functional outcomes following MT, emphasizing a shift toward individualized approaches. They further suggest that among acute stroke patients exhibiting extensive signs of irreversible tissue damage, a substantial perfusion mismatch indicates an elevated likelihood of favorable outcomes post-MT. Conversely, the absence of perfusion mismatch in those patients demands careful consideration regarding the decision to perform MT, as the prospects for favorable outcomes are constrained and might not outweigh interventional risks. Therefore, these findings endorse the selective application of perfusion imaging during the early time window to support clinical management.

Following the current guidelines of acute stroke management, in ischemic stroke patients who are admitted to the hospital within 6 h of symptom onset, further perfusion imaging is not required (7, 22) and might even unnecessarily prolong the acute imaging protocol. Still, depending on the healthcare systems, it is often considered to increase sensitivity for distal vessel occlusions that are difficult to detect by CT angiography (12, 23). Most RCTs showing the profitable effect of MT within the early time window did not consider perfusion imaging (5, 6, 24). However, approximately half of the LVO patients treated in the early time window fail to recover despite successful reperfusion (25, 26). Identifying clinical biomarkers that help distinguish patients with favorable outcomes from those without is needed to understand outcome variability following MT and eventually improve clinical management. In this regard, the role of CTP imaging in the early time window is still unclear. Some studies presented an association between perfusion mismatch and functional outcomes in patients admitted within 6 h of symptom onset (15, 27, 28). In contrast, a comprehensive meta-analysis failed to show any association (17). Furthermore, pooled data of the HERMES collaboration comparing RCTs with and without pre-interventional CTP imaging revealed a similar outcome (29) at the group level. In the late time window, a targeted mismatch is still recommended for patient selection for MT (7–9), following penumbral imaging. However, a large multicenter trial revealed no difference in functional outcomes if patients were selected based on NCCT compared to CTP (30), and a recent RCT proved profitable outcome in patients with large infarcts purely selected based on NCCT (31). These results show that perfusion imaging has not become essential for most patients. However, whether it contains valuable information about the functional outcome variability in a specific patient group or on an individual basis and thus still has a high value in acute stroke imaging needs further investigation. Here, developing promising predictive modeling informing the physicians, the patient, and relatives about potential therapeutic gain and functional outcome greatly influences further clinical management. This could develop acute stroke imaging toward a personalized and individualized approach.

In our analysis, the independent association between perfusion mismatch and functional outcome did not show any association with functional outcome, which aligns with previous studies (17, 29). However, in the subgroup of patients with extended lesion core volume, the presented analyses showed a strong association between perfusion mismatch and outcome (Figure 2), as revealed by the significant association of the interaction between ASPECTS mismatch and CBV-ASPECTS or NCCT-ASPECTS with functional outcomes (Table 2). Thus, applying perfusion imaging within 6 h of symptom onset might be helpful in those patients who show signs of large ischemic lesion cores on NCCT (NCCT ASPECTS < 6), as these patients might otherwise be considered not to undergo MT.

Extended core lesion sizes in LVO patients are associated with worse outcomes. Surprisingly, meta-analyses and recent RCT trials have nevertheless shown a profitable group effect in patients with NCCT-ASPECTS ranging from 3 to 5 (1–4, 31). However, of all patients who received endovascular treatment, 51–69% showed an mRS of 4 or higher, indicating an inability to walk, being bedridden, or dead. Further, risk of symptomatic intracranial hemorrhage increases with growing lesion size (14, 32). It is, therefore, a justified effort to identify biomarkers that indicate a high therapeutic gain on an individual level. In patients with extended signs of early ischemic changes, we could show that perfusion mismatch estimation has a high correlation with functional outcomes. In patients with a CBV- or NCCT-ASPECTS below 6, a higher ASPECT mismatch indicated a high likelihood of a better functional outcome, partially achieving favorable outcomes. With every additional perfusion mismatch within areas of the media territory considered in the ASPECTS, patients had half of the risk worsening one point on the mRS 90 days after stroke. On the contrary, patients in the low ASPECTS group, who showed no mismatch, had a very high risk of severe disability or death (Figure 2). This association was not seen in patients with lower core lesion sizes. Therefore, a higher ASPECTS mismatch might foresee a better outcome only in patients with extended core lesions receiving endovascular treatment and might improve predictive modeling of functional outcomes after MT in the future.

Perfusion imaging maps such as CBV and CBF are generated by modeling tracer dynamics and underlying hemodynamic properties. Established estimations of core lesion volume or tissue at risk include the usage of validated cut-offs on such maps (e.g., CBF < 30%) (11). Still, the optimal threshold depends on preprocessing steps like smoothing or signal deconvolution, usually implemented within commercial software that is not broadly accessible and still shows a high risk of overestimation (33). We introduce an alternative region-based approach to describe the extent of core lesion volumes by applying ASPECTS on perfusion imaging maps, independent of any analytical software and selection of specific cutoff values. As for its application on NCCT, it can be performed by any trained physician and is, therefore, easily and quickly accessible in an emergency setting.

Interestingly, analyses aiming to quantify the volume of perfusion mismatch and core lesion, based on CBF < 30% and Tmax >6 s, did not reveal a significant interaction between perfusion mismatch and core lesion extent with functional outcomes as presented. In addition to the previously discussed uncertainty regarding the optimal threshold for defining irreversible tissue damage and tissue at risk, applying the ASPECTS on perfusion maps represents a regional-based weighted approach to define perfusion alterations. Thus, it is plausible that it is not solely the volume itself but the implicated anatomical regions, which most accurately reflect associations with functional outcomes. In this context, we have recently introduced the functional significance of the preserved corticospinal tract based on CTP for functional outcomes after MT (21).

Several limitations must be considered when interpreting the presented analyses.

Ongoing technical developments, including the introduction of novel devices, hold the potential to significantly decrease the time of imaging to reperfusion, consequently enhancing functional outcomes. However, the retrospective analyses presented included patients from 2014 to 2020, thereby constraining the generalizability of these findings. Additional neuroradiological and clinical markers are known to be related to functional outcome which were not included as cofactors in the presented analysis. Here, the collateral status (34), lesion water uptake (35), the time between imaging and reperfusion (36), and affection of essential white matter pathways (21) relate to the functional outcome and might add complexity to the presented statistical models. Furthermore, the premorbid mRS might significantly affect the post-MT outcome and was not accessible in the retrospective clinical data. A total of 26 patients were excluded from the retrospective analyses due to incomplete functional data, including the mRS at 90 days post-stroke, which could introduce a selection bias. Imputation analyses were performed to address missing values, resulting in consistent outcomes and mitigating the potential impact of selection bias on the analyses. In most trials concerning endovascular treatment effects, a less favorable outcome is defined by the mRS. Still, specific neurological deficits dramatically impact the quality of life, which is not reflected by this score. This includes, e.g., aphasia, spatial and sustained attentional deficits, fine motor function, visual deficits, affection of concentration, mood, and sleep. There is growing evidence of overestimating core lesion volume by CT perfusion (37). Thus, core lesion volume approximations by CTP have to be reflected with caution. Furthermore, the inter-rater variability of ASPECTS is high and limits the generalizability of the presented approach (38).

In conclusion, we could show that in the early time window (<6 h after symptom onset) of LVO stroke, the extent of perfusion mismatch relates to the functional outcome only in those patients with signs of extended ischemic core volumes. These results suggest using perfusion imaging in the early time window of < 6 h of symptom onset to support clinical decision-making on MT in patients with low ASPECTS on the initial NCCT. They further deepen the understanding of outcome variability in patients with LVO in the early time window and in patients with signs of extended ischemic core volumes.
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Background and aims: Fast-track care have been proved to reduce the short-term risk of stroke after transient ischemic attack (TIA). We aimed to investigate stroke risk and to characterize short- and long-term stroke predictors in a large cohort of TIA patients undergoing fast-track management.
Methods: Prospective study, enrolling consecutive TIA patients admitted to a Northern Italy emergency department from August 2010 to December 2017. All patients underwent fast-track care within 24 h of admission. The primary outcome was defined as the first stroke recurrence at 90 days, 12 and 60 months after TIA. Stroke incidence with 95% confidence interval (CI) at each timepoint was calculated using Poisson regression. Predictors of stroke recurrence were evaluated with Cox regression analysis. The number needed to treat (NNT) of fast-track care in preventing 90-day stroke recurrence in respect to the estimates based on baseline ABCD2 score was also calculated.
Results: We enrolled 1,035 patients (54.2% males). Stroke incidence was low throughout the follow-up with rates of 2.2% [95% CI 1.4–3.3%] at 90 days, 2.9% [95% CI 1.9–4.2%] at 12 months and 7.1% [95% CI 5.4–9.0%] at 60 months. Multiple TIA, speech disturbances and presence of ischemic lesion at neuroimaging predicted stroke recurrence at each timepoint. Male sex and increasing age predicted 90-day and 60-month stroke risk, respectively. Hypertension was associated with higher 12-month and 60-month stroke risk. No specific TIA etiology predicted higher stroke risk throughout the follow-up. The NNT for fast-track care in preventing 90-day stroke was 14.5 [95% CI 11.3–20.4] in the overall cohort and 6.8 [95% CI 4.6–13.5] in patients with baseline ABCD2 of 6 to 7.
Conclusion: Our findings support the effectiveness of fast-track care in preventing both short- and long-term stroke recurrence after TIA. Particular effort should be made to identify and monitor patients with baseline predictors of higher stroke risk, which may vary according to follow-up duration.
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 transient ischemic attack; stroke; outcomes; fast-track; predictors; number needed to treat


Background

Transient ischemic attack (TIA) represents a clinical emergency due to the increased risk of stroke and short-term cardiovascular events (1–4). Prior population-based studies showed that the risk of recurrent stroke after TIA may reach up to 17% at 3 months, with a higher incidence in the first 48 h (~50%) after the index TIA. Therefore, current guidelines recommend adopting organizational protocols based on timely diagnostic assessment and early secondary prevention, the so-called “fast-track care.” Benefits of the fast-track care were documented by several real-world studies which showed a consistent decrease in the 90-day risk of stroke recurrence after the index TIA (5, 6). However, recent evidence showed that patients with TIA may have an increased risk of recurrent cardiovascular events even beyond the first 3 months after the index event. Indeed, the 60-month incidence of recurrent stroke in patients presenting with first-ever TIA was shown to be of 9.5% (7.7% for ischemic stroke only) in the large multicentric TIA registry (2009–2011) (7), 16.1% in the Framingham cohort study (2000–2017) (8) and 6.1% in the Danish Stroke Registry (2014–2020) (9). The increased long-term stroke risk after TIA underscores the necessity of identifying predictors associated with a higher risk of long-term stroke recurrence, especially considering that factors influencing later recurrences may differ from those contributing to early ones. Hereafter, we aimed to investigate the risk of stroke and to characterize short- and long-term stroke predictors in a large population of TIA patients undergoing fast-track management.



Methods

Study definitions are reported elsewhere (5, 10, 11). We enrolled all consecutive patients aged ≥18 years and with symptoms consistent with TIA (12) that were referred to the emergency department (ED) of the S. Orsola-Malpighi University Hospital of Bologna between August 1, 2010 and December 31, 2017. The catchment area of our ED covers a population of about 250,000 inhabitants. We included only patients with probable or definite TIA according to the National Institute of Neurological Disorders and Stroke (NINDS) criteria (13), as diagnosed after a careful examination of the medical history and neurological features. All TIA diagnoses were adjudicated by a senior vascular neurologist (MG) who decided about the study inclusion in case of discrepancy with the neurologist who initially evaluated the case.


Fast-track work up

We implemented our fast-track diagnostic work up for all TIA patients referred to our ED starting from August 1st, 2010. This decision was informed by recent research indicating that relying solely on risk stratification using the ABCD2 score led to the oversight of approximately 20% of patients with significant underlying conditions posing high recurrent stroke risk (14). All patients underwent a first-line investigations within 24 h of ED admission including neurologic examination, electrocardiography (ECG), brain computed tomography (CT), blood test, blood pressure (BP) measurement, extracranial vessel study with routine color Doppler ultrasound, intracranial vessel study with transcranial color Doppler. Transthoracic echocardiography was conducted for all patients, either within 24 h for those with valvular heart disease, atrial fibrillation, recent myocardial infarction, or a history of cardiomyopathy, or scheduled as promptly as possible for other cases. ABCD2 score was recorded in all patients, as well as vascular risk factors and ongoing therapy on admission. Second-level investigations included prolonged ECG monitoring, CT angiography (CTA) or magnetic resonance angiography (CTA, MRA), brain MRI with diffusion-weighted (DW) sequences, transcranial Doppler with bubble study and thrombophilia screening. CTA/MRA were performed in all patients with positive Doppler ultrasound exam (i.e., detection of intracranial stenosis or symptomatic inner carotid artery stenosis, as defined by the presence of an atherosclerotic plaque determining ≥50% narrowing of the artery lumen, according to the North America Symptomatic Carotid Endarterectomy Trial [NASCET] classification) (15). Secondary prevention was initiated in all patients within 24 h of admission. The fast-track work up was driven by a senior neurovascular specialist (MG) who reviewed results of all exams and decided for optimal management.



Follow-up and outcome adjudication

Enrolled patients were followed-up at 90 days, 12 and 60 months after the index TIA. The primary outcome was the occurrence of a first recurrent ischemic stroke at each timepoint. In patients with primary outcome the follow-up ended at the date of the recurrent stroke event, and they were considered as censored at the following timepoints. Stroke events were recorded by vascular neurologists or extracted from medical records. For patients missing scheduled on-site follow-up visits, information was retrieved by phone call or from hospital discharge records, specialty visits in the hospital, and mortality registry. Specifically, we searched for the following ICD-9- CM codes: 430 to 438 for cerebrovascular disease; 410 to 411 for acute coronary disease; 415 for pulmonary embolism; 798.1, 798.2, and 798.9 sudden death, cause unknown; and 427 for atrial fibrillation. Stroke occurrence at each follow-up was defined according to the World Health Organization (WHO) definition. The adjudication of all stroke events was confirmed by a senior vascular neurologist (MG) who reviewed clinical records and validated all outcome events.



Statistical analysis

Categorical variables were presented as frequencies and percentages, continuous variables as mean ± standard deviation (sd) or as median (interquartile range – IQR) according to their distribution. Shapiro–Wilk and Kolmogorov–Smirnov tests were used to test the normal distribution of study variables. Comparison between categorical variables was performed using Fisher’s exact test and Pearson χ2 test, when appropriate. To assess the incidence of stroke at each timepoint after the index TIA and to determine confidence intervals (CIs), we employed Poisson regression analysis. Predictors of stroke at each timepoint were identified using univariate Cox regression analysis, including demographics, clinical presentation, cardiovascular risk factors, TIA etiology, neuroimaging findings, blood cholesterol and triglycerides levels. Variables were entered using a forced entry method to embed all factors which could impact on stroke risk after TIA. Subsequently, a multivariate Cox regression analysis including variables with statistical significance <0.10 was performed to identify independent stroke predictors. Results were reported as hazard ratio (HR) with 95% confidence interval (CI). The cumulative risk of stroke after TIA during the overall follow-up was estimated using Kaplan–Meier hazard function. To estimate the impact of fast-track care on the 90-day stroke risk, we calculated the incidence rate ratio (IRR) of the observed versus expected stroke incidence based on the baseline ABCD2 score. We also calculated the relative and absolute reduction in stroke risk compared to estimates based on the ABCD2 score, along with the corresponding number needed to treat (NNT) for fast-track care to prevent 90-day stroke. Lastly, a sensitivity analysis was performed to assess the risk of recurrent stroke at each timepoint in patients without ischemic lesion(s) at neuroimaging (“tissue-based” TIAs) and to evaluate the impact of fast-track care in preventing 90-day stroke in this group of patients. The statistical significance was set at a p-value <0.05. All analyses were performed using R software (version 4.2).




Results


Baseline characteristics

We included a total of 1,035 TIA patients, of whom 561 (54.2%) were male (Figure 1). For all patients, the ED admission was the first medical presentation for TIA symptoms. The mean age at TIA onset was 70.6 ± 14.5 years. The most common clinical presentation was speech disturbances (50.1%), followed by motor symptoms (49.8%). Vertebro-basilar symptoms were present in 15.4% of all TIAs. Multiple TIA accounted for 22.3% of all cases. Baseline characteristics, as well distribution of vascular risk factors and ongoing therapy on admission are summarized in Table 1.

[image: Flowchart illustrating the Bologna TIA study cohort process for 1,035 patients. It shows fast-track care within 24 hours, including neurologic examination, ABCD2 score, ECG, brain CT, blood test, BP measurement, vessel study, and echocardiography. After starting secondary prevention, follow-up periods are marked at 90 days, 12 months, and 60 months. The flowchart also indicates primary outcome adjudication for incident stroke.]

FIGURE 1
 Study flow diagram. CT, computed tomography; ECG, electrocardiography; TIA, transient ischemic attack.




TABLE 1 Baseline characteristics.
[image: Table displaying study cohort characteristics for 1,035 participants. Demographics: 54.2% male, mean age 70.6 years. Clinical features include index TIA duration, incidence of multiple TIAs, motor, and sensory symptoms. Risk factors listed are hypertension (68.6%), diabetes mellitus (16.0%), and prior TIA/stroke (22.9%). Ongoing therapies documented include single antiplatelet treatment (42.2%) and antihypertensive drugs (64.9%).]



Fast-track work up

Brain CT was performed in all patients on admission, while 169 patients (16.3%) underwent a second CT within 24 h of admission. Brain MRI was carried out in 180 patients (17.4%) after a median time of 3 days (IQR 2–5) of admission. All patients underwent extracranial and intracranial brain vessels study. Specifically, extracranial vessels were studied in all patients with color Doppler ultrasound, while intracranial vessels were investigated with transcranial color Doppler in 79.7% of cases. CTA or MRA were performed in 20.9% of patients. Transthoracic echocardiography was performed in 63.9% of patients. Results of the first line investigations and discharge therapies are reported in Table 2.



TABLE 2 Results of the fast-track diagnostic work up.
[image: Table showing clinical findings and treatments for a study cohort of 1,035 participants. Key findings: Doppler ultrasound detected extracranial carotid artery stenosis in 173 (16.7%) and symptomatic stenosis in 87 (8.4%). Electrocardiograms showed atrial fibrillation in 35 (3.4%). Neuroimaging revealed leukoaraiosis in 193 (18.7%). TIA etiology: large artery atherosclerosis in 201 (19.4%), cardioembolic in 227 (21.9%). Laboratory findings include total cholesterol at 197.3 mg/dL. Prevention therapies: single antiplatelet in 581 (56.1%), dual antiplatelet in 316 (30.5%).]

Second-level investigations were conducted in all patients with negative first-level etiological ascertainments (n = 357). Specifically, prolonged ECG monitoring was performed in all TIAs of undetermined etiology through 24-h (84.3%) or 48-h (15.7%) ECG Holter. Loop recorder for continuous ECG monitoring was implanted in 9 out of 357 (2.5%) patients with unknown TIA etiology. All patients with TIA of undetermined etiology underwent transthoracic echocardiography. Transcranial Doppler with bubble study and thrombophilia screening were conducted in all patients aged ≤60 years and negative first-level diagnostic work-up (83 out of 357, 23.2%).

As regards secondary prevention, in the absence of contraindications all patients with non-cardioembolic TIA started single (SAPT) or dual (DAPT) antiplatelet treatment within 24 h of admission. Specifically, SAPT was initiated in 56.1% of TIA patients, while 30.5% started DAPT. A shift toward DAPT was documented during the study period: all high-risk TIAs (ABCD2 ≥ 4) with non-cardioembolic etiology enrolled after 2015 were treated with short-term (21 days) DAPT, based on evidence available at the time (16). Oral anticoagulation was started in 17.0% of patients, including 35 patients (3.4%) who were diagnosed with atrial fibrillation or other cardioembolic arrhythmias at the fast-track diagnostic work up. Inner carotid artery symptomatic stenosis was detected in 87 patients (8.4%). Carotid endarterectomy or stenting were performed in 7.8 and 0.6% of TIA patients, respectively. All patients received best medical treatment for cardiovascular comorbidities. Information on secondary prevention treatment is reported in Table 2.

Among patients with low-risk TIA (346 out of 1,035, 33.4%), atrial fibrillation was detected in 8 patients (2.3%); symptomatic inner carotid artery stenosis was found in 52 patients (15.0%), while 23 patients (6.7%) had intracranial stenosis.



Follow-up

All patients completed the 90-day follow-up, while 1,002 (96.8%) and 920 (88.9%) patients completed the 12-month and 60-month follow-up, respectively. Study flow diagram with procedures and number of patients at each follow-up is displayed in Figure 1. Overall, 131 patients died during the 60 months following the index TIA (12.6%). Death was related to stroke recurrence in 16 out of 131 cases (12.2%), while 7 out of 131 patients (5.3%) died for other vascular events (i.e., acute coronary syndrome, sudden unexpected death).



90-day risk of stroke and stroke predictors

The 90-day stroke incidence was 2.2% [95%CI 1.4–3.3%] (Table 3). Most stroke cases (13 out of 23, 56.5%) occurred within 48 h of the index TIA. Independent predictors of 90-day stroke recurrence included male sex (HR 2.70, [95% CI 1.06–6.91]; p = 0.038), multiple TIA (HR 5.85, [95% CI 2.44–14.03]; p < 0.001), speech disturbances (HR 2.85, [95% CI 1.16–6.98]; p = 0.022), and presence of ischemic lesion at neuroimaging on admission (HR 12.50, [95% CI 4.97–31.39]; p < 0.001). TIA etiology did not predict higher 90-day stroke risk (Supplementary Table 1).



TABLE 3 Stroke incidence after TIA.
[image: Table displaying the number of patients, incident strokes, and incidence percentages with confidence intervals at four timepoints: 48 hours, 90 days, 12 months, and 60 months. At 48 hours, 1,035 patients and 13 strokes show an incidence of 1.3% [0.7–2.1]. At 90 days, 1,035 patients and 23 strokes yield 2.2% [1.4–3.3]. At 12 months, 1,002 patients and 29 strokes result in 2.9% [1.9–4.2]. At 60 months, 920 patients and 65 strokes lead to 7.1% [5.4–9.0].]



12-month risk of stroke and stroke predictors

The 12-month stroke incidence was 2.9% [95% CI 1.9–4.2%] (Table 3). Independent predictors of 12-month stroke recurrence were multiple TIA (HR 3.81, [95% CI 1.85–7.81]: p < 0.001), speech disturbances (HR 2.31, [95% CI 1.11–4.80]; p = 0.026), history of hypertension (HR 3.68, [95% CI 1.37–9.88]; p = 0.010), and presence of ischemic lesion at neuroimaging on admission (HR 10.39, [95% CI 4.76–22.71]; p < 0.001). TIA etiology was not an independent predictor of 12-month stroke risk (Supplementary Table 2).



60-month risk of stroke and stroke predictors

At 60 months post-TIA, we found a stroke incidence of 7.1% [95% CI 5.4–9.0%] (Table 3). Increasing age (HR per 1 year increase 1.03, [95% CI 1.00–1.05]; p = 0.030), multiple TIA (HR 2.24, [95% CI 1.27–3.94]; p < 0.001), speech disturbances (HR 1.97, [95% CI 1.13–3.40]; p = 0.016), history of hypertension (HR 2.23, [95% CI 2.11–4.89]; p = 0.024), and presence of ischemic lesion at neuroimaging on admission (HR 11.29, [95% CI 5.69–22.37]; p < 0.001) were found to be independently associated with a higher risk of 60-month stroke recurrence. TIA etiology was not independently associated with higher 60-month stroke risk (Supplementary Table 3). The overall incidence of stroke after TIA was significantly lower in patients treated with DAPT compared to those treated with SAPT (3.5% versus 9.3%, p = 0.002).

The most frequent etiology of 60-month recurrent stroke (n = 65) was small artery occlusion (40.0%), followed by cardioembolism (24.6%), undetermined etiology (16.9%), LAA (15.4%), and other determined etiology (3.1%). We found a total concordance (100.0%) between index TIA and subsequent stroke etiologies for cardioembolism and other determined etiology. Strokes after undetermined TIAs mostly remained of unknown etiology (73.3%), but in 20.0% of patients a cardioembolic source was disclosed and a single patient (6.7%) had recurrent lacunar stroke. TIA related to small artery occlusion recurred as lacunar stroke in 91.4% of cases, while in the remaining stroke etiology was due to LAA (4.4%) or undetermined (4.4%). Lastly, LAA-related TIA usually recurred with LAA-related stroke (62.5%) but in a minority of patients the recurrent stroke event was attributable to small artery occlusion (25.0%) or cardioembolism (12.5%). Table 4 summarizes concordance between index TIA and recurrent stroke etiologies.



TABLE 4 Etiological concordance between index TIA and recurrent stroke.
[image: Table of TOAST stroke index percentages. Categories include LAA, Cardioembolic, Small artery occlusion, Other determined etiology, and Undetermined etiology. LAA shows 62.5% for LAA, 12.5% Cardioembolic, 25% Small artery occlusion. Cardioembolic is 100%, Small artery occlusion 91.4%, Other determined etiology 100%, Undetermined etiology 73.3%. Cells contain zeros where applicable.]



Kaplan–Meier hazard function of overall stroke risk after TIA

The median stroke-free survival after the index TIA was 399.4 days [95% CI 369.3–429.9]. The Kaplan–Meier hazard function confirmed that the overall risk of stroke increased over time but was particularly high during the first 90 days after TIA (35.4% of all strokes) (Figure 2).

[image: Line graph showing the cumulative hazard of stroke after TIA over 60 months. The vertical axis represents the hazard, peaking early and stabilizing. Shaded areas indicate confidence intervals. A table below shows the number of patients at risk, decreasing from 1035 to 855 over time.]

FIGURE 2
 Kaplan–Meier hazard function of stroke risk after transient ischemic attack (TIA) during the overall follow-up. The upper and lower bounds of the gray area surrounding the hazard curve indicate upper and lower 95% confidence interval.




Impact of fast-track care in preventing 90-day stroke recurrence after TIA

The 90-day stroke risk observed within our cohort was significantly lower than based on the ABCD2 score (2.2% versus 9.1%, respectively; IRR: 0.2 [95% CI 0.2–0.4], p-value <0.001). We estimated that the fast-track care led to a reduction in the 90-day absolute and relative stroke risk of 6.9 and 75.5%, respectively. The NNT for fast-track care to prevent a 90-day stroke recurrence within the overall population was 14.5 [95% CI 11.3–20.4]. When considering only patients with baseline ABCD2 of 6 to 7, we calculated a reduction in the 90-day absolute and relative stroke risk of 14.6 and 82.6%, respectively, which corresponded to a NNT of 6.8 [95% CI 4.6–13.5] (Table 5).



TABLE 5 Observed versus expected 90-day stroke incidence.
[image: Table showing stroke incidence and related statistics based on the ABCD₂ score. Categories are 0-3, 4-5, and 6-7, with an overall cohort. Data includes numbers of patients, incident strokes, observed and expected stroke incidences, incidence rate ratio, p-values, absolute and relative risk reductions, and number needed to treat. The table highlights variations in stroke risk and treatment efficacy across different score ranges.]



Sensitivity analysis

Ninety-eighty-seven patients (95.4%) without ischemic lesion(s) at neuroimaging were included in the sensitivity analysis. The recurrent stroke incidence after “tissue-based” TIAs was 1.3 [95% CI 0.7–2.3], 2.3 [95% CI 1.5–3.6], 6.2 [95% CI 4.6–8.1] at 90 days, 12 and 60 months, respectively. There were no significant differences in respect to the incidence calculated in the overall population at any follow-up (Supplementary Table 4). After excluding patients with positive neuroimaging, we calculated a NNT for the fast-track care in preventing 90-day stroke of 12.8 [95% CI 11.5–13.3] within the overall population (absolute risk reduction 7.4%, relative risk reduction 85.6%).




Discussion

Our prospective study demonstrated an increasing incidence of stroke over time (from 2.2% at 90 days to 7.1% at 60 months) in a large population of TIA patients undergoing fast-track care. Predictors of post-TIA stroke recurrence were different between the short- and long-term follow-up. Specifically, we found that multiple TIA, speech disturbances at TIA onset and presence of ischemic lesion at neuroimaging performed on ED admission were independently associated with an increased risk of stroke at each timepoint. On the other hand, male sex and increasing age were independent predictors of stroke occurrence at 90-day and 60-month, respectively, while history of hypertension independently predicted both the 90-day and 60-month stroke risk. Lastly, the overall incidence of stroke at 90 days within our cohort was lower than expected based on the baseline ABCD2 score. We estimated NNT for fast-track care in preventing stroke of 14.5 [95% CI 11.3–20.4] in the overall cohort and of 6.8 [95% CI 4.6–13.5] in patients with baseline ABCD2 of 6 to 7.

Considering baseline characteristics, the mean age of TIA patients within our cohort (70.6 years) was higher compared to the prior large multicentric TIA registry (66.1 years) (6), but in line with a recent European nationwide study which found a mean age at TIA onset of 70.8 years (9). The relatively advanced mean age of our population, coupled with our comprehensive investigation of TIA causes through fast-track care, could explain the peculiar distribution of TIA etiologies observed within our cohort. Specifically, we noted a higher proportion of patients experiencing cardioembolic TIAs (21.9%) compared to prior population-based studies (17, 18). Conversely, while the prevalence of TIA cases with undetermined etiology (34.5%) was comparatively lower in respect to prior studies (19, 20), it still remained consistently high. This highlights the persistent challenge of identifying a well-defined cause in a significant percentage of TIA patients, despite implementing a thorough diagnostic work-up.

The short-term risk of stroke observed within our cohort (2.2%) was one of the lowest if compared to current literature, especially when considering studies predating the implementation of fast-track care for patients with TIA (21–25). A systematic review conducted by Valls et al. in 2016 analyzed several studies applying accelerated TIA management from 2007 to 2015 and reported a pooled 90-day stroke risk of 3.4% (26). Furthermore, studies conducted prior to the implementation of fast-track care (2000–2003) estimated a 90-day stroke risk ranging from 12 to 20% (27, 28). Although the cumulative risk of stroke increased over time, we found a lower incidence of stroke events at each timepoint in respect to prior cohort studies. Specifically, our 12-month stroke incidence (3.3%) was lower than those observed in the Aarhus study (25) and in the large multicentric TIA registry (6) (4.2, and 5.1%, respectively). Similarly, the observed 60-month stroke rate observed within our cohort (7.1%) was lower than those reported in the more recent update of the same TIA registry (9.5%) (7). Importantly, our sensitivity analysis revealed no significant differences in recurrent stroke incidence following TIA at each timepoint when excluding patients with ischemic lesion(s) on neuroimaging. This suggests a comparable stroke risk within our population whether employing a “time-based” or “tissue-based” definition of the index TIA. This finding aligns with recent observations from a prospective cohort study showing substantial stroke risk even after tissue-negative TIAs (29).

Our recorded stroke risk, along with the observation that 56.5% of all 90-day strokes occurred within the first 48 h after TIA, corroborate the need of immediate care to facilitate early diagnosis and initiate effective secondary prevention. This effort may have the potential not only to reduce early stroke risk but also to ameliorate long-term TIA prognosis. Accordingly, it is crucial to extend the follow-up monitoring for patients who have experienced a TIA even beyond the initial high-risk period.

Predictors of stroke incidence after TIA have been scarcely characterized especially in the long-term. In line with prior prospective studies (10, 11), our analysis confirmed that multiple TIA, speech disturbances and presence of ischemic lesion at neuroimaging show the strongest association with an increased risk of stroke independently of the follow-up duration. The association between multiple TIA presentation and increased stroke risk is well-established, especially for patients with recurrent lacunar syndrome (11). Similarly, TIA with lesion has emerged as a condition of very high risk (10). This recognition might carry significant implications for selecting the most suitable antiplatelet regimen to prevent early recurrent stroke, since dual antiplatelet therapy might offer enhanced efficacy in this specific TIA subtype (30). In terms of speech disturbances, the variable localization of this non-specific symptom might delay targeted secondary prevention, thus increasing the subsequent stroke risk, as noted elsewhere (31). Additionally, concerning demographic factors, male sex and increasing age independently predicted higher 90-day and 60-month stroke risk, respectively. This finding aligns with observations from prior studies, which found a significant interaction between sex and age in determining post-TIA stroke risk (32, 33). In particular, whilst male sex may be related with a higher burden or greater severity of cardiovascular risk factors which concur in enhancing the short-term risk of stroke, sex differences might attenuate in the long-term, when increasing age overcomes biological disparities in stroke pathophysiology. Remarkably, when considering the 12-month and 60-month follow-up, history of hypertension emerged as an independent risk factor for stroke recurrence. This association was also observed in another prospective study with long-term follow-up (31). It is likely that the chronic injury inflicted by hypertension on brain vessels may, to some extent, resist secondary preventive interventions, which may effectively mitigate the short-term risk of stroke but could prove insufficient in preventing late recurrences.

Of interest, no specific TIA etiology was found to independently predict a higher stroke risk within our population. Prior studies found that large artery atherosclerosis (LAA) TIA etiology was independently associated with a higher short-term risk of stroke recurrence, (34, 35) while no etiological TIA subtype has been identified as robust predictor of increased stroke risk in the long-term (36). We may speculate that implementing urgent measures to prevent ischemic recurrences within our cohort, as provided by our fast-track care, may have mitigated the unfavorable effect of LAA etiology on future stroke risk. Additionally, as a shift toward DAPT was documented within our cohort during the study period, we cannot exclude that the impact of TIA etiology on stroke risk may have been nuanced by the rising utilization of DAPT over time. Indeed, we observed a significantly lower risk of recurrent stroke events in patients treated with DAPT versus SAPT throughout the study follow-up. This finding underscores the critical importance of strict adherence to current international guidelines recommending early DAPT as the best option for preventing ischemic recurrences in patients with non-cardioembolic high-risk (ABCD2 ≥ 4) TIA (37). Furthermore, within this evolving treatment paradigm, expedited diagnostic protocols can offer crucial insights for treatment planning. Swift identification of particular TIA etiologies (i.e., cardioembolism or symptomatic LAA) can significantly refine patient selection for prompt interventions like DAPT, anticoagulation, or other tailored approaches, regardless of their initial ABCD2 score. In fact, within our cohort, a relevant proportion of patients with baseline ABCD2 score < 4 was diagnosed with underlying high-risk conditions such as atrial fibrillation (2.3%), symptomatic inner carotid artery stenosis (15.0%), or intracranial stenosis (6.7%).

Lastly, we estimated that within our cohort the fast-track care was highly effective in reducing the expected risk of recurrent stroke based on the baseline ABCD2 score. In particular, the NNT for fast-track care in preventing future stroke was 14.5 [95% CI 11.3–20.4] in the overall cohort and 6.8 [95% CI 4.6–13.5] in the high-risk TIA subgroup (ABCD2 of 6 to 7). The sensitivity analysis excluding patients with ischemic lesion(s) at neuroimaging showed even lower NNT in the overall cohort 12.8 [95% CI 11.5–13.3] for “tissue-based” TIAs. Our estimated NNT for fast-track care indicates a potentially greater magnitude of benefit compared to hospitalization in an acute stroke unit, where the estimated NNT in preventing bad outcomes typically ranges between 10 to 25 (38). This result strengthens the value of fast neurovascular specialist-driven ED management in improving outcomes of TIA patients, as previously also observed in an outpatient clinic setting (39).

Strengths of our study lie in its prospective design, the large cohort dimension, and the comprehensive evaluation of enrolled patients, as ensured by the systematic application of the fast-track diagnostic work up, which was implemented at our site, well before it was recommended by the National Institute for Health and Care Excellence (NICE) guidelines (2019) (40). However, there are some limitations that need to be acknowledged. Firstly, due to the lack of systematic data collection on TIA patients before the implementation of fast-track care at our site (2010), we were unable to rely on a control group of TIA patients to directly compare figures on fast-track care effectiveness. As a consequence, we could not assess the extent of observed benefit on stroke risk following TIA in relation to the timeliness or thoroughness of the work-up. Secondly, on the one side, the small number of stroke recurrences in the short-term follow-up might reflect the effectiveness of fast-track care in reducing early stroke risk after TIA, but on the other it might limit the reliability of the identified 90-day stroke predictors. Additionally, we did not record information on patients’ adherence to prescribed medications. Therefore, identified predictors of stroke recurrence should be interpreted in light of this limitation. It is also important to note that advanced and more sensitive neuroimaging (i.e., Diffusion-Weighted MRI) was precluded to most patients of our cohort (>80%). Consequently, the number of patients with ischemic lesion(s) at neuroimaging may have been consistently underestimated limiting the reliability of our sensitivity analysis on “tissue-based” TIAs. However, the adoption of a “time-based” rather than a “tissue-based” definition for TIA diagnosis ensures comparability of our findings with prior prospective studies evaluating stroke predictors. Moreover, in our fast-track workup, the majority of patients underwent color Doppler ultrasound to assess both extra- and intracranial vessels, while CTA/MRA were predominantly reserved for those with significant brain vessel stenosis. This strategy leverages the rapid availability of Doppler exams within 24 h at our facility. However, it may not be suitable for different organizational settings where CTA, contextual with admission non-contrast CT, could offer a quicker and more accessible evaluation, as highlighted in a recent scientific statement by the American Heart Association (41). Lastly, we cannot exclude that the incidence of recurrent strokes recorded in our study has been underestimated because we did not search all regional hospitals but only our hospital records.

In conclusion, our findings provide compelling evidence for the efficacy of fast-track care in mitigating both the short- and long-term risk of stroke recurrence following a TIA. Particular effort should be made to identify and monitor patients with baseline predictors of higher stroke risk, which may vary according to the follow-up duration. This underscores the necessity for tailored risk assessment and intervention strategies to prevent the occurrence of future ischemic events after TIA, even beyond the initial high-risk period.
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Background: In some MMD patients, the digital subtraction angiography (DSA) examination found, occlusion in the ipsilateral internal carotid artery or middle cerebral artery, accompanied by the formation of numerous moyamoya vessels. Conversely, the contralateral internal carotid artery or middle cerebral artery shows signs of stenosis without the presence of moyamoya vessels. Notably, cerebral perfusion studies reveal a similar or even more severe reduction in perfusion on the occluded side compared to the stenotic side. Importantly, clinical symptoms in these patients are typically attributed to ischemia caused by the stenotic side. This condition is referred to as unstable moyamoya disease (uMMD).
Objective: This clinical research focuses on evaluating risk factors related to MMD and developing strategies to minimize postoperative complications. The study aims to analyze vascular characteristics and identify potential risk factors in patients with uMMD.
Methods: The authors reviewed consecutive cases with complete clinical and radiological documentation of patients who underwent surgery between January 2018 and June 2023. Univariate analysis and multivariate logistic regression analysis were employed to understand the risk factors and prognosis of postoperative complications in uMMD.
Results: Postoperative complications were retrospectively analyzed in 1481 patients (aged 14 to 65). Among them, 1,429 patients were assigned to the conventional treatment group, while 52 were in the unstable moyamoya disease group. The uMMD treatment group showed a significantly higher incidence of early postoperative complications such as RIND, cerebral infarction, and cerebral hemorrhage (p < 0.05). Univariate and multivariate logistic regression analyses were conducted on the postoperative complications of 52 uMMD patients. Initial symptoms of stenosis ≤50% (univariate: p = 0.008, multivariate: p = 0.015; OR [95% CI] =23.149 [1.853–289.217]) and choosing occluded side surgery (univariate: p = 0.043, multivariate: p = 0.018; OR [95% CI] =0.059 [0.006–0.617]) were identified as significant risk factors for postoperative neurological complications.
Conclusion: Compared to the conventional treatment group, uMMD has higher complication rates, with vascular stenosis degree and surgical side selection identified as significant risk factors. A comprehensive understanding of preoperative clinical symptoms and vascular characteristics in moyamoya disease patients, coupled with the formulation of rational surgical plans, contributes positively to decreasing postoperative mortality and disability rates in uMMD.
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Introduction

Moyamoya disease (MMD) is a chronic progressive steno-occlusive cerebrovascular disease, affecting the terminal internal carotid artery (ICA), and the proximal segments of the middle cerebral artery (MCA) and anterior cerebral artery (ACA) together with the development of new collateral vessels (1). However, these pathological anastomoses are imperfect, leading to the well-known clinical manifestations of the disease such as ischemic strokes or transient ischemic attacks (TIAs), and the possibility of intracerebral hemorrhage due to the fragility of these new vessels (2, 3).

Traditionally, MMD refers to a bilateral vascular affection, in some MMD patients, the digital subtraction angiography (DSA) examination found, occlusion in the ipsilateral ICA or MCA, accompanied by the formation of numerous moyamoya vessels (4, 5). Conversely, the contralateral ICA or MCA shows signs of stenosis without the presence of moyamoya vessels. Notably, cerebral perfusion studies reveal a similar or even more severe reduction in perfusion on the occluded side compared to the stenotic side. Importantly, clinical symptoms in these patients are typically attributed to ischemia caused by the stenotic side. This condition is referred to as unstable moyamoya disease (uMMD) (6). These characteristics likely reflect the complex relationship of many factors influencing the cerebral blood flow (CBF) and perfusion (7–12).

Due to this florid clinical and radiological disparity, and the presence of different angiographic patterns, treatment of uMMD patients is challenging. Since, they commonly suffer strokes while waiting for surgery or during the perioperative period. In this study, we retrospectively analyzed the clinical data, imaging features, treatment strategies, and prognosis of patients with uMMD. The clinical features and risk factors were summarized to provide guidance for the diagnosis, treatment, and management of these patients.



Methods


Study cohort

From January 2018 to June 2023, we retrospectively collected clinical and radiological data of 2,376 patients with MMD according to the Chinese Expert Consensus on Diagnosis and treatment of MMD (13) admitted at the Moyamoya Disease Research and Treatment Center of the Henan Provincial People’s Hospital in Zhengzhou – China.

We identified 1,481 patients that met the following inclusion criteria: (a) age within 14–65 years old, (b) clinical and angiographic diagnosis of MMD, (c) Complete perioperative clinical and radiological data. (d) Surgical treatment through direct superficial temporal artery to middle cerebral artery (STA-MCA) bypass + encephalo-duro-myo-synangiosis (EDMS).

The 52 patients uMMD included should meet the criteria (a, b, c, d) and also satisfy the following conditions: (e) Digital subtraction angiography demonstrating occlusion of one ICA, ACA or MCA, and progressive stenosis of the contralateral ICA, ACA or MCA, without the presence of moyamoya vessels, (f) The clinical symptoms of the patient were mainly on the side of stenosis rather than on the side of occlusion.

Patients that failed to preclude the giving inclusion criteria and that presented with severe cognitive dysfunction after cerebral hemorrhage or cerebral infarction, as well as patients with cardiopulmonary disease, hyperthyroidism, systemic lupus erythematosus, antiphospholipid antibody syndrome, peripheral arteritis, Sjogren’s syndrome were excluded from the study cohort. Additionally, patients with symptoms related to the occluded ICA were excluded as well.



Radiological evaluation

The relevant preoperative and postoperative radiographic images (computed tomographic angiography, digital subtraction angiography, magnetic resonance enhanced perfusion imaging or CT perfusion imaging) were retrieved from the hospital’s digital archiving system.

We defined uMMD as the presence in DSA of ipsilateral ICA or MCA occlusion together with the development of moyamoya vessels and the presence of progressive stenosis on the contralateral ICA or MCA without the evidence of moyamoya vessels, cerebral perfusion studies reveal a similar or even more severe reduction in perfusion on the occluded side compared to the stenotic side (Figure 1) clinical symptoms in these patients are typically attributed to ischemia caused by the stenotic side.

[image: Composite image of cerebral angiography and brain imaging. Panel A displays a cerebral angiogram highlighting brain vasculature. Panel B shows an angiogram with a yellow arrow pointing at a blood vessel. Panels C and D depict brain perfusion maps with color-coded intensity, displaying variations from red to blue. Panels E and F show different brain slices with contrast differences, illustrating vascular or perfusion characteristics.]

FIGURE 1
 Unstable moyamoya disease. (A) Middle cerebral artery occluded and presence of moyamoya vessels. (B) Middle cerebral artery stenosis. (C–F) PWI show MTT, TTP, CBF, and CBV indicated bilateral ischemia, with the degree of ischemia being less pronounced on the left stenotic side compared to the right occluded side. PWI, perfusion-weighted imaging; CBV, cerebral blood volume; CBF, cerebral blood flow; DSA, digital subtraction angiography; MTT, mean transit time.




Surgical procedure

The revascularization side was selected according to clinical symptoms (presence of transient ischemic attacks or ischemic strokes) and radiological affection.

All patients underwent a combined revascularization procedure which included indirect flow augmentation by EDMS and direct bypass through the STA-MCA bypass. Prior performing the anastomosis, all patients underwent indocyanine green (ICG) video angiography and FLOW800 analysis to ensure placing the anastomosis in a low perfusion area in correlation with the radiological findings. We decided to perform STA-MCA bypass according to the hypoperfusion extension. Perioperatively, patient’s blood pressure and PaCO2 (between 35 and 40 mmHg) were strictly controlled to decrease the risk of unexpected complications (10, 14).



Immediate outcome and complication rate

Postoperative outcome was assessed by a neurosurgeon at discharge according to the modified Rankin scale (mRS) (15). We classified the outcome according to the mRS as good (0–2), or poor (3–6). We reviewed the immediate morbidity, including possible surgical and neurological complications, as well as the localization (ipsilateral or contralateral side) of postoperative strokes.



Ethics and statistics

This study has the approval of the Henan Provincial People’s Hospital Ethics Committee (HIRB-2019-329 Chinese moyamoya disease registry). Due to the retrospective nature of this manuscript written informed consent was waived. Statistical analysis was conducted using SPSS software (SPSS26.0 IBM. US). Continuous variables were compared using a t-test, while categorical variables were assessed using the appropriate method: Pearson chi-square test, Fisher’s exact test, or Mann–Whitney test p-value <0.05 was considered statistically significant. To account for multiple variables, multivariate logistic regression analysis was performed on factors achieving p < 0.05 in the univariate analysis, as well as factors deemed clinically relevant based on experience.




Results


Patients’ characteristics

From January 2018 to June 2023, we retrospectively collected clinical and radiological data of 2,376 patients with MMD according to the Chinese Expert Consensus on Diagnosis and treatment of MMD (13) admitted at the Moyamoya Disease Research and Treatment Center of the Henan Provincial People’s Hospital in Zhengzhou – China. According to the enrollment criteria, 1,481 patients aged between 14 and 61 years were included in this study, and their clinical characteristics are summarized in Table 1. The proportion of female patients was slightly higher than that of male patients (50.3% vs. 49.7%). There were 266 cases (18.0%) of hemorrhagic stroke, 1,215 cases (82.0%) of ischemic stroke, with a higher incidence on the right side compared to the left side (51.9% vs. 48.1%) (Figure 2).



TABLE 1 Baseline characteristics of the included patients.
[image: A table shows patient data and characteristics. Total patients: 1,481. Median age: 51 years. Gender: 49.7% male, 50.3% female. Premorbid history: 37% hypertension, 20.2% diabetes, 42.9% smokers, 31% drinkers. Onset types: 39% TIA, 18% hemorrhagic, 43% infarction. mRS at admission: 66.5% scored 0–2, 33.5% scored 3–5. Surgical side: 51.9% right, 48.1% left. Suzuki stages: 0% at I and VI, 19% at II, 39.8% at III, 26.5% at IV, 14.8% at V. Median and percentages are indicated.]

[image: A series of brain imaging scans. Images A through D are color-coded perfusion maps showing blood flow, with varying colors indicating different levels of activity. Images E and F are black and white angiograms highlighting vascular structures. Images G through L are grayscale CT scans showing cross-sectional views of brain tissue. Each image provides a different perspective or method for examining brain structure and function.]

FIGURE 2
 A 63-years-old woman who experienced right side lower extremity weakness one prior surgical treatment. (A,B) PWI indicated CBV decreased in the left temporal occipital lobe and right frontal and parietal lobe, and CBF decreased in the right cerebral hemisphere and left temporal and occipital lobe. (C,D) PWI showed MTT and TTP delayed in right cerebral hemisphere and left temporal occipito-parietal lobe. (E,F) DSA suggested occlusion of the right internal carotid artery with moyamoya vessels. Left middle cerebral artery and anterior cerebral artery stenosis. (G–I) CT changes on postoperative day, postoperative day 1, and postoperative day 3 indicated a severe cerebral infarction on the non-operative side (stenotic side). (J–L) On the third day, the patient underwent left side decompressive craniectomy, and CT findings were obtained at postoperative day 1, 3 and 10.




Analysis of postoperative complications

According to the grouping criteria of 1,481 patients with moyamoya disease, 1,429 patients were assigned to the conventional treatment group, while 52 patients were assigned to the unstable moyamoya disease group. No statistically significant differences were found between the two groups in gender, age, preoperative clinical symptoms, MRS Score, and Suzuki stage (all p > 0.05), indicating that the baseline data were essentially consistent and comparable (Figure 3).

[image: A collage of medical imaging showing various brain scans. Images A-D display colored brain activity scans with different hues indicating activity levels. E-F are grayscale angiograms showing blood vessels. G-H are MRI scans highlighting brain structures. I-J are color-enhanced images of cerebral veins showcasing blood flow. K-L are 3D reconstructions of the brain from different angles, with arrows pointing to specific areas.]

FIGURE 3
 A 32-year-old woman who presented with right side hemiparesis that gradually worsened. Postoperatively, on day 4 the patient developed transient motor aphasia speech impairment which improved at 10 day. (A,B) PWI indicated that bilateral CBV and CBF were symmetrical, and no significant increase or decrease was observed. (C,D) PMI showed MTT and TTP delayed in bilateral occipital lobe and right frontotemporal lobe. (E,F) DSA indicated right anterior cerebral artery and right middle cerebral artery occlusion with moyamoya vessels and severe stenosis of the left middle and anterior cerebral arteries. (G,H) On postoperative day 4, follow-up MRI performed due to transient motor aphasia showed no significant difference as compare to preoperative images. (I,J) FLOW800 angiography results before and after double–branch STA-MCA bypass. (K,L) 3D-CTA reconstruction showed the location of double-branch bypass. ADC, apparent diffusion coefficient; 3D-CTA, three-dimensional CT angiography.


One thousand four hundred and twenty nine patients were assigned to the conventional treatment group, while 52 patients were assigned to the unstable moyamoya disease group. The treatment group for uMMD exhibited a significantly higher incidence of early postoperative complications such as RIND, cerebral infarction, and cerebral hemorrhage (p < 0.05) (Table 2).



TABLE 2 Analysis of clinical data and postoperative complications in patients with moyamoya disease.
[image: A table presenting clinical characteristics and outcomes of patients with Moyamoya Disease (MMD) and unilateral Moyamoya Disease (uMMD). The table compares variables including age, sex, initial and postoperative modified Rankin Scale (mRS) scores, personal history of certain conditions, onset type, Suzuki stage, operative side, and postoperative complications. It reveals significant differences in postoperative complications (p < 0.001) and postoperative mRS scores (p = 0.035) between the groups. Statistical significance is highlighted with p-values, and certain categories are noted with percentages or median values.]



Risk factor analysis of uMMD

Further analysis of early postoperative complications in the 52 patients with uMMD included 23 cases with neurological complications and 29 cases without neurological complications. There were no statistically significant differences in mRS scores, gender, age, blood sugar and blood pressure levels, smoking and drinking history, Suzuki stage, and clinical symptoms between the two groups (P > 0.05), indicating comparability.

Through univariate analysis and multivariate logistic regression analysis: the Initial symptoms of stenosis ≤50% (univariate: p = 0.008, multivariate: p = 0.015; OR [95% CI] = 23.149 [1.853–289.217]; Table 2) and choosing occluded side surgery (univariate: p = 0.043, multivariate: p = 0.018; OR [95% CI] =0.059 [0.006–0.617]) were identified as significant risk factors for postoperative neurological complications.



Surgical results, complications and outcome

Preoperative DSA imaging was utilized to assess the degree of stenosis in the affected blood vessels. Out of the 15 cases with stenosis ≤50%, 11 cases (73.3%) experienced postoperative complications, involving 4 cases affecting solely the stenotic side, 2 cases affecting solely the occluded side, and 2 cases affecting both sides. Additionally, two patients experienced intracerebral hemorrhage, and one developed postoperative epileptic seizure. Among the 37 patients with vascular stenosis >50%, 12 patients (32.4%) encountered postoperative complications, with 4 cases affecting solely the stenotic side, 4 cases affecting solely the occluded side, and 2 cases affecting both sides. Additionally, 2 patients experienced RIND. No wound-healing issues or infections were noted within this cohort (Table 3).



TABLE 3 Analysis of risk factors for postoperative complications in uMMD.
[image: A table comparing postoperative complications between patient groups with and without complications. Categories include age, sex, mRS at admission, personal history (diabetes, hypertension, smoking, alcohol), onset type (TIA, infarction, hemorrhagic), Suzuki stage, vascular stenosis, and operative side, with associated P-values and odds ratios for multivariate analysis. Significant values are noted.]

According to the preoperative cerebral perfusion examination results, 35 patients underwent surgery on the occluded side based on the degree of ischemia, resulting in 19 patients (54.3%) experiencing postoperative complications. Among these, 17 patients developed cerebral infarction (7 cases affecting solely the stenotic side, 6 cases affecting solely the occluded side, and 4 cases affecting both sides). Furthermore, 2 patients suffered from intracerebral hemorrhage. Seventeen patients chose to undergo surgery on the side with stenosis based on preoperative clinical symptoms, with 4 patients (23.5%) experiencing postoperative complications. One patient developed cerebral infarction on the stenotic side, while 2 patients experienced RIND, and 1 patient developed postoperative epileptic seizure. No wound-healing issues or infections were observed within this group.




Discussion

The MMD is a chronic progressive steno-occlusive cerebrovascular disease affecting the terminal portion of the ICAs, and the proximal segments of the ACA and MCA, characterized by the formation of collateral vessels in order to compensate for reduced cerebral blood flow and perfusion (1, 2, 8, 11). Frequently, these neovascular attempts often fail causing ischemic strokes, or due to its fragility may cause intracerebral hemorrhage.

Revascularization procedures are widely accepted in the treatment of MMD patients because they may decrease the rate of ischemic events and improve cerebral blood flow and perfusion (10, 16, 17), effectively reducing the incidence of stroke. Untreated MMD patients have a higher recurrence rate of cerebrovascular events and poorer prognosis when compared to those patients undergoing surgical treatment, regardless of the disease type manifested at the initial attack (18–20). Independently of the asymptomatic or symptomatic clinical presentation, and the definitive/probable diagnosis, MMD patients demonstrated progression of the disease in up to 20% of cases in the non-surgically treated hemisphere, and ischemic strokes, TIAs or intracranial hemorrhages likely occur in about half of the cases (21) (29 Japanese guidelines 263 page). Thus, suggesting a more aggressive management of those patients. However, possible perioperative complications such as TIA, RIND, cerebral infarction, cerebral hemorrhage, and epilepsy can significantly impact patient prognosis. Therefore, a strict preoperative evaluation of patients and the development of appropriate surgical plans can truly enhance neurological function in patients safely and effectively.

Patients with MMD progress slowly in the early stages, exhibiting relatively stable hemodynamics. However, long-term ischemia significantly reduces the reserve capacity of cerebral blood flow, functional reserve, and metabolic reserve. In severe cases, local blood flow conflict may occur, resulting in “local high perfusion and peripheral low perfusion,” thus increasing the risk of stroke events (15, 17). However, patients typically present clinical symptoms attributable to ischemia on the stenotic side, termed uMMD. In this retrospective analysis of 1,481 MMD patients, postoperative complications were significantly higher in those with uMMD, reaching 44.23% (23/52), compared to 10.01% (143/1429) in the conventional group, and this difference was statistically significant. This is primarily due to the unstable condition of intracranial blood vessels on the stenotic side, progressive symptom deterioration, and the compromised brain function and metabolic reserve capacity of these patients. Additionally, some patients may experience the stolen blood syndrome, exacerbating ischemia in the narrow lateral brain tissue and potentially leading to severe stroke events (18). Therefore, precise preoperative assessment and management, prudent selection of surgical protocols, and early postoperative complication prevention are crucial for patients with uMMD.

In patients with MMD on one side of blood vessel occlusion and contralateral vascular stenosis, although cerebral perfusion indicates severe ischemia on the occlusive side, the clinical symptoms are mainly caused by ischemic attack on the narrow side, including migraine, dizziness, limb numbness and weakness, slurred speech, blurred vision, etc. Imaging on the stenotic side indicates that, although ischemia is not severe, there is no compensatory blood vessel in the brain or no effective compensatory blood vessel has been formed yet, making it susceptible to low blood pressure, blood volume, and vasospasm threshold, resulting in TIA, RIND, or cerebral infarction. Clinical manifestations in such patients are more instructive than imaging findings, and the incorrect selection of the surgical side accelerates the probability of this event, which is also a key factor in our decision on the surgical side. Frequent TIA symptoms before surgery suggest that the stenotic side is experiencing extensive ischemia of the entire cerebral cortex and unstable blood flow, posing a high risk of stroke events before effective and stable self-compensation is established.

The number of patients who fully meet the criteria for uMMD in clinical practice is relatively small. Consequently, this study could not conduct large-scale prospective cohort studies, potentially introducing bias into the results. However, enhancing the focused management of uMMD, formulating reasonable diagnosis and treatment plans, and surgical strategies for various risk factors are crucial for preventing postoperative complications and reducing the disability and mortality rates of MMD surgery.



Conclusion

Moyamoya disease is a chronic steno-occlusive cerebrovascular pathology that often shows clinical and angiographic disparity. Rapid progression of the disease (repeated TIAs or cerebral infarction within 1 month before surgery) as well as absence of moyamoya vessels suggest the presence of hemodynamic instability. Surgical treatment and management should be directed to the symptomatic and stenotic hemisphere of patients with bilateral compromise (one side vascular occlusion and one side vascular stenosis), since this decrease the risk of postoperative cerebral infarction and neurological deficits.
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Efficacy and safety of combined stent retriever and contact aspiration vs. stent retriever alone on revascularization in patients with acute ischemic stroke: a systematic review and meta-analysis
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Objective: Whether the efficacy of combined stent retriever and contact aspiration (S + A) is superior to stent retriever (S) alone for revascularisation in patients with large vessel occlusive stroke remains uncertain. The aim of this meta-analysis was to assess the safety and efficacy of combined stent retriever and contact aspiration for the treatment of acute ischaemic stroke with large vessel occlusion by comparing it with stent retriever alone.
Methods: We systematically searched the PubMed, Embase, Web of Science, and The Cochrane Library databases for randomised controlled trials and observational studies (case-control and cohort studies) published before 1 October 2023 comparing the efficacy of combined stent retriever and contact aspiration versus tent retriever alone in patients with large vessel occlusive stroke. The end point of the primary efficacy observed in this meta-analysis study was the rate of first pass nearly complete or complete recanalisation (mTICI 2c-3). Secondary effectiveness nodes were: rate of first pass successful recanalisation (mTICI 2b-3), rate of near-complete or complete recanalisation of the postoperative vessel, rate of successful recanalisation of the postoperative vessel, and MRS 0–2 within 90 days. Safety endpoints were interoperative embolism, symptomatic intracranial haemorrhage, and mortality within 90 days.
Results: A total of 16 studies were included in the literature for this meta-analysis, with a total of 7,320 patients (S + C group: 3,406, S group: 3,914). A comprehensive analysis of the included literature showed that combined stent retriever and contact aspiration had a higher rate of near-complete or complete recanalisation of the postoperative vessel [OR = 1.53, 95% CI (1.24, 1.88), p < 0.0001] and rate of successful recanalisation of the postoperative vessel compared to stent retriever alone [OR = 1.83, 95% CI (1.55, 2.17), p < 0.00001]; there were no statistically significant differences between the two groups in terms of the rate of first pass nearly complete or complete recanalisation [OR = 1.00, 95% CI (0.83, 1.19), p = 0.96], rate of first pass successful recanalisation [OR = 1.02, 95% CI (0.85, 1.24), p = 0.81], interoperative embolism [OR = 0.93, 95% CI (0.72, 1.20), p = 0.56], symptomatic intracranial haemorrhage [OR = 1.14, 95% CI (0.87, 1.48), p = 0.33], MRS 0–2 within 90 days [OR = 0.89, 95% CI (0.76, 1.04), p = 0.14] and mortality within 90 days [OR = 1.11, 95% CI (0.94, 1.31), p = 0.22].
Conclusion: Combined stent retriever and contact aspiration has a higher rate of postprocedural revascularisation (mTICI 2c-3/mTICI 2b-3) compared with stent retriever alone in patients with large vessel occlusion stroke. In addition, it was not superior to stenting alone in terms of the rate of first pass recanalisation (mTICI 2c-3/mTICI 2b-3), interoperative embolisation, symptomatic intracranial haemorrhage, good functional prognosis within 90 days and mortality within 90 days.
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Introduction

Stroke is a serious threat to human health and is the leading cause of disability and death in adults, with ischaemic stroke accounting for approximately 87% of stroke incidence (1). The treatment of ischemic stroke mainly lies in early opening of occluded blood vessels, restoring blood flow, and maximally saving the ischemic penumbra. Especially for patients with large-vessel occlusive stroke, vascular opening and reconstruction of blood flow are crucial to the patient’s prognosis.

Endovascular mechanical thrombolysis is now regarded as the standard of care for stroke patients with large vessel occlusion, and its safety and efficacy have been confirmed by five randomised controlled trials (2). Currently, endovascular mechanical embolisation is mainly performed by stenting alone and contact aspiration, with the ideal goal of completely opening the occluded vessel in a short period of time, improving clinical prognosis and reducing complications. Some clinical trials have found successful recanalisation rates of only 58–88% with stenting and two randomised controlled trials have shown similar angiographic and clinical outcomes between stenting and contact aspiration (3–5). With the widespread use of both methods of embolisation, technical limitations have been identified, such as thrombus rupture and escape during stent and suction catheter retrieval, leading to embolisation of distal vessels, incomplete or failed revascularisation, and vessel rupture during stenting leading to higher levels of intracranial haemorrhage. Therefore, the innovation of endovascular mechanical thrombolysis techniques is one of the main ways to increase successful revascularisation after thrombolysis. Both European and American scholars have also recommended clinical trials to determine the optimal strategy for the use of mechanical retrieval devices to achieve the highest reperfusion success rates (6, 7).

The combined stent retriever and contact aspiration has been reported several times in recent years. Several studies have found that stenting combined with thrombus aspiration is more effective in successful revascularisation (8–11). However, a randomised controlled trial by Lapergue et al. (12) demonstrated that in patients with acute ischaemic stroke due to large vessel occlusion, combined stent retriever and contact aspiration did not significantly improve the rate of near-total or total recanalisation at the end of endovascular treatment procedures compared with stenting alone (eTICI 2c/3). In a comparative study by Huo et al. (13) that included a Chinese population, it was also found that SR + CA treatment was not superior to SR alone in terms of final revascularisation level, first revascularisation level and good prognosis for 90-day clinical outcome. The results remain uncertain as to whether the efficacy and safety of combined stent retriever and contact aspiration is superior to stent retriever alone. The aim of this study was to assess the safety and efficacy of combined stent retriever and contact aspiration by performing a meta-analysis of randomised controlled trials and observational studies comparing the efficacy of combined stent retriever and contact aspiration versus stent retriever alone in large-vessel occlusive stroke.



Methods


Search strategy

This meta-analysis was performed according to the PRISMA guidelines. We systematically searched PubMed, Embase, Web of Science, and The Cochrane Library databases for randomised controlled trials and observational studies (case-control studies and cohort studies) published before 1 October 2023 comparing the efficacy of combined stent retriever and contact aspiration versus stent retriever alone in patients with acute ischaemic stroke. A literature search was conducted independently by 2 researchers and we used a combination of the following terms: ischemic strokes (mesh), ischaemic stroke, cryptogenic ischemic stroke, acute large vessel occlusion, embolism stroke, cryptogenic, wake up stroke, acute ischemic stroke, aspiration thrombectomy, thrombectomies, aspiration, thrombectomies, percutaneous aspiration, contact aspiration, stent retriever, stent retriever alone. References generated from these searches were imported into the reference manager EndNote X9.3.1 (Thompson Reuters, Philadelphia, PA) and duplicate references were removed. Then, journal article titles and abstracts were systematically screened independently by 2 researchers according to inclusion and exclusion criteria.



Inclusion criteria

(1) Patients with confirmed acute ischaemic stroke or acute large vessel occlusive stroke; (2) endovascular treatment: combined stent retriever and contact aspiration, stent thrombolysis alone; (3) comparative data on the efficacy of the two treatment groups can be provided explicitly in the literature: combined stent retriever and contact aspiration group and stent retriever alone group. (4) Randomised controlled trials and observational studies (case-control studies and cohort studies).



Exclusion criteria

(1) Conference abstracts, letters, reviews, correspondence, animal experiments and unpublished studies; (2) studies with duplicate or overlapping data; (3) lack of studies with follow-up data beyond hospitalisation; (4) literature that was unable to provide comparative data on the efficacy of the two treatment groups: combined stent retriever and contact aspiration group and stent retriever alone group; (5) sample sizes were all case series of <10 patients.



Data extraction and efficacy indicators

Data for each eligible literature were extracted independently by 2 researchers, and any disagreements were resolved through discussion and consultation with a 3rd senior neurosurgeon. Basic information such as first author’s name + year of publication, study design, sample size, mean age, sex ratio, site of occlusion, and endovascular treatment modality were extracted using a predefined form. The end point of the primary efficacy observed in this meta-analysis study was the rate of first pass nearly complete or complete recanalisation (mTICI 2c-3). Secondary effectiveness nodes were: rate of first pass successful recanalisation (mTICI 2b-3), rate of near-complete or complete recanalisation of the postoperative vessel, rate of successful recanalisation of the postoperative vessel, and MRS 0–2 within 90 days. Safety endpoints were interoperative embolism, symptomatic intracranial haemorrhage, and mortality within 90 days.



Literature quality assessment

Each of the 2 trained researchers read all literature titles and abstracts, first screening out literature that clearly did not meet the inclusion criteria, and then reading the full text of the literature further to initially identify literature that could be included in the study. Finally, the two researchers’ screening results were cross-checked, and the two evaluators discussed the questionable literature and combined third-party opinions to decide whether to include it or not. The quality of randomised controlled trials was evaluated using the Cochrane Risk of Bias tool, and the quality of observational studies was evaluated using the Newcastle–Ottawa Scale.



Statistical analysis

Statistical analyses were performed using Review Manager (v.5.3), and differences were considered statistically significant at p ≤ 0.05 if not explicitly stated. We calculated the odds ratio (OR) of categorical variables using a random-effects model, and heterogeneity was evaluated using chi-square tests and I2 tests, and we considered data to be significantly heterogeneous when I2 > 50%, and we performed meta-analysis using a random-effects model, otherwise, a fixed-effects model was performed. Sensitivity analyses were performed by omitting studies one by one to assess the effect of each study on the overall outcome. Symmetry was assessed using Begg’s and Egger’s tests, and significant publication bias was defined as p < 0.1, and publication bias was assessed with sensitivity analysis using STATA (v.12).




Results


Search results and selection of research subjects

A search of databases was conducted to identify 1,076 documents (Pubmed: 909, Embase: 62, Cochrance: 69, Web of Science: 666), of which 452 duplicates were excluded. An additional 1,042 papers were excluded by screening the titles and abstracts of the shortlisted papers, and the remaining 212 papers were read in full and in detail to determine whether they met the inclusion/exclusion criteria. Eventually, 16 eligible papers were included in this meta-analysis, as shown in Figure 1.

[image: Flowchart illustrating a research study selection process. Initially, 1,706 records were identified, with duplicates reducing this to 452. Of 1,254 screened records, 1,042 were excluded for reasons like animal experiments and reviews. Full texts of 212 studies were assessed, with 196 excluded for reasons such as lack of comparative study or small sample size. Ultimately, 16 studies were included in the final quantitative synthesis.]

FIGURE 1
 Flow chart of the search and inclusion of literature.




Basic characteristics of the research object

A total of 7,320 patients from 16 (12–27) studies (1 randomised controlled trial and 15 observational studies) were enrolled in this study, including 3,406 with combined stent retriever and contact aspiration and 3,914 with stenting alone. The characteristics of the demographics regarding the type of literature included in the study are shown in Table 1.



TABLE 1 Basic characteristics of the included studies.
[image: Table displaying details from various studies, including study name, design type, sample sizes, mean ages, gender distribution, occlusion sites, and endovascular therapy used. The studies are primarily observational and cover different occlusion sites such as anterior circulation, LVO, and ICA. Various endovascular therapies like Solumbra, BGC, and Trevo are noted.]



Quality assessment of included literature

A total of 16 studies were included (12–27), 1 study was an RCT, evaluating the quality of randomised controlled trials using the Cochrane Risk of Bias tool, and 15 studies were observational, evaluating the quality of non-randomised controlled trials using the NOS quality assessment. In conclusion, the quality scores of the included literature were high, describing the selection of the study population and the comparability between groups.



Efficacy and safety


The rate of first pass near complete or complete recanalisation (mTICI 2c-3)

In the evaluation of first pass near-complete or complete recanalization rates, a total of eight (12, 18–23, 26) studies were included with high heterogeneity (I2 = 79%, p < 0.0001). The combined stent retriever and contact aspiration (S + A) totaled 2,459, with 662 (26.9%, 662/2,459) patients with first pass near-complete or complete recanalization. The stent retriever group (S) totaled 1,939, with 549 (28.3%, 549/1,939) patients with first pass near-complete or complete recanalization. Adoption of random effects model. There was no statistically significant difference between the S + A group and the S group in terms of first pass nearly complete or complete recanalization rate [OR = 1.21, 95% CI (0.87, 1.68), p = 0.25], as shown in Figure 2A. After the exclusion of two studies by Di Maria et al. (18) and Okuda et al. (22) the heterogeneity between the included literature was significantly lower (I2 = 25%, p < 0.25). The rate of first pass near-complete or complete recanalization was 23.7% (446/1,880) in the S + A group and 33.3% (420/1,261) in the S group, which did not affect the final outcome [OR = 1.00, 95% CI (0.83, 1.19), p = 0.96], as shown in Figure 2B.

[image: Forest plots titled "A" and "B" compare odds ratios of different studies. Plot A shows random-effects model results, while Plot B uses a fixed-effects model. Each line represents a study with events and total participants for S+A and S groups, followed by the odds ratio and confidence interval. Diamonds represent overall effect estimates. Plot A indicates moderate heterogeneity (Tau² = 0.17, Chi² = 33.15, I² = 79%), while Plot B shows low heterogeneity (Chi² = 6.64, I² = 25%).]

FIGURE 2
 Forest plot and meta-analysis of the rate of first pass near complete or complete recanalisation.




The rate of first pass successful recanalisation (mTICI 2b-3)

In terms of the rate of first pass successful recanalisation, a total of eight articles were included (12, 13, 16, 17, 19–21, 23), with high heterogeneity (I2 = 88%, p < 0.0001). The rate of first pass successful revascularization was 44.8% (883/1,969) in the S + A group and 44.3% (1,077/2,429) in the S group. There was no statistically significant difference between the S + A group and the S group in terms of the rate of first pass successful revascularization [OR = 1.48, 95% CI (0.94, 2.32), p = 0.09], as shown in Figure 3A. Heterogeneity was reduced after the exclusion of three studies by Colby et al. (16), Kim et al. (17), and Maïer et al. (20) (I2 = 15%, p = 0.32). The rate of first pass successful recanalization was 55.3% (393/710) in the S + A group and 52.6% (925/1,759) in the S group, and there was no statistically significant difference between the two groups [OR = 1.02, 95% CI (0.85, 1.24), p = 0.81], as shown in Figure 3B.

[image: Forest plots A and B present odds ratios comparing two treatment groups, S+A and S, across multiple studies. Plot A uses a random effects model, showing high heterogeneity with I-squared of 88%. Plot B uses a fixed effects model, with lower heterogeneity at I-squared of 15%. Both plots display individual study outcomes and overall effect estimates, represented by diamonds, with confidence intervals.]

FIGURE 3
 Forest plot and meta-analysis of the rate of first pass successful recanalisation.




The rate of near-complete or complete recanalization after operation

In terms of the rate of near-complete recanalization or complete recanalization after the operation, a total of nine articles were included (12, 15, 19–24, 27), with high heterogeneity (I2 = 91%, p = 0.00001). A total of 2,118 persons were included in the S + A group, and 1,384 (65.3%, 1,384/2,118) were near-complete recanalization or complete recanalization of the vessels after the operation; a total of 1,584 persons were included in group S. Near-complete recanalization or complete recanalization of vessels after operation was achieved in 925 individuals (58.4%, 925/1,584). A random-effects model was used. There was no statistically significant difference between the S + A group and S group in terms of the rate of near-complete recanalization or complete recanalization of the vessels after the operation [OR = 1.49, 95% CI (0. 86, 2.56), p = 0.15], as shown in Figure 4A. However, after excluding one study by Maïer et al. (20) the remaining studies were analyzed together with low heterogeneity (I2 = 45%, p = 0.09). The rate of near-complete recanalization or complete recanalization after the operation was 69.4% (610/879) in the S + A group, and the rate of near-complete recanalization or complete recanalization after the operation was 64.8% (586/905) in the S group. The S + A group was superior to the S group [OR = 1.53, 95% CI (1.24, 1.88), p < 0.0001], as shown in Figure 4B.

[image: Forest plot showing meta-analysis results. Panel A displays eight studies comparing S+A and S groups with an odds ratio of 1.49 [0.86, 2.56], indicating high heterogeneity (I² = 91%). Panel B presents seven studies with a fixed effects model, yielding an odds ratio of 1.53 [1.24, 1.88] and moderate heterogeneity (I² = 45%). Events, total samples, weights, and 95% confidence intervals are provided for each study. Black diamonds represent overall effect sizes.]

FIGURE 4
 Forest plot and meta-analysis of the rate of near-complete or complete recanalization after operation.




The rate of successful recanalization after operation

In terms of the rate of successful recanalization after operation, a total of 13 articles were included (12–14, 16, 17, 19–24, 26, 27), with high heterogeneity (I2 = 74%, p = 0.0001). Use of random effects models. A total of 2,773 persons were included in the S + A group, with 2,421 successful recanalization after operation (87.3%, 2,421/2,773); a total of 2,988 persons were included in the S group, with 2,512 successful recanalization after operation (84.1%, 2,512/2,988). In terms of the rate of successful revascularization after operation, the S + A group was superior to the S group [OR = 1.58, 95% CI (1.11, 2.25), p = 0.01], as shown in Figure 5A. Heterogeneity was reduced after the exclusion of one study by Blasco et al. (19) (I2 = 46%, p = 0.04). The rate of successful recanalisation after the operation was 87.9% (2,326/2,645) in the S + A group and 83.8% (2,275/2,715) in the S group, with a statistically significant difference between the two groups [OR = 1.83, 95% CI (1.55, 2.17), p < 0.00001], as shown in Figure 5B.

[image: Forest plots with odds ratios comparing studies labeled as "S+A" and "S" for two different models. Chart A uses a random effects model, showing an odds ratio of 1.58 with heterogeneity I² = 74%. Chart B uses a fixed effects model, showing an odds ratio of 1.83 with heterogeneity I² = 46%. Each study is represented with a blue square and horizontal line indicating the confidence interval, and a diamond for the overall effect.]

FIGURE 5
 Forest plot and meta-analysis of the rate of successful recanalization after operation.




MRS 0–2 within 90 days

In terms of 90-day good functional prognosis, a total of 10 papers were included (12, 13, 15, 17, 19–23, 25) with high heterogeneity (I2 = 69%, p = 0.0007). Use of random effects models. The 90-day good functional prognosis was 35.7% (809/2,267) in the S + A group and 44.9% (1,191/2,655) in the S group, and the difference between the two groups was not statistically significant [OR = 0.81, 95% CI (0.63, 1.04), p = 0.1], as shown in Figure 6A. Heterogeneity was significantly lower after excluding one study by Maïer et al. (20) (I2 = 25%, p = 0.22). The 90-day good functional prognosis was 43.5% (503/1,156) in the S + A group and 44.9% (1,012/2,249) in the S group, and the difference between the two groups was still not statistically significant [OR = 0.89, 95% CI (0.76, 1.04), p = 0.14], as shown in Figure 6B.

[image: Forest plots titled "A" and "B" compare odds ratios for studies involving S+A and S groups. Plot A, using random effects, shows an overall odds ratio of 0.81 with a confidence interval of 0.63 to 1.04. It indicates significant heterogeneity with I² at sixty-nine percent. Plot B, using fixed effects, shows an overall odds ratio of 0.89 with a confidence interval of 0.76 to 1.04. It indicates low heterogeneity with I² at twenty-five percent. Each study's odds ratio is plotted with confidence intervals on a logarithmic scale.]

FIGURE 6
 Forest plot and meta-analysis of MRS 0–2 within 90 days.




Interoperative embolism

With regard to interoperative embolism, a total of 7 articles were included (12–14, 20, 22–24), low heterogeneity (I2 = 2%, p = 0.41), with an interoperative embolism rate of 8.9% (167/1,880) in the S + A group and 7.9% (158/2,009) in the S group, and the difference between the two groups was not statistically significant [OR = 0.93, 95% CI (0.72, 1.20), p = 0.56], as shown in Figure 7.

[image: Forest plot displaying a meta-analysis of various studies comparing two groups, S+A and S, with total events and sample sizes. Odds ratios with 95% confidence intervals are shown for each study. The overall pooled odds ratio is 0.93 with a 95% confidence interval of 0.72 to 1.20, indicating no significant difference. The diamond shape represents the overall effect size. Heterogeneity is low, with an I-squared value of 2%.]

FIGURE 7
 Forest plot and meta-analysis of interoperative embolism.




Symptomatic intracranial haemorrhages

Regarding symptomatic intracranial haemorrhage, a total of 9 articles were included (12–14, 19, 20, 22–25), with low heterogeneity (I2 = 0%, p = 0.65), and the rate of symptomatic intracranial haemorrhage in the S + A group was 6. 8% (158/2,315) and the rate of symptomatic intracranial haemorrhage in the S group was 6.1% (149/2,443), and the difference between the two groups was not statistically significant [OR = 1.14, the 95% CI (0.87, 1.48), p = 0.33], as shown in Figure 8.

[image: Forest plot showing a meta-analysis of multiple studies comparing two groups, S+A and S. The plot indicates odds ratios with 95% confidence intervals for each study, represented by squares and horizontal lines. The cumulative effect is shown by a diamond, centered around an odds ratio of 1.14 with a 95% confidence interval of 0.87 to 1.48. The test for overall effect shows a Z-score of 0.97 with a P-value of 0.33, indicating no significant effect. Heterogeneity is low with an I² of 0%.]

FIGURE 8
 Forest plot and meta-analysis of symptomatic intracranial haemorrhages.




Mortality within 90 days

Regarding mortality within 90 days, a total of 10 articles were included (12, 13, 15, 19–25) with low heterogeneity (I2 = 28%, p = 0.18). The mortality rate within 90 days was 20.8% (472/2,271) in group S + A and 17.6% (462/2,620) in group S. The difference between the two groups was not statistically significant [OR = 1.11, 95% CI (0.94, 1.31), p = 0.22], as shown in Figure 9.

[image: Forest plot from a meta-analysis comparing two treatments, S+A and S, across ten studies. Odds ratios and confidence intervals are displayed for each study, represented by blue squares, with varying weights. The overall effect, a diamond shape, shows an odds ratio of 1.11 with a 95% confidence interval of 0.94 to 1.31, indicating no significant overall effect.]

FIGURE 9
 Forest plot and meta-analysis of mortality within 90 days.




Subgroup analysis based on different embolization sites

We conducted a subgroup analysis on the first successful vascular recanalization at different embolization sites. For the middle cerebral artery occlusion segments, a total of two articles were included (16, 22), with low heterogeneity (I2 = 0%, p = 0.51). The first successful vascular recanalization rate was 47.6% in the S + A group compared to 33.8% in the S group, with the S + A group significantly outperforming the S group [OR = 1.85, 95% CI (1.31, 2.61), p = 0.0005, as shown in Figure 10]. In the internal carotid artery occlusion segments, there was low heterogeneity (I2 = 0%, p = 0.62). The first successful vascular recanalization rate was 45.7% in the S + A group versus 24.7% in the S group, with the S + A group significantly outperforming the S group [OR = 2.67, 95% CI (1.57, 4.54), p = 0.0003, as shown in Figure 10].

[image: Forest plot illustrating the odds ratios for studies examining two subgroups: MCA and ICA. Each study lists events and total counts for S+C and S groups, providing weights and confidence intervals. Heterogeneity and overall effect tests are displayed for each subgroup and total. The plot shows varying odds ratio values with confidence intervals, indicating statistical significance for both subgroups, with the overall odds ratio being 2.06.]

FIGURE 10
 Forest plot and meta-analysis of subgroup analysis based on different sites of embolism.




Sensitivity analyses and publication bias

In this meta-analysis, the results of sensitivity analyses comparing the efficacy of combined stent retriever and contact aspiration versus stent retriever alone were consistent with the results of the combined analyses; we used Begg’s method and Egger’s method test to assess the effect of publication bias, and the funnel plots were both symmetric and there was no clear evidence of publication bias.





Discussion

Combined stent retriever and contact aspiration has been widely reported in recent years with the aim of increasing the successful recanalisation rate in patients with large vessel occlusion, reducing interoperative complications such as embolism and bleeding, and improving the functional prognosis of patients by combining stenting and contact aspiration, but the efficacy and feasibility of combined stent retriever and contact aspiration is still controversial. The use of combined techniques may increase the cost of patient care, and Meder et al. (28) found that switching from stenting alone to stenting combined with aspiration may increase the cost of mechanical extraction of boluses by approximately 30% at their institution. Moreover, studies have already reported (12, 13) that stenting combined with aspiration did not increase the rate of successful post-procedural recanalisation, the rate of first-time recanalisation, and did not improve the functional prognosis within 90 days in patients with large vessel occlusion compared to stenting alone. Therefore, it is necessary to analyse the combined stent retriever and contact aspiration in comparison with stent retriever alone. In total, this Meta-analysis included 16 papers of comparative studies of the two treatment methods involving 7,320 patients, which were synthesised to show that: in terms of the major effectiveness nodes (mTICI ≥2C), combined stent retriever and contact aspiration did not demonstrate a significant advantage over stent retriever alone. However, in the secondary effectiveness nodes, combined stent retriever and contact aspiration was superior to stent retriever alone in terms of near-complete or complete recanalisation of the vessel post-procedure (mTICI ≥2C), and successful recanalisation of the vessel post-procedure (mTICI ≥2b). However, it did not show a significant advantage in terms of first pass successful recanalisation (mTICI ≥2b) and good functional prognosis at 90 days. With regard to safety, no significant differences were seen in interoperative embolism, symptomatic intracranial haemorrhage, and mortality within 90 days with combined stent retriever and contact aspiration compared with stent retriever alone.

Mechanical thrombectomy has significant efficacy in patients with acute large-vessel occlusive ischaemic stroke (6), but the efficacy of the two popular techniques of mechanical thrombectomy has not fully achieved the expected goals of the treatment, and has not maximised the benefits for stroke patients. Therefore, innovations in mechanical embolisation techniques are a constant pursuit for neurointerventionalists. It has been reported in the literature (11, 29–32) that the combined technique improves the rate of first pass successful and post-procedural recanalisation compared to a single device, and its main technical advantage lies in the fact that in the combined technique, the stent retriever, located distal to the clot, and the aspiration catheter, located proximal to the clot, allow us to capture clots from both sides, and the large-bore aspiration catheter also allows for the direct removal of additional thrombus, and in addition, the interoperative catheter is continuously negative pressure to capture the proximal thrombus mass, thus reducing the incidence of thrombus fragmentation during stent withdrawal. However, the results of this meta-analysis study found no significant differences between combined embolisation compared with stenting alone in terms of mTICI grade ≥2c and mTICI grade ≥2b after first pass recanalisation. However, in terms of postoperative recanalisation mTICI grade ≥2c and mTICI grade ≥2b, combined thrombolysis improved the rate of successful recanalisation. We speculate that the main reasons for the increased rates of complete and successful recanalisation after operation may be the following: Firstly, technique crossover, which is more prevalent in combined embolisation, with the incidence of technique crossover being as high as 30–45% in retrospective study series (19, 22). Secondly, thrombus composition and size, for large and hard thrombi, the two different techniques may not show a significant difference after one operation, but as the number of MTs increases, the advantages of the combined technique appear. Thirdly, thrombus sites differed, in terms of occlusion sites, the incidence of successful recanalisation was significantly higher with the combined technique than with the alone technique in ICA and M2 occlusions, which may be mainly attributed to the large, hard clots commonly seen in ICA (33), and the smaller vessel diameter of the M2 which reduces dead space with the aspiration catheter, thus increasing the aspirational force (34).

This meta-analysis found no difference between the two groups in terms of overall first successful vascular recanalization and post-operative successful vascular recanalization. However, subgroup analysis based on different embolization sites revealed that for both MCA and ICA segments, the rate of initial successful vascular recanalization using combined techniques was significantly higher compared to the standalone stent retriever technique, with statistical differences being more pronounced in the ICA segment. However, these results could be biased due to the small number of studies included. Schartz et al. (35) also found that the combined thrombectomy group had a higher rate of first successful recanalization compared to the standalone stent retriever group, but there were no significant differences in the rate of final successful recanalization. The recent ASTER 2 clinical randomised controlled trial similarly reviewed the efficacy of the combined technique versus stenting alone and also found no difference between the two groups in terms of first-pass recanalisation (mTICI ≥2b, mTICI ≥2b) (12). Huo et al. (13) also showed no difference between the combined technique and stenting alone in terms of first pass recanalisation in a study conducted in a Chinese population. However, in the ASTER 2 clinical randomised controlled trial and the Huo et al. (13) study, the combined embolisation technique did not show an advantage in terms of postoperative recanalisation.

The first pass effect (mTICI ≥2b) is considered to be strongly associated with a favourable prognosis in patients after mechanical embolisation, mainly due to the fact that fewer passes lead to fewer complications and better outcomes are achieved if complete reperfusion is achieved after the first pass (36). This meta-analysis showed no difference between the two groups in terms of 90-day good functional prognosis (MRS ≤2), which is consistent with the results of several previous studies (12, 13, 22, 23, 35). Moreover, the present Meta-analysis demonstrated that there was no difference in the first pass effect between the two groups. In terms of safety, this meta-analysis focused on a pooled analysis of interoperative embolism, symptomatic intracranial haemorrhage, and mortality at 90 days, and we found that the combined technique did not increase the number of procedural complications or mortality at 90 days compared with stenting alone. Although, this result is consistent with the results of some previous studies (12, 13, 22), Hesse et al. (14) found that the combined technique group had a lower rate of interoperative embolism. a study by Xu et al. (27) also showed that the combined technique group had a lower rate of disease-related adverse events (including all-cause mortality). So I had to go ahead and consider the use of the two-queue balloon-guide catheter (BGC) in the original article that was included. The use of BGC reduces the difference in efficacy between the combined technique and stenting alone, as BGC stops blood flow and reduces thrombus fragmentation and distal embolisation (37). Kurre et al. (38) reported a reduction in distal embolisation rates (14.6 to 3.3%) by the addition of an intermediate aspiration catheter in the SR without the use of a BGC. Bourcier et al. (39) showed that BGC did not lead to better reperfusion and clinical outcomes when stenting combined with aspiration compared to no BGC, and that the use of BGC may have diminished the role of the intermediate aspiration catheter.

Some limitations should be highlighted when interpreting the results. First, most of the included studies were retrospective with limited follow-up, which may overestimate the effect size of the results and limit the interpretation of the pooled data. Second, even after adjusting for differences between groups at baseline, the possibility of confounding by measured or unmeasured variables cannot be ruled out. Third, in the absence of blinded assessments, the assessment of clinical outcomes may be biased. In addition, the included studies used a variety of devices (e.g., BGC, guide catheters, aspiration catheters, different stent retrievers), which contributed to the heterogeneity.



Conclusion

Combined stent retriever and contact aspiration did not increase the rate of first pass near-complete or complete recanalisation and first pass successful recanalisation in patients with large-vessel occlusion stroke compared with stent retriever alone, but it did increase the rate of postprocedural near-complete or complete recanalisation and postprocedural successful recanalisation. However, no significant advantage was seen in terms of good functional prognosis at 90 days, interoperative embolism, symptomatic intracranial haemorrhage, or mortality at 90 days. This result still needs to be further confirmed by additional large-sample, multicenter, prospective randomized controlled trials.
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Background and aims: Postinterventional hypothermia is a frequent complication in patients with large-vessel occlusion strokes (LVOS) after mechanical thrombectomy (MT). This inadvertent hypothermia might potentially have neuroprotective but also adverse effects on patients’ outcomes. The aim of the study was to determine the rate of hypothermia in patients with LVOS receiving MT and its influence on functional outcome.
Methods: We performed a monocentric, retrospective study using a prospectively derived databank, including all LVOS patients receiving MT between 2015 and 2021. Predictive values of postinterventional body temperature and body temperature categories (hyperthermia (≥38°C), normothermia (35°C–37.9°C), and hypothermia (<35°C)) on functional outcome were analyzed using multivariable Bayesian logistic regression models. Favorable outcome was defined as modified Rankin Scale (mRS) ≤3.
Results: Of the 480 included LVOS patients with MT (46.0% men; mean ± SD age 73 ± 12.9 years), 5 (1.0%) were hyperthermic, 382 (79.6%) normothermic, and 93 (19.4%) hypothermic. Postinterventional hypothermia was significantly associated with unfavorable functional outcome (mRS > 3) after 90 days (OR 2.06, 95% CI 1.01–4.18, p = 0.045). For short-term functional outcome, patients with hypothermia had a higher discharge NIHSS (OR 1.38, 95% CI 1.06 to 1.79, p = 0.015) and a higher change of NIHSS from admission to discharge (OR 1.35, 95% CI 1.03 to 1.76, p = 0.029).
Conclusion: Approximately a fifth of LVOS patients in this cohort were hypothermic after MT. Hypothermia was an independent predictor of unfavorable functional outcomes. Our findings warrant a prospective trial investigating active warming during MT.
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1 Introduction

Stroke is one of the leading causes for death and disability worldwide. The introduction of mechanical thrombectomy (MT) for patients with large-vessel occlusion stroke (LVOS) significantly improved functional outcome and is currently considered the gold standard in this subgroup of stroke patients (1). However, still less than 50% of LVOS patients treated with MT, even despite fast and complete recanalization, achieve functional independence at 90 days and the 90-day mortality rate is approximately 15% (1). Multiple peri-interventional factors influence functional outcome in LVOS patients, leading to a continued development to improve pre-and intrahospital management and to investigate neuroprotective measures in this important subgroup of stroke patients.

Therapeutic hypothermia (TH) has been shown to improve neurological recovery in patients with generalized brain ischemia after out-of-hospital cardiac arrest (2) and is recommended by guidelines in this patient group (3). The effects of TH are multimechanistic, affecting almost every molecular and cellular pathway known to lead to cell death (4). However, the role of TH in the focal brain ischemia associated with stroke remains unclear. Clinical trials examining systemic cooling techniques of stroke patients have failed to show any benefit (5, 6). A meta-analysis including 12 studies did not observe a greater overall improvement in functional outcome in patients with TH in acute ischemic stroke than standard of care, although some studies demonstrated a shift toward better outcomes (7). This might be due to the higher incidence of complications observed in the TH groups, mainly in form of infections and cardiac complications (e.g., bradyarrhythmia) (7). Therefore, neuroprotective effect might be outweighed by cardiac dysfunction and hemodynamic imbalance (8) by increasing catecholamine release and myocardial oxygen demand (9). In addition, the efficacy of TH has been shown to depend on the duration, timing, depth, and kind of application of hypothermia, all of which are not clear in focal cerebral ischemia (10).

Postinterventional hypothermia is a frequent complication in stroke patients after MT, which always is performed in an emergency setting (11). General anesthesia, prolonged MT times, and the fact that the patient lies motionless—in many cases without transurethral catheters—in the angio suite can lead to a quick drop in the patient’s core temperature. In this respect, as many mechanical thrombectomies are performed quickly (12), active warming systems are not widely used. This inadvertent hypothermia might potentially have neuroprotective but also detrimental effects on patients’ outcomes (e.g., increased infection rates or hypothermia-associated coagulopathy). Recent studies analyzing the effect of body temperature on functional outcomes of MT patients were inconclusive. While a study by Hartmann et al. suggested that inadvertent hypothermia after MT had no influence on functional outcome or mortality but is associated with an increased rate of pneumonia and bradyarrhythmia (13), a study by Xu et al. found that lower intraoperative body temperature during MT was independently associated with improved neurological outcome (14).

Given this inconclusive data, this study aimed to determine the rate of hypothermia in LVOS patients receiving MT and to investigate its effect on functional outcomes in a large, prospectively derived stroke database.



2 Materials and methods


2.1 Patient population

We performed a monocentric, retrospective study using a prospectively derived databank including all LVOS patients receiving MT at University Medical Center Göttingen, Germany. Available data of patients enrolled between 2015 and 2022 were analyzed. Inclusion criteria were diagnosis of anterior circulation LVOS (proximal internal carotid artery (ICA), ICA bifurcation, and medial cerebral artery (MCA) M1, M2, and M3) treated with mechanical thrombectomy and an age ≥ 18 years. Patients with an incomplete set of data included in the registry were excluded. The frontline thrombectomy strategy and access were at the discretion of the treating neurointerventionalist. All data were assessed prospectively during the in-hospital stay of every patient by local senior neuroradiologists and neurologists, including time metrics, peri-procedural management data, and outcome assessment at discharge and after 90 days. Stroke severity was assessed by the National Institutes of Health Stroke Scale (NIHSS). The degree of disability was rated by the modified Rankin Scale (mRS) (15). Early signs of infarction on imaging were assessed using the Alberta Stroke Program Early CT Score (ASPECT) (16). Initial imaging was performed using native computer tomography (CT), CT angiography, and perfusion. Reperfusion success was measured using the modified thrombolysis in cerebral infarction (mTICI) scale (17). mTICI 2b-3 was regarded as a successful reperfusion. All patients were admitted to a neurological intensive care unit (ICU) immediately after MT, on which vital signs were recorded automatically by a patient data management system (IntelliSpace Critical Care and Anesthesia (ICCA), Philips, Germany). Core body temperature recordings were checked for consistency in every patient included in this study.



2.2 Assessment of temperature readings after endovascular therapy

Temperature measurements upon arrival at the neuro-ICU and within the first 12 h after arrival were analyzed. Body temperature was measured continuously by a urinary catheter with a temperature probe. All temperature measurements were reported in the electronic health record. We defined normothermia as temperature values between 35°C and 37.9°C, hyperthermia as temperature values greater than or equal to 38°C, and hypothermia as temperature values less than 35°C.



2.3 Study endpoints

The primary endpoint of this study was a favorable functional outcome at 90 days after stroke, defined as an mRS score ≤ 3. Secondary outcomes were mRS and NIHSS at discharge as well as relative change of NIHSS from admission to discharge (= difference of NIHSS at discharge and NIHSS at admission divided by NIHSS at admission).



2.4 Statistical analysis

All variables have been summarized using absolute and relative frequencies, mean ± standard deviation or median (IQR), as appropriate, for the whole cohort and different groups. For two patients with NIHSS = 0 at admission, the relative change could not be computed and was thus considered missing.

For the comparison of patients with mRS ≤ 3 and mRS > 3 at discharge and 90 days after discharge, we applied Fisher’s exact test for nominal variables, Welch’s t-test for age, time metrics as well as count data, and the Brunner–Munzel test for all other numeric and ordinal variables. For the comparison of patients with and without hypothermia, we used the Brunner–Munzel test.

We performed a receiver operating characteristic (ROC) analysis for mRS > 3 and reported the area under the ROC curve with the corresponding confidence interval, which was computed using the DeLong method.

We fitted multivariable Bayesian logistic regression models on the complete cases to analyze the influence of hypothermia on the probability of mRS > 3 at discharge as well as 90 days after discharge using normal priors with a scale of 2.5. For modeling the NIHSS, we first log(x + 1)-transformed the NIHSS values to satisfy model assumptions. We applied multivariable linear regression models on the complete cases to evaluate the effect of hypothermia on the NIHSS at discharge and on the difference of (log(x + 1)-transformed) NIHSS between admission and discharge.

The significance level was set to α = 5% for all statistical tests. Due to the exploratory nature of this study, no adjustment for multiple testing was applied. All analyses were performed with the statistical programming environment R (version 3.6.2; R Core Team 2019) using the R-packages nparcomp (version 3.0) for the Brunner–Munzel test, pROC (version 1.18.0) for the ROC analysis, arm (version 1.13.1) for Bayesian logistic regression models, and ggeffects (version 1.1.4) for the computation and visualization of marginal effect.




3 Results


3.1 Baseline characteristics

At the time of data analysis, the databank included 1,297 cases. After discarding cases with missing data and patients with posterior circulation ischemic stroke, 480 patients remained for the analysis of the primary endpoint.

Among the 480 study patients, 221 patients (46.0%) were men, the mean age was 73 ± 12.9 years, and the median NIHSS score at admission was 15 (IQR 11 to 19). MT was performed with general anesthesia in 292 patients (75.3%) and with conscious sedation in 96 patients (24.7%); 360 patients (85.9%) achieved successful recanalization (modified Thrombolysis in Cerebral Infarction 2b-3), and 20 (4.4%) had symptomatic intracerebral hemorrhage. At 3 months, 223 (46.5%) patients had a favorable functional outcome (mRS ≤ 3). The baseline characteristics of patients with and without favorable functional outcomes are shown in Table 1.



TABLE 1 Baseline characteristics of LVOS patients receiving MT with mRS ≤ 3 and mRS > 3 after 90 days.
[image: A table comparing clinical data among 480 stroke patients categorized by a modified Rankin Scale (mRS) score of less than or equal to 3 and greater than 3, with columns for demographic, medical history, anesthesia, time metrics, imaging data, procedural outcomes, and functional outcomes. It includes percentages, mean values, standard deviations, IQRs, and p-values for each variable. Key metrics include age, male sex, diabetes prevalence, history of atrial fibrillation, anesthesia type, and outcomes like mortality and recanalization success. Significant p-values are bolded, indicating statistical relevance in certain areas.]

Patients with favorable functional outcomes after 90 days had significantly lower NIHSS at admission (p < 0.001) and were less likely to have cardiovascular comorbidities such as diabetes mellitus (24.3% vs. 35.5%, p = 0.009), arterial hypertension (71.6% vs. 87.1%, p < 0.001), and atrial fibrillation (40.4% vs. 51.8%, p = 0.016) as well as were significantly younger (68.5 ± 13.3 vs. 76.8 ± 11.1, p < 0.001). There was no significant difference in sex (48.4% vs. 44.0% male, p = 0.359) and location of vessel occlusion (p = 0.070).



3.2 Postinterventional body temperature

On admission to the neuro-ICU, 382 patients (79.6%) were normothermic, 93 patients (19.4%) were hypothermic, and 5 patients (1.0%) were hyperthermic. The median increase in body temperature from admission to 12-h length of stay was 1.2°C (IQR 0.4 to 2.0) (Supplementary Table S1).



3.3 Unadjusted analysis

In patients with favorable functional outcomes after 90 days, median temperature on admission to neuro-ICU was higher (36.0 [IQR 35.4 to 36.4] vs. 35.7 [IQR 34.9 to 36.4], p = 0.006), and hypothermia (12.1% vs. 25.7%, p < 0.001) as well as hyperthermia (0.4% vs. 1.6%, p = 0.379) were less frequent. The change of temperature from admission to temperature after 12 h was significantly higher in patients with unfavorable outcomes (median 1.0 [IQR 0.3 to 1.8] vs. 1.3 [IQR 0.6 to 2.2], p = 0.003). Temperature data of patients with favorable and unfavorable outcomes after 90 days are shown in Supplementary Table S1. There was a shift toward better functional outcomes on the mRS after 90 days favoring patients without hypothermia (Figure 1). In ROC analysis, the optimal cutoff temperature after MT according to the Youden index for an unfavorable outcome at 90 days was 35.0°C and for an unfavorable outcome at discharge 35.8°C (Supplementary Figure S2).

[image: Bar graph comparing outcomes between no hypothermia and hypothermia groups for 480 participants, using the modified Rankin Scale (mRS). Values show percentages for mRS scores from zero to six. No hypothermia group has higher percentages for mRS six (27.6%) and zero (19.1%) compared to the hypothermia group, which shows higher percentages for mRS six (35.5%), and three (24.7%).]

FIGURE 1
 Ordinal shift analysis—comparison of mRS distribution after 90 days between patients with and without hypothermia. Legend (right) demonstrates how mRS is represented by colors from 0 (in white) to 6 (in black). mRS, modified Rankin Scale.


In patients with hypothermia after MT, NIHSS at discharge was significantly higher (median 9 [IQR 4 to 16] vs. 5 [IQR 2 to 12], p < 0.001) and relative improvement in NIHSS was smaller (median relative change-0.40 [IQR −0.76 to −0.11] vs. -0.67 [IQR −0.86 to −0.17], p = 0.005) (Supplementary Table S2).



3.4 Adjusted analysis

Multivariable regression models demonstrated a significantly higher chance for an unfavorable functional outcome after 90 days in patients with postinterventional hypothermia (OR 2.06, 95% CI 1.01 to 4.18, p = 0.045, Table 2). Other independent predictors of an unfavorable outcome at 90 days were higher age (OR 1.03, 95% CI 1.00 to 1.06, p = 0.025), arterial hypertension (OR 2.72, 95% CI 1.23 to 6.00, p = 0.013), and low aspect score (OR 0.78, 95% CI, 0.64 to 0.97, p = 0.024) (Table 2).



TABLE 2 Multivariable logistic regression model for an unfavorable functional outcome (mRS > 3) after 90 days including postinterventional hypothermia.
[image: Table displaying various medical factors and their impact on events with columns for N, number of events, odds ratio (OR), 95% confidence interval (CI), and p-value. Notable findings include postinterventional hypothermia with OR 2.06 and p-value 0.045, and arterial hypertension with OR 2.72 and p-value 0.013. Some factors like history of atrial fibrillation show nonsignificant p-values, such as 0.867.]

For short-term functional outcomes, there was a trend toward a higher chance for an unfavorable discharge mRS in patients with hypothermia (OR 1.78, 95% CI 0.91 to 3.47, p = 0.088) and significant results for discharge NIHSS (OR 1.38, 95% CI 1.06 to 1.79, p = 0.015) as well as relative change of NIHSS from admission to discharge (OR 1.35, 95% CI 1.03 to 1.76, p = 0.029) (Supplementary Tables S3–S5, Supplementary Figure S1).

The difference from postinterventional body temperature to temperature after 12 h was a significant predictor of poorer functional outcome after 90 days (OR 1.28, 95% CI 1.02 to 1.60, p = 0.029) (Table 3) and at discharge (OR 1.31, 95% CI 1.05 to 1.63, p = 0.016) (Supplementary Table S6).



TABLE 3 Multivariable logistic regression model for an unfavorable functional outcome (mRS > 3) after 90 days including postinterventional change of body temperature.
[image: Table showing odds ratios (OR), confidence intervals (CI), and p-values for various factors in a study. Factors include temperature change, postinterventional body temperature, age, baseline NIHSS, diabetes, hypertension, and others. The OR and CI indicate varying effects, with significant p-values shown for factors like hypertension (p=0.018) and Δ Temperature (p=0.029). Descriptions of abbreviations are provided below the table.]




4 Discussion

Postinterventional hypothermia is a frequent complication in LVOS patients after MT. This inadvertent hypothermia could potentially have neuroprotective but also detrimental effects on patients’ functional outcomes.

In this study, hypothermia after MT was associated with an unfavorable functional outcome. We found a significant association between postinterventional hypothermia and an unfavorable functional outcome at 90 days. In addition, there was a trend for unfavorable functional outcome at discharge and significant results for the NIHSS score at discharge as well as relative change in NIHSS. Our study, therefore, does not support the hypothesis that inadvertent hypothermia in LVOS patients may have neuroprotective effects but might contribute to worse functional outcomes despite successful recanalization. While moderate therapeutic hypothermia has been shown to improve clinical outcomes in patients with cardiac arrest (2, 18) and in animal stroke models (19), clinical studies have failed to show a beneficial effect of induced hypothermia in human stroke patients (5–7, 20, 21). This might be due to the fact that many patients with LVOS have cardiovascular risk factors, and therapeutic hypothermia may further disrupt hemodynamic balance and deteriorate cardiac function (8). Conversely, patients of advanced age and those with overweight or chronic diseases are more likely to develop perioperative hypothermia (22). That is why we adjusted for cardiovascular risk factors as possible confounders.

Inadvertent hypothermia is a common side effect in patients undergoing surgery. It can occur as a result of the suppression of central mechanisms of temperature regulation due to anesthesia and prolonged exposure of large skin surfaces to cold temperatures in operating rooms (23). Perioperative hypothermia has negative effects on coagulation, blood loss and transfusion requirements, metabolization of drugs, surgical site infections, and discharge from the post-anesthesia care unit (24). Active body surface warming (ABSW) systems are effective in maintaining physiological normothermia and are used to prevent adverse clinical outcomes (25). The results of our study underline the importance of ABSW systems to maintain normothermia even with short thrombectomy times.

In the randomized SIESTA trial, hypothermia was associated with the performance of MT under general anesthesia (11). In our study, general anesthesia was associated with an unfavorable functional outcome at 90 days. At the moment, the impact of the type of anesthetic technique on neurological outcomes is still under debate (26). As general anesthesia was associated with worse functional outcomes of MT patients in some other cohorts as well (27), a potential beneficial effect of hypothermia may have been confounded by the performance of general anesthesia in our study. Therefore, we corrected for general anesthesia as a confounder.

In a recent observational study by Hartmann et al. (13) including 416 patients with anterior circulation large-vessel occlusion treated with EVT, approximately half of the patients (50.2%) were hypothermic (<36.0°C; median body temperature 35.2°C) and half were normothermic (36.0°C to 37.5°C; median body temperature 36.4°C) after MT. Patients with temperature > 37.5°C after EVT were excluded. Hypothermia after EVT was associated with higher age and with general anesthesia for EVT, while there was no association with the duration of the procedure. The multivariate outcome analysis could not demonstrate an association of hypothermia with favorable functional outcome (mRS score < 3 at 3 months), which aligns with our results. More hypothermic patients suffered from pneumonia (36.4% vs. 25.6%, p = 0.02) and bradyarrhythmia (52.6% vs. 16.4%, p < 0.001), whereas there was no significant difference in thromboembolic events.

As in our study, Hartmann et al. address inadvertent hypothermia and not induced hypothermia as a possible neuroprotective approach. In both studies, inadvertent hypothermia might be a surrogate marker for worse medical pre-condition and more severely affected stroke patients, despite correcting for possible confounders in multivariate analysis. This may have restricted the ability to detect a possible neuroprotective effect.

For acute ischemic stroke patients with LVOS, EVT is a highly effective therapy (1). Therefore, additional therapy effects in EVT patients might be difficult to find out. To avoid the side effects of systemic hypothermia, selective brain cooling using endovascular cooling catheters combined with endovascular reperfusion might be a promising approach (28). For selective intra-arterial cold saline infusion, feasibility and safety were demonstrated in a pilot trial by Chen et al. (29).

The negative influence of higher body temperature on post-procedural infarction growth and functional outcome of MT patients has already been described (30, 31). Consistently, in our study rates of postinterventional hyperthermia were higher in patients with unfavorable functional outcomes. However, infarct volume and expansion were not available in our dataset.

An important limitation of the study is the demonstration of an association; it is not possible to show causality. Hypothermia might be an epiphenomenon of worse functional outcomes caused by an imbalance in comorbidities and/or nutritional status (cachexia, sarcopenia, pre-stroke functional status). In addition, hypothermia might be an indicator of longer procedural delays and durations of mechanical thrombectomy. Therefore, we corrected for cardiovascular risk factors and treatment times. Another limitation is the lack of a control group with active warming of the patients and the monocentric design of the study. The strength of the study is the detailed analysis of a prospectively derived databank and the control for multiple possible confounders.

Further studies are needed to evaluate the effects of the combination of targeted temperature management and MT in acute ischemic stroke patients in randomized clinical trials. Until then, since hypothermia, as well as hyperthermia, were shown to be associated with an unfavorable clinical outcome, we suggest maintaining strict normothermia in LVOS patients treated with MT using active body surface warming (ABSW) systems.
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Purpose: This study aimed to investigate the risk factors of prognosis and hemorrhagic transformation after mechanical thrombectomy (MT) in patients with posterior circulation acute ischemic stroke (PC-AIS) caused by large vessel occlusion. We sought to develop a nomogram for predicting the risk of poor prognosis and symptomatic intracerebral hemorrhage (sICH) in patients with PC-AIS.
Methods: A retrospective analysis was conducted on 81 patients with PC-AIS who underwent MT treatment. We collected clinical information from the patients to assessed sICH and prognosis based on CT results and National Institutes of Health Stroke Scale (NIHSS) scores. Subsequently, they were followed up for 3 months, and their prognosis was assessed using the Modified Rankin Scale. We used the least absolute shrinkage and selection operator (LASSO) and multivariate logistic regression to determine the factors affecting prognosis to construct a nomogram. The nomogram’s performance was assessed through receiver operating characteristic curves, calibration curves, decision curve analysis, and clinical impact curves.
Results: Among the 81 patients with PC-AIS, 33 had a good prognosis, 48 had a poor prognosis, 19 presented with sICH, and 62 did not present with sICH. The results of the LASSO regression indicated that variables, including HPT, baseline NIHSS score, peak SBP, SBP CV, SBP SD, peak SBP, DBP CV, HbA1c, and BG SD, were predictors of patient prognosis. Variables such as AF, peak SBP, and peak DBP predicted the risk of sICH. Multivariate logistic regression revealed that baseline NIHSS score (OR = 1.115, 95% CI 1.002–1.184), peak SBP (OR = 1.060, 95% CI 1.012–1.111), SBP CV (OR = 1.296, 95% CI 1.036–1.621) and HbA1c (OR = 3.139, 95% CI 1.491–6.609) were independent risk factors for prognosis. AF (OR = 6.823, 95% CI 1.606–28.993), peak SBP (OR = 1.058, 95% CI 1.013–1.105), and peak DBP (OR = 1.160, 95% CI 1.036–1.298) were associated with the risk of sICH. In the following step, nomograms were developed, demonstrating good discrimination, calibration, and clinical applicability.
Conclusion: We constructed nomograms to predict poor prognosis and risk of sICH in patients with PC-AIS undergoing MT. The model exhibited good discrimination, calibration, and clinical applicability.
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 posterior circulation acute ischemic stroke; mechanical thrombectomy; prognosis; symptomatic intracerebral hemorrhage; nomogram


1 Introduction

Acute ischemic stroke (AIS) is the leading cause of disability and mortality, posing a severe threat to human well-being (1). Research on the Chinese population reveals that, in 2020, there were 15.5 million cases of ischemic stroke among adults >40 years, with a prevalence rate of approximately 2.3/100 people (2). Over 30% of AIS cases result from large vessel occlusion (LVO) (3). LVO causes ischemia and hypoperfusion in the affected area, and timely restoration of perfusion to the ischemic area can maintain brain cell activity. Thrombolysis treatment by intravenous recombinant tissue plasminogen activator is accessible within a 4.5 h window from the onset of symptoms. However, it is not always feasible owing to missed time windows or contraindications. In recent years, mechanical thrombectomy (MT) development has provided new treatment options for patients with AIS. MT treatment is safe and effective for patients with anterior circulation AIS (AC-AIS), extending the treatment time to 6–24 h (4).

Compared with AC-AIS, posterior circulation AIS (PC-AIS) occurs in the vertebrobasilar system-supplied area, resulting in a worse prognosis (5). The early symptoms of PC-AIS are mild and unspecific, making identification challenging. Therefore, patients with PC-AIS have a lower rate of benefit from intravenous thrombolysis than those with anterior circulation AIS, with only 1/6 of patients benefiting from this treatment (6). It indicates that MT is an important treatment for patients with PC-AIS. However, the outcome of MT treatment in PC-AIS remains controversial, with significant differences observed in four randomized controlled trials (RCTs). In the BEST and BASIC studies, no significant difference was observed in prognostic outcomes between the MT and drug therapy alone groups.

In contrast, the BAOCHE and ATTENTION studies indicated a more favorable prognosis for patients who underwent MT treatment (7–10). Most patients with PC-AIS can achieve revascularization after MT treatment; however, only 38% experience a good prognosis (11). Therefore, exploring the factors influencing prognosis can help clinicians identify patients at high risk of poor prognosis and provide more timely interventions. There are fewer studies on the factors influencing the prognosis of PC-AIS patients undergoing MT treatment. A meta-analysis revealed that hypertension and diabetes were associated with poor prognosis (12). Gao et al.’s study identified baseline National Institutes of Health Stroke Scale (NIHSS) score, posterior circulation acute stroke prognosis early computed tomography (PC-ASPECT) score, and modified thrombolysis in cerebral infarction (mTICI) classification as independent risk factors affecting patients’ prognosis (13).

Notably, no study investigates the impact of post-operative medical management on the risk of patients’ prognosis, and predictive models for poor prognosis and sICH are yet to be constructed. This study addresses these gaps by investigating factors affecting the prognosis and sICH of patients with PC-AIS undergoing MT and constructs a nomogram applicable to clinical practice. We aimed to guide targeted clinical interventions to improve the management of patients with PC-AIS and enhance their post-treatment prognosis.



2 Materials and methods


2.1 Participants

We retrospectively gathered data from 81 patients diagnosed with PC-AIS admitted to the First Hospital of Shanxi Medical University between June 2020 and November 2023. The inclusion criteria were: (1) AIS patients with intracranial posterior circulation large vessel occlusion diagnosed by cranial computed tomography (CT) or magnetic resonance imaging (MRI), (2) those who underwent MT treatment, (3) age ≥18 years, and (4) signed informed consent from the patient or their family. Exclusion criteria comprised: (1) intracranial hemorrhage confirmed by cranial CT or MRI, (2) wake-up stroke or unclear onset time, and (3) discharge or death within 24 h post-surgery. This study was approved by the Ethics Committee of the First Hospital of Shanxi Medical University, and verbal informed consent was obtained from all participants via telephone.



2.2 Data collection

Data collection included baseline data, surgical data, post-operative clinical data, and the neurological recovery of patients assessed after 90 days. Baseline data included sex, age, onset time, blood pressure (BP) and blood glucose (BG) at admission, NIHSS score, PC-ASPECTS score, thrombolytic therapy, hypertension, diabetes, coronary artery disease, cerebrovascular disease, smoking, and drinking history. Surgical data included onset to puncture time, hospital arrival to puncture time (HPT), arterial puncture to reperfusion time, location of vascular occlusion, times of embolectomy, and mTICI classification. Data on whether endovascular treatment was performed after mechanical thrombectomy to address potential intracranial atherosclerotic stenosis (ICAS) were also collected.

Post-operative clinical data included: (1) Blood pressure (BP): readings were recorded during the first 24 h post-surgery. All patients were monitored, and a non-invasive BP monitor was used to measure their blood pressure every 4 h. To assess BP, we recorded the peak, minimum, and mean values of systolic blood pressure (SBP) and diastolic blood pressure (DBP). Mean arterial pressure (MAP) was calculated from SBP and DPB. Additionally, we analyzed the standard deviation (SD) and coefficient of variation (CV) of SBP and DBP. The CV is derived by dividing the SD of the BP measurements by their mean value; (2) Blood glucose (BG): During the first 24 h post-surgery, fingertip glucose measurement was used to measure all patients BG levels every 4 h. Glycated hemoglobin (HbA1c) levels were evaluated on the first day after admission. BG levels were assessed by calculating the mean, SD, CV, and stress hyperglycemia ratio (SHR). SHR is calculated by dividing the patient’s BG level at admission by their baseline BG level. The baseline BG can be estimated using the HbA1c level, with the baseline glucose estimated by the formula: (1.59 × HbA1c)–2.59; (3) Symptomatic intracranial hemorrhage (sICH): defined as a hemorrhage observed in the follow-up CT/MRI scan associated with a 4-point increase in the NIHSS score; (4) Good functional outcome: a professionally trained neurologist assessed and calculated modified Rankin Scale (mRS) scores for patients 90 days after enrollment via telephone or outpatient follow-up. The 90 day mRS scores ranging from 0–2 were defined as a good prognosis, while the scores between 3–6 were defined as poor prognoses. Patients in the good prognosis group were functionally independent and could look after themselves independently without assistance, whereas patients in the poor prognosis group had functional limitations.



2.3 Statistical analysis

Statistical analysis was carried out using SPSS and R software. The Kolmogorov–Smirnov test was used to analyze whether the data were normally distributed. Predictors of poor prognosis and symptomatic intracranial hemorrhage (sICH) in patients with posterior circulation acute ischemic stroke (PC-AIS) were determined through least absolute shrinkage and selection operator (LASSO) regression analysis. Afterward, multivariate logistic regression analysis was conducted using the results obtained. We employed a backward-conditional stepwise method to determine the best mode. A nomogram was constructed based on the predictors of poor prognosis identified in the final model, and internal validation was performed using the bootstrap method with 1,000 repeated samples. Receiver operating characteristic (ROC) curves were used to evaluate discrimination, while calibration curves were used to test the consistency between predicted and observed probability. Additionally, decision curve analysis (DCA) and clinical impact curve (CIC) were employed to evaluate the clinical applicability.




3 Results


3.1 General clinical characteristics

The flow chart is shown in Figure 1. This study included 81 patients with PC-AIS undergoing MT. Among them, 33 patients exhibited a good prognosis, while 48 had a poor prognosis. Table 1 presents the general clinical characteristics of all patients. The good prognosis group comprised 24 men and 9 women, while the poor prognosis group comprised 35 men and 13 women. Treatment outcomes indicated that 12 patients in the good prognosis group underwent successful revascularization, while 5 patients experienced sICH after the procedure. In contrast, in the poor prognosis group, 17 patients underwent revascularization surgery, and 14 experienced sICH. After regrouping the patients based on whether they experienced sICH, 19 patients had sICH, and 62 patients did not have sICH.

[image: Flowchart showing patients with PC-AIS undergoing MT treatment. Initially, 126 patients were included. Twenty were excluded due to unclear onset, leaving 106. Thirteen were excluded due to death or discharge within 24 hours, leaving 93. Another twelve were excluded for the same reason, resulting in 81 patients for analysis. Final outcomes show 33 with good prognosis and 48 with poor prognosis.]

FIGURE 1
 The flow chart for the inclusion of patients.




TABLE 1 Characteristics of all patients in prognosis group and ICH group.
[image: A table comparing baseline, surgical, and postoperative characteristics between groups with good prognosis, poor prognosis, intracerebral hemorrhage (ICH), and no ICH in patients. It includes variables like sex, age, diabetes, hypertension, NHISS score, lesion location, occlusion sites, TOAST classification, and various surgical and postoperative data like systolic and diastolic blood pressure and blood glucose levels. Different statistical measures such as mean and standard deviation are used across the data columns.]



3.2 Screening of predictors and construction of prediction model

The LASSO regression method was used to screen the predictors. We first determined the optimal value of λ through cross-validation, as illustrated in Figures 2A, 3A. In the process of selecting λ, we adhered to the 1se rule. According to this rule, setting λ to 0.09 identified seven variables for predicting patient prognosis, including HPT, baseline NIHSS score, peak SBP, SBP CV, SBP SD, DBP CV, HbA1c, and BG SD. When λ was set to 0.12, it identified three variables for predicting sICH, including atrial fibrillation, peak SBP, and peak DBP (Figures 2B, 3B).

[image: Panel A displays a plot of binomial deviance against log(lambda), showing a U-shaped curve with the lowest deviance around log(lambda) = -3. Panel B is a coefficient path plot, depicting various coefficient trajectories with changing log(lambda) values, converging to zero as lambda increases.]

FIGURE 2
 Cross-validation and lasso regression for predicting patient prognosis. (A) Cross-validation process; (B) Lasso regression analysis.


[image: Panel A shows a plot of binomial deviance against log(lambda), with a U-shaped curve indicating optimal lambda. Panel B displays a coefficient plot against log(lambda), illustrating how various coefficients converge or diverge as lambda changes.]

FIGURE 3
 Cross-validation and lasso regression for predicting sICH. (A) Cross-validation process; (B) Lasso regression analysis.


Logistic regression models were then constructed using these variables. The results revealed that baseline NIHSS score, SBP CV, peak SBP, and HbA1c independently influenced prognosis factors. Specifically, higher pre-operative NIHSS scores (OR = 1.115, 95% CI 1.002–1.184), peak SBP (OR = 1.060, 95% CI 1.012–1.111), SBP CV (OR = 1.296, 95% CI 1.036–1.621), and HbA1c (OR = 3.139, 95% CI 1.491–6.609) were associated with worse outcomes (Table 2). Atrial fibrillation (OR = 6.823, 95% CI 1.606–28.993), peak SBP (OR = 1.058, 95% CI 1.013–1.105), and peak DBP (OR = 1.160, 95% CI 1.036–1.298) were associated with the risk of developing sICH (Table 3). The final model was constructed using these variables.



TABLE 2 Multifactor logistic regression results of poor prognosis in patients with PC-AIS.
[image: Table displaying statistical results for NHISS score, Peak SBP, SBP CV, and HbA1c. Columns include β, p-value, OR, and 95% CI with lower and upper bounds. NHISS shows β of 0.097, p of 0.008, OR of 1.102, CI 1.026-1.184. Peak SBP has β of 0.058, p of 0.015, OR of 1.060, CI 1.012-1.111. SBP CV shows β of 0.259, p of 0.023, OR of 1.296, CI 1.036-1.621. HbA1c displays β of 1.144, p of 0.03, OR of 3.139, CI 1.491-6.609. Abbreviations include SBP, CV, HbA1c.]



TABLE 3 Multifactor logistic regression results of ICH in patients with PC-AIS.
[image: Table showing the relationship between atrial fibrillation, peak systolic blood pressure (SBP), and peak diastolic blood pressure (DBP) with their β values, p-values, odds ratios (OR), and 95% confidence intervals (CI). Atrial fibrillation: β 1.920, p 0.009, OR 6.823, CI 1.606 to 28.993. Peak SBP: β 0.057, p 0.010, OR 1.058, CI 1.013 to 1.105. Peak DBP: β 0.148, p 0.010, OR 1.160, CI 1.036 to 1.298. SBP stands for systolic blood pressure; DBP stands for diastolic blood pressure.]



3.3 Construction and validation of nomograms for predicting prognosis and sICH of patients with PC-AIS

Nomograms for predicting prognosis and sICH were plotted in R software based on the independent influences identified in the results of multivariate logistic regression (Figure 4). The scores for the predictors ranged from 0–100. After summing the scores of all variables into a “total score,” the corresponding value represented the risk of poor prognosis and sICH. For example, if a patient has an NIHSS score of 29, a peak SBP of 160, an SBP CV of 8, and an HbA1c of 6, their total score is 20.58 + 16.96 + 15.10 + 33.33 = 85.97, indicating a corresponding risk of poor prognosis between 0.7 and 0.8. Similarly, if a patient has atrial fibrillation, a peak SBP of 180, and a peak DBP of 100, their total score is 20.58 + 28.81 + 50.87 + 66.67 = 146.35, indicating a corresponding risk of sICH between 0.2 and 0.3. Using the ROC curve, we validated the performance of the nomogram to evaluate the predictive model’s ability. The result demonstrated that the area under the curve (AUC) for prognosis was 0.914, and for the sICH, it was 0.864, confirming the good discriminatory ability of the nomogram (Figures 5A, 6A). Using the maximum Youden index, we set optimal cut-off values of the nomograms’ predicted probability t at 0.717 and 0.334.

[image: Panel A shows a nomogram for assessing poor prognosis in patients with posterior circulation acute ischemic stroke (PC-AIS) based on variables like NIHSS, peak systolic blood pressure (SBP), SBP coefficient of variation, HbA1c, total points, and risk. Panel B presents a nomogram for evaluating intracerebral hemorrhage (ICH) risk in these patients, utilizing points, atrial fibrillation, peak SBP, peak diastolic blood pressure (DBP), total points, and risk. Both nomograms include a linear predictor and risk assessment scales.]

FIGURE 4
 Nomogram. (A) Nomogram for poor prognosis in patients with PC-AIS. To estimate the risk of a PC-AIS patient having a poor prognosis after 3 months, find his/her value on each variable axis. Draw a vertical line from that value to the top of the point scale to determine the number of points assigned to that variable value. Then, add up the number of points for each variable value. Find the sum on the total points scale and project it vertically onto the lower axis to obtain the individualized risk of poor prognosis. SBP, systolic blood pressure; CV, coefficient of variation; BG, blood glucose; SD, standard deviation. (B) Nomogram for ICH in patients with PC-AIS. To estimate the risk of a PC-AIS patient having a poor prognosis after 3 months, find his/her value on each variable axis. Draw a vertical line from that value to the top of the point scale to determine the number of points assigned to that variable value. Then, add up the number of points for each variable value. Find the sum on the total points scale and project it vertically onto the lower axis to obtain the individualized risk of poor prognosis. SBP, systolic blood pressure; CV, coefficient of variation; BG, blood glucose; SD, standard deviation.


[image: Panel A shows a ROC curve with an AUC of 0.914, indicating strong model performance. Panel B is a calibration plot comparing predicted probabilities. Panel C presents a decision curve analysis, with net benefit across thresholds. Panel D displays a clinical impact curve, illustrating high-risk numbers against thresholds.]

FIGURE 5
 ROC curves (A), calibration curves (B), DCA curve (C) and CIC (D) of the nomogram A. (C) DCA curve: The horizontal axis is the threshold used to define high risk and the vertical axis is net benefit. (D) CIC: the red curve represents the number of people classified as positive (high risk) by the model at each threshold probability; the blue curve represents the number of true positives at each threshold probability.


[image: Four-panel image showing various charts. Panel A: ROC curve with an AUC of 0.864, illustrating sensitivity vs. specificity. Panel B: Calibration plot with observed probability on y-axis and predicted probability on x-axis, including three lines for apparent, bias-corrected, and ideal probabilities. Panel C: Decision curve analysis with net benefit on y-axis and high risk threshold on x-axis, displaying lines for model, all, and none. Panel D: Cost-benefit analysis plot with number high risk and number high risk with event, showing relationship to cost benefit ratio and high risk threshold.]

FIGURE 6
 ROC curves (A), calibration curves (B), DCA curve (C) and CIC (D) of the nomogram B.


The bootstrap method was used to validate the constructed models internally. Calibration curves for the models demonstrated excellent agreement between prediction and observation (Figures 5B, 6B). Additionally, DCA demonstrated a wide range of clinical applications for the models (Figures 5C, 6C). Based on DCA, the CIC was plotted to provide a more intuitive assessment of the clinical effect of the models (Figures 5D, 6D).




4 Discussion

Recently, MT has been used to treat AIS with increasing success. Despite its demonstrated superiority over drug treatment alone for patients with PC-AIS (14), the prognosis for most patients with PC-AIS remains poor, with a mortality rate of >30% and only 38% showing good prognosis (11). Our results showed that baseline NIHSS score, SBP CV, peak SBP, and HbA1c were identified as the independent risk factors for the prognosis of patients with PC-AIS. Atrial fibrillation, peak SBP, and peak DBP were independent risk factors for sICH. The nomograms were constructed to predict the prognosis and sICH of patients. These nomograms have good discrimination calibration and can be used as a valid tool in clinical practice.

The early recognition of PC-AIS is difficult, but the progression is rapid. One important indicator of stroke severity is the NIHSS score in patients. In patients with AC-AIS, the risk of poor prognosis after revascularization increases progressively as the NIHSS score rises (15, 16). However, few studies have investigated the effects of MT on patients with PC-AIS. Notably, the ENDOSTROKE study revealed that a low NIHSS score was an independent predictor of patient prognosis after 90 days of basilar artery occlusion (BAO) (17). Another study of 117 patients with BAO demonstrated that the baseline NIHSS score predicted mortality in patients who achieved successful revascularization (18). This study’s baseline NIHSS score was an independent risk factor for poor prognosis in patients with PC-AIS undergoing MT. As the NIHSS score increases by one point, the risk of poor prognosis increases by 0.102-fold. This finding highlights the importance of the NIHSS score as a prognostic assessment for patients with PC-AIS. Despite the greater risk of poor prognosis post-MT in patients with high NIHSS scores, there is still a chance of reperfusion of ischemic brain tissue and recovery of neurological function compared with drug therapy alone. A meta-analysis revealed that MT treatment was more beneficial than drug therapy alone for patients with NIHSS scores >20 (19). Patients with high NIHSS scores should not be excluded from MT treatment.

The focus of current research into MT treatment in patients with PC-AIS has primarily been on its safety and efficacy. However, post-operative patient management has received little attention. AIS is often associated with hypertension, and elevated BP variability is associated with greater mortality and disability following a stroke (20). Our study identified SBP CV as an independent risk factor for poor prognosis in PC-AIS with MT. In patients with AC-AIS, similar results were observed, where higher systolic blood pressure variability was a predictor of poor prognosis after MT and was associated with higher mortality (21, 22). This may be attributed to impaired cerebral autoregulation following AIS. Cerebral autoregulation maintains stable cerebral blood flow in the presence of fluctuations in systemic BP (23). This ability can protect the brain from the negative effects of blood pressure variations. When cerebral autoregulation is impaired, higher blood pressure variability can worsen ischemic and reperfusion injury, which can lead to complications such as hemorrhagic infarction and cerebral edema (24). These complications can ultimately lead to poor clinical outcomes. Therefore, maintaining a stable BP post-MT treatment is crucial in improving patient prognosis.

Elevated blood pressure increases the risk of reperfusion injury (25). Higher systemic arterial BP was associated with poor prognosis and a high risk of hemorrhage in patients with AC-AIS with MT treatment (26–28). In our study, peak SBP was an independent risk factor for poor prognosis and sICH, and peak DBP was an independent risk factor for sICH. The results of the ENCHANTED study revealed that intensive antihypertensive lowering to 140 mmHg did not enhance the prognosis of patients (29). This may be because rapid antihypertensive lowering increases the risk of hypoperfusion. Additionally, even with successful revascularization, some patients may still require higher BP levels to maintain normal perfusion. The current guidelines recommend maintaining SBP at 180 mmHg for 24 h post-MT (30), while the BEST study suggests that patients with AC-AIS with peak SBP exceeding 154.5 mmHg may have an increased risk of poor prognosis. However, there are no studies on post-operative BP management goals for patients with PC-AIS. In our study, we observed that the peak SBP of 161.5 mmHg was observed to best distinguish the prognostic outcome of patients. When the peak SBP exceeded this level, patients were at an increased risk of poor prognosis. Additionally, patients with a peak SBP >167.5 mmHg or peak DBP >92.5 mmHg have a higher likelihood of experiencing ICH within 24 h post-MT. Therefore, the management of SBP and DBP should be taken seriously in patients with AIS post-MT to reduce the risk of poor prognosis and sICH and to improve the quality of life of patients.

Additionally, our study results show that HbA1c is an independent risk factor for poor prognosis post-MT, and AF is an independent risk factor for sICH. HbA1c levels reflect the average blood sugar level over the past 2–3 months. Elevated HbA1c levels, indicating suboptimal long-term glucose management, emerge as a modifiable factor that warrants attention in the pre- and post-operative phases. Poor BG control can worsen ischemic injury through various mechanisms, such as disrupting the blood–brain barrier, increasing oxidative stress, exacerbating the thrombo-inflammatory cascade, and impairing fibrinolysis (31, 32). Ultimately, this leads to an expansion of infarct size and cerebral hemorrhage (33). Therefore, it is crucial to control blood glucose levels to improve patient prognosis.

Additionally, the independence of AF as a risk factor underscores the importance of vigilant monitoring and tailored interventions for individuals with this cardiac arrhythmia. Previous studies have identified that atrial fibrillation is an independent risk factor for hemorrhagic transformation in patients with AIS treated with intravenous thrombolysis or MT (34, 35), aligning with our findings.

However, the limitations to our study are as follows: (1) the small sample size of this study may influence the results; (2) as the patients in our study had high NIHSS scores, our findings may not apply to those with mild PC-AIS. Therefore, a larger multicenter study is required to confirm the results of the present study.



5 Conclusion

Our study aimed to identify factors influencing the prognosis of patients with posterior circulation AIS. Our results highlighted that the baseline NIHSS score, peak SBP, SBP CV, and HbA1c were independent factors affecting prognosis. AF, peak SBP, and peak DBP were associated with the risk of sICH. Furthermore, nomograms were developed to predict the prognosis and sICH for patients with PC-AIS. The models demonstrated good discrimination, calibration, and clinical applicability.
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Glossary

[image: A list of acronyms and their meanings related to medical terms, particularly strokes and related procedures. Examples include AIS for acute ischemic stroke, LVO for large vessel occlusion, and NIHSS for National Institutes of Health Stroke Scale. The list includes various medical metrics, treatments, and scales.]


Copyright
 © 2024 Li, Zhang, Li, Li, Wu and Wang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.







 


	
	
CASE REPORT
published: 19 June 2024
doi: 10.3389/fneur.2024.1400537








[image: image2]

Treatment options for patients with CADASIL and large-scale cerebral infarction: mechanical thrombectomy and antiplatelet therapy—A case report
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Background: Cerebral autosomal dominant arteriopathy with subcortical infarcts and leukoencephalopathy (CADASIL) is an autosomal dominant inherited arterial disease, with lacunar infarction resulting from intracranial small vessel lesions being the most prevalent clinical manifestation of CADASIL. However, large-scale cerebral infarction caused by intracranial non-small vessels occlusion is relatively uncommon, and reports of vascular intervention and long-term antiplatelet drug treatment for patients with CADASIL and large-scale cerebral infarction are rarer.
Methods: We reported a 52 year-old male who experienced a significant cerebral infarction due to an occlusion in the second segment of the left middle cerebral artery, 4 months subsequent to being diagnosed with CADASIL. Following the benefit and risk assessment, the patient underwent intracranial vascular thrombectomy and balloon dilation angioplasty. Subsequently, he was administered dual antiplatelet therapy for 3 months, followed by mono antiplatelet therapy.
Results: After undergoing intracranial vascular intervention and receiving antiplatelet therapy, significant improvement in the symptoms were observed. The National Institutes of Health Stroke Scale score decreased from 6 to 2 points, and no bleeding lesions were detected on the head computed tomography during regular follow-up visits after discharge.
Conclusion: Our case highlights the possibility that patients with CADASIL may also encounter extensive cerebral infarction resulting from stenosis or occlusion of intracranial non-small vessels. Considering the specific circumstances of the patient, intravascular intervention and antiplatelet therapy can be regarded as viable treatment options for individuals with CADASIL.
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1 Introduction

Cerebral autosomal dominant arteriopathy with subcortical infarcts and leukoencephalopathy (CADASIL) is a monogenic hereditary small vessel disease caused by a mutation in the NOTCH3 gene located at 19p13.2-p13.1 (1). The receptor encoded by NOTCH3 is highly expressed in vascular smooth muscle cells (VSMCs) and pericytes (1), primarily affecting small penetrating cerebral and leptomeningeal arteries (2). Genetic testing and the identification of granular osmiophilic material in the vascular wall under an electron microscope are the gold standard criteria for diagnosing CADASIL (3, 4). In terms of imaging, the presence of white matter hyperintensity (WMH) found in magnetic resonance imaging (MRI) is a characteristic feature of CADASIL (5, 6). WMH mainly presents around the ventricles, anterior temporal pole, external capsule, and frontal and parietal lobes (7), with the frontal lobe bearing the highest burden of lesions (5, 8). The involvement of the external capsule and temporal pole strongly suggests CADASIL. Additionally, the presence of lacunar infarct and cerebral microbleed lesions throughout various brain regions may also be observed (9).

Migraine with aura, recurrent ischemic stroke (IS), mental disorders, and cognitive impairment are the four major clinical manifestations of CADASIL (2, 10). Among them, transient ischemic attacks and acute ischemic stroke (AIS) are the most prevalent. Ischemic lesions typically present as lacunar infarctions involving the subcortical white matter (11). Generally, non-small vessels are not affected (12, 13), and large-area cerebral infarctions are even less common. In terms of treatment, further data and research are necessary to determine whether antiplatelet drugs can offer greater benefits to patients with CADASIL with AIS (2). Therefore, uncertainties persist regarding the use of antiplatelet drugs for patients with CADASIL, and there have been no reported cases of endovascular interventional treatment.



2 Case description

The proband, a 52 year-old right-handed male, was admitted to the hospital in February 2023 with a 5 year history of memory loss and recurring headaches over the past 6 months. His memory loss primarily affected the recall of recent events, necessitating reminders from others, and he often forgot about performing tasks immediately after completing them. He complained of pulsating headaches at the top and temporal regions. Physical examination indicated memory loss and poor computational ability, but directional ability was normal, and his Montreal Cognitive Assessment (MOCA) score was 20 points. His medical history included a long-standing diagnosis of hepatitis B, with no history of hypertension, coronary heart disease, or diabetes. The patient did have a history of smoking for 1 year, consuming 2–4 cigarettes per week. Notably, the father of the proband had succumbed to AIS approximately 30 years prior. The patient’s younger brother was diagnosed with AIS in October 2019; head MRI using a diffusion-weighted imaging (DWI) sequence revealed a cerebral infarction in the left basal ganglia-corona radiate area (Supplementary Figure S1). Additionally, demyelinating lesions were evident in the white matter, temporal pole, external capsule, central oval, and radiocoronal regions around the bilateral lateral ventricles on a T2 fluid attenuated inversion recovery (FLAIR) sequence (Figure 1A; Supplementary Figure S2). Upon the proband’s admission, laboratory tests indicated a total cholesterol level of 5.20 mmol/L, low-density lipoprotein-C (LDL-C) at 2.89 mmol/L, and glycosylated hemoglobin (HbA1c) of 6.1%. The color Doppler ultrasound of the neck vessels revealed bilateral carotid atherosclerosis (AS). Further evaluation of complete brain T2 FLAIR sequences unveiled multiple demyelinating lesions in the white matter of the bilateral lateral ventricles, central half oval, coronal radiation, bilateral external sacs and bilateral temporal pole (Figure 1B). Additionally, small softening lesions were observed in the right central half oval. Magnetic resonance angiography and transcranial Doppler (TCD) suggested localized stenosis in the left of the second middle cerebral artery (MCA) segment (M2) and the right of the first MCA segment (Figure 1D). Subsequently, genetic testing was conducted in consultation with the proband, revealing a heterozygous c.328C > T (p.R110C) missense mutation in exon 3 of the NOTCH3 gene (Figure 1C). Genetic testing results, in conjunction with the patient’s clinical symptoms, signs, and imaging findings, led to a diagnosis of CADASIL. During his hospitalization, the proband received donepezil and memantine to enhance cognitive function, nonsteroidal anti-inflammatory drugs for headache management, and rosuvastatin calcium to address the lipid levels. Six days later, the patient felt an improvement in headache symptoms and was subsequently discharged from the hospital.
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FIGURE 1
 The family tree (A) reveals that the proband (black arrow) and his younger brother have CADASIL, while we are uncertain whether the proband’s father had CADASIL; the T2 fluid attenuated inversion recovery sequence (B) of the head magnetic resonance imaging in February shows demyelinating lesions in the white matter of bilateral temporal pole (white arrow); while genetic testing (C) shows a heterozygous c.328C > T (p.R110C) missense mutation in exon 3 of the NOTCH3 gene; the magnetic resonance angiography sequence (D) indicates local stenosis of the left of the second middle cerebral artery (MCA) segment and the right of the first MCA segment (white arrow).


Four months later, the proband experienced a sudden onset of numbness in his right lower limb and slurred speech at 4 a.m. and was admitted to our hospital 5 h later. Upon conducting a neurological examination, it was evident that he maintained clear consciousness but displayed deficits in temporal and spatial orientation. Moreover, there was a noticeable decrease in character orientation, compromised computational abilities, memory impairment, and symptoms of speech ambiguity. Notably, he presented mixed and naming aphasia. The right lower limb muscle strength was graded at V-, accompanied by diminished sensation and a positive right Babinski sign. A prompt assessment of stroke-related criteria assigned the proband a National Institutes of Health Stroke Scale (NIHSS) score of 6 points upon admission. The Modified Rankin Scale (mRS) score was 1 point. Subsequently, an emergency head computed tomography (CT) examination revealed an extensive cerebral infarction in the left temporal parietal occipital lobe (Supplementary Figure S3), the Alberta Stroke Program Early CT Score (ASPECTS) was 8. Further evaluation via computer tomography angiography disclosed occlusion of the distal lumen in the left of the M2 (Supplementary Figure S4). Besides, the computer tomography perfusion (CTP) showed that the volume of the core infarct area was 48.6 mL, the volume of the hypoperfusion area was 90.4 mL, and the mismatch ratio was 1.9 (Figure 2A).
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FIGURE 2
 The emergency computer tomography perfusion (A) of the proband reveals that the cerebral blood flow and volume in the low-density area of the left temporo-parieto-occipital insular lobe were lower than those on the contralateral side. Additionally, the mean transit time, time to peak, and Tmax were longer than those on the contralateral side; the volume of the core infarct area was 48.6 mL, and the mismatch volume was 41.8 mL. The volume of the perfusion area was 90.4 mL, resulting in a mismatch ratio of 1.9; cerebral angiography conducted before recanalization (B) depicts severe stenosis (80%) in the long segment of the initial portion of the inferior trunk of the left middle cerebral artery. Follow-up angiography conducted after endovascular treatment (C) demonstrates significant improvement in the stenosis; the diffusion-weighted imaging sequence (D) of the head magnetic resonance imaging after angioplasty in June shows cerebral infarction in multiple locations; the T2 fluid attenuated inversion recovery sequence (E) shows multiple demyelinating changes in the white matter of the brain; while the T2 star-weighted angiography sequence (F) indicates schistose hemorrhagic lesions in the parietal and occipital lobes.


Many studies have found that compared with standard medical treatment, thrombectomy for patients with M2 occlusion has a tendency to improve clinical efficacy (14, 15), and achieving reperfusion is also closely related to good prognosis (16). The proband was within the endovascular treatment time window when he was admitted, the mRS score was 1, NIHSS score was 6, ASPECTS was 8, and the mismatch ratio was >1.8. Therefore, after fully communicating with his family, we performed cerebrovascular interventional treatment for the proband. Cerebral angiography revealed a significant stenosis in the initial segment of the left MCA, measuring at 80%, with a blood flow graded at 2a (Figure 2B). Consequently, we carried out transcatheter intracranial vascular thrombectomy and conducted percutaneous balloon dilation on the left MCA. Following the intervention, there was a significant improvement in the previously observed stenosis. The residual stenosis was reduced to less than 20%, accompanied by a notable advancement in blood flow, graded at 3 (Figure 2C).

Intravenous antiplatelet therapy with tirofiban was continued for 48 h post-surgery, followed by the administration of oral dual antiplatelet medications, including aspirin and clopidogrel. No obvious bleeding lesions were found in the dynamic review of head CT 2 days after the operation (Supplementary Figure S5), and no vascular restenosis or hyperperfusion syndrome was found in the TCD review for three consecutive days after the operation. The laboratory tests indicated that LDL-C measured 2.81 mmol/L, homocysteine was 2.1 μmol/L, HbA1c stood at 6.2%, and high-sensitivity C-reactive protein was 11.9 mg/L. On the third day post-surgery, a comprehensive head magnetic resonance (MR) examination was conducted, and the DWI sequence unveiled the presence of multiple cerebral infarctions in the left frontotemporal parietal occipital lobe, basal ganglia, and right cerebellum (Figure 2D). Furthermore, the T2 FLAIR sequence showed more significant demyelinating changes in various regions compared to February (Figure 2E). Additionally, the T2 star-weighted angiography (SWAN) sequence indicated schistose hemorrhagic lesions in the parietal and occipital lobes (Figure 2F) and scattered microbleeds situated in the left frontal temporal parietal occipital lobe (Supplementary Figure S6). Over a span of approximately 13 days of treatment and rehabilitative care, there was a notable improvement in the symptoms of the proband.

However, upon discharge, physical examination indicated lingering signs of memory loss, speech ambiguity, and mixed and naming aphasia. Directional and computational abilities remained unaffected, while the right lower limb muscle strength was graded at V-. The limbs’ feeling was symmetrical, and the right Babinski sign remained positive. The NIHSS score was 2, the mRS score was 1, and the MOCA score stood at 12. Given the occlusion of M2 and the history of angioplasty treatment, the patient was advised to continue taking dual antiplatelet drugs orally for the next 3 months post-discharge, after which he should transition to monotherapy with antiplatelet medication. Symptomatic treatments, including cognitive improvement, pain relief, and lipid-lowering therapy, should also be maintained. Regular follow-up visits at the outpatient clinic were strongly recommended. So far, the proband has had head CT (Figure 3A) and head MR re-examinations (Figures 3B,C) in July and October, respectively. No intracranial hemorrhage or progression of demyelinating lesions has been observed, and his muscle strength has fully recovered. Only mixed aphasia and cognitive impairment remain. We have also developed a timeline detailing the proband’s progression, available in the Supplementary Material (Supplementary Figure S7).
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FIGURE 3
 The proband’s head computed tomography re-examination in July (A) shows that the density of the left occipital and temporal lobes was lower than before, suggesting the formation of softening lesions; the T2 fluid attenuated inversion recovery sequence (B) in October shows multiple demyelinating changes in the white matter of the brain, while the magnetic resonance angiography sequence (C) depicts focal stenosis of the second segment of the left middle cerebral artery (MCA) and the first segment of the right MCA (white arrow).




3 Discussion

CADASIL is a prevalent hereditary stroke disease caused by mutations in the NOTCH3 gene (17), typically expressed in VSMCs and pericytes (18). Degeneration and apoptosis of VSMCs and pericytes occur, resulting in impaired cerebrovascular reactivity and disruption of the blood–brain barrier (19, 20). Arterial lesions resulting from this gene mutation are systemic; however, small penetrating cerebral and leptomeningeal arteries are frequently the most severely impacted (2). This leads to strokes caused by CADASIL primarily involving lacunar infarcts in the subcortical white matter (21).

Our proband developed a large cerebral infarction due to occlusion of the left M2. We compiled research on various potential mechanisms underlying this M2 occlusion and subsequent cerebral infarction. Firstly, we considered the possibility of AS. The proband had a history of smoking, although diabetes was not diagnosed, the HbA1c level was elevated, and the color Doppler ultrasound of the neck vessels revealed bilateral carotid AS. Some studies have clarified that if patients with CADASIL experience the risk factors of AS, these risk factors will significantly accelerate the progress of the AS. This is because CADASIL with disconnection of vascular smooth muscle or pericytes allows the passage and accumulation of excessively secreted extracellular substances, leading to significant narrowing of the vessel wall (22, 23), which might be one of the reasons for the severe occlusion of the M2 in the proband. Additionally, we cannot dismiss the possibility of cardioembolism. Apart from the infarction observed in the left cerebral hemisphere, the proband also exhibited multiple infarcts involving both the anterior and posterior circulation, such as those seen in the left basal ganglia and right cerebellum. However, the dynamic electrocardiogram examination revealed no significant abnormalities, and the morphology of the blood vessels observed on his angiography suggested vascular stenosis rather than embolism. Furthermore, we consider whether it is attributable to CADASIL. Historically, CADASIL was believed to lack risk factors for macrovascular disease (24, 25). However, in recent years, there has been a growing number of reports and related clinical studies on CADASIL involving intracranial large vessel lesions. For instance, Kang and Kim enrolled 49 Korean patients with CADASIL, among whom 12 patients (24.5%) exhibited large intracranial artery stenosis or occlusion (26). Zhang et al. recruited 37 Chinese patients with CADASIL, with 28 individuals (75.7%) presenting intracranial large artery lesions (27). Nevertheless, it remains exceedingly rare for patients with CADASIL to undergo extensive cerebral infarction due to occlusion of large intracranial blood vessels. Given the mechanism of CADASIL vasculopathy, it is primarily characterized by impaired vascular reactivity and is generally not affecting lumen diameter (3, 7, 22). Therefore, we believe that the possibility of left M2 occlusion only caused by CADASIL is not significant.

However, regardless of the mechanism causing M2 segment obstruction, the treatment plan for the extensive area of cerebral infarction is consistent. According to the Chinese Guideline for Endovascular Treatment of Acute Ischemic Stroke 2023, thrombectomy can offer potential benefits for patients with moderate vascular occlusion, such as those affecting the M2 segment. Though, a careful evaluation must be made, considering both the patient’s overall condition and the complexity of the surgical procedure. The proband was admitted within 6 h of onset, and his mRS, NIHSS, and ASPECTS, along with the CTP results, all met the criteria for mechanical thrombectomy. Therefore, we performed an endovascular thrombectomy for the proband. It is worth noting that we have not encountered any reports on vascular interventional treatment for patients with CADASIL. Subsequently, venous antiplatelet therapy was initiated. Afterward, according to the guideline for the secondary prevention of IS (28), our plan was to transition to aspirin antiplatelet therapy following a 3 month course of oral dual antiplatelet drugs. However, the pathogenesis of CADASIL have indicated that antiplatelet therapy may exacerbate the incidence of cerebral microbleed lesions, thereby potentially elevating the risk of intra-cerebral hemorrhage (ICH) (29). Though, current evidence does not substantiate a clear link between the occurrence of ICH and the usage of antiplatelet drugs. According to reports, Muppa et al. conducted a clinical study on whether the use of antiplatelet drugs affected the incidence of AIS or ICH in patients with CADASIL (17). They included 455 patients with CADASIL and obtained negative results, indicating no significant difference in AIS or ICH events after receiving antiplatelet drug treatment. Furthermore, Choi et al. observed 62 patients diagnosed with CADASIL who were prescribed with antiplatelet drugs. They found no significant difference in the history of antiplatelet use between patients with ICH and those without (30). Nevertheless, the sample sizes included in these trials were relatively small. Therefore, to further elucidate the benefits and risks of antiplatelet drugs in patients with CADASIL, more prospective longitudinal studies and randomized controlled trials are necessary. In conclusion, based on the status of the proband at the time, we believe that using antiplatelet therapy was necessary.

After the discharge of the proband, considering the complexity of his condition and treatment plan, it is imperative to conduct regular outpatient follow-up visits to monitor their subsequent recovery and assess the risk of intracranial hemorrhage. For the sake of compliance and economic considerations for the proband, and compared with microbleeds, we are particularly concerned about the potential for symptomatic intracranial hemorrhage arising from the use of dual antiplatelet drugs. Therefore, we will mainly use head CT instead of SWAN sequence to monitor any intracranial hemorrhage in the future. So far, the proband has not experienced any intracranial hemorrhage, and the recovery status is favorable.



4 Conclusion

While cases with CADASIL primarily involve small intracranial blood vessels, there might be rare instances of large-area cerebral infarction due to occlusion of non-small vessels. There is a potential to enhance the outcome of patients by implementing endovascular procedures and antiplatelet drug treatments, along with consistent follow-up observations.
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Backgrounds and purpose: Identifying the underlying cause of acute middle cerebral artery occlusion (MCAO) as intracranial atherosclerotic stenosis (ICAS) or embolism is essential for determining the optimal treatment strategy before endovascular thrombectomy. We aimed to evaluate whether baseline computed tomography perfusion (CTP) characteristics could differentiate ICAS-related MCAO from embolic MCAO.
Methods: We conducted a retrospective analysis of the clinical and baseline CTP data from patients who underwent endovascular thrombectomy for acute MCAO between January 2018 and December 2022. Core volume growth rate was defined as core volume on CTP divided by onset to CTP time. Multivariate logistic analysis was utilized to identify independent predictors for ICAS-related acute MCAO, and the diagnostic performance of these predictors was evaluated using receiver operating characteristic curve analysis.
Results: Among the 97 patients included (median age, 71 years; 60% male), 31 (32%) were diagnosed with ICAS-related MCAO, and 66 (68%) had embolism-related MCAO. The ICAS group was younger (p = 0.002), had a higher proportion of males (p = 0.04) and smokers (p = 0.001), a lower prevalence of atrial fibrillation (AF) (p < 0.001), lower NIHSS score at admission (p = 0.04), smaller core volume (p < 0.001), slower core volume growth rate (p < 0.001), and more frequent core located deep in the brain (p < 0.001) compared to the embolism group. Multivariate logistic analysis identified core volume growth rate (aOR 0.46, 95% CI 0.26–0.83, p = 0.01) as an independent predictor of ICAS-related MCAO. A cutoff value of 2.5 mL/h for core volume growth rate in predicting ICAS-related MCAO was determined from the receiver operating characteristic curve analysis, with a sensitivity of 81%, specificity of 80%, positive predictive value of 66%, and negative predictive value of 90%.
Conclusion: Slow core volume growth rate identified on baseline CTP can predict ICAS-related MCAO. Further prospective studies are warranted to confirm and validate these findings.
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 middle cerebral artery occlusion; intracranial atherosclerotic stenosis; embolism; computed tomography perfusion; core volume growth rate


1 Introduction

Endovascular treatment (EVT) has become the standard of care for stroke resulting from acute large vessel occlusion (LVO) (1–6). The choice of optimal EVT strategy for acute LVO is influenced by the underlying causes, which primarily comprise embolism with a cardiac or arterial origin and in-situ thrombosis due to intracranial atherosclerotic stenosis (ICAS), a condition more prevalent among Asian patients (7, 8). While thrombectomy using a stent retriever and/or contact aspiration is effective for removing cardiac or arterial emboli, managing ICAS-related LVO often requires remedial therapies such as aggressive antiplatelet therapies, balloon angioplasty, and stent deployment (7, 9–11). Recently, a novel technique called BASIS, which is short for balloon angioplasty with the distal protection of stent retriever, has been demonstrated to be feasible and safe for treating ICAS-related LVO (12). Therefore, accurately identifying ICAS as the underlying cause of acute LVO before initiating EVT is essential for selecting the most suitable therapeutic approach.

Middle cerebral artery occlusion (MCAO) is responsible for more than 70% of acute large vessel occlusion (LVO) in the anterior circulation (1–6). Various preoperative neuroimaging markers have been proposed to distinguish ICAS from embolism as the cause of acute MCAO, including negative susceptibility vessel sign on T2*-weighted gradient-echo MR imaging and deep location of the infarct core on diffusion-weighted image (DWI) (13, 14). However, these predictors rely on MR imaging, which may not always be readily available in the emergency situations. In contrast, CT perfusion (CTP) is widely accessible and routinely performed for suspected LVO cases worldwide (15, 16). Till now, studies investigating the use of CTP in distinguishing ICAS from embolism as the cause of acute MCAO are still scarce. Hence, the present study was conducted to evaluate the effectiveness of the baseline CTP imaging characteristics in identifying ICAS-related acute MCAO.



2 Materials and methods


2.1 Study design and participants

This was a retrospective study conducted with ethical approval from the institutional review board of our institution and informed consent of the patients or their next of kin. Data was extracted from our prospective endovascular database to identify patients who had undergone endovascular thrombectomy for acute ischemic stroke due to LVO between January 2018 and December 2022. Inclusion criteria consisted of patients who met the following conditions: (1) onset of ischemic stroke within 24 h; (2) the stroke was due to proximal MCAO (M1 or M2 segment) confirmed by digital subtraction angiography (DSA); (3) CTP evaluation performed before EVT. Main exclusion criteria included: (1) bilateral MCAO; (2) unsuccessful recanalization of the occluded MCA; (3) evidence of Moyamoya disease, vasculitis, or dissection based on history and imaging findings.



2.2 Data collection

Clinical data, including demographics, comorbidities, National Institutes of Health Stroke Scale (NIHSS) score at admission, and electrocardiography results were extracted from our electronic medical records system.

Baseline computed tomography (CT), CT angiography, and digital subtraction angiography (DSA) were reviewed retrospectively by two experienced neurologists who were blinded to patients’ clinical information and CTP parameters. In cases of discrepancies between the reviewers, a third reviewer was assigned to make the final decision. The stenosis degree of the ipsilateral internal carotid artery (ICA) was assessed by CTA according to the North American Symptomatic Carotid Endarterectomy Trial (NASCET) criteria. The collaterals were evaluated by DSA using American Society of Interventional and Therapeutic Neuroradiology Collateral Grading (ACG) system. Good preprocedural collateral was defined as an ACG score ≥ 3 (17).



2.3 CTP imaging analysis

CTP evaluation was performed using Mistar (Apollo Medical Imaging Technologies, Australia) as described previously (18, 19). Hypoperfusion areas were defined as regions with a delay time > 3 s, while the core was defined as an area with relative cerebral blood flow <30%. Core volume growth rate was calculated by core volume divided by onset to CTP time, as described in previous studies (20, 21). The penumbra was measured by the hypoperfusion volume minus the core volume. The core located deep in the brain referred to the core located in the centrum semiovale or the basal ganglia, without involving the cerebral cortex.



2.4 Definitions of ICAS-related and embolic MCAO

Modified from previous studies (22–24), the cause of the MCAO was categorized as ICAS if fixed stenosis (residual stenosis degree ≥70% or ≥50% with impaired antegrade flow) at the occlusion site or evidence of re-occlusion after mechanical thrombectomy was observed. On the other hand, it was classified as embolism if no evidence of focal stenosis was found after thrombectomy using a stent retriever and/or contact aspiration (Figure 1). The residual stenosis degree was assessed according to the Warfarin Aspirin Symptomatic Intracranial Disease (WASID) criteria.

[image: Pre-operative and post-operative digital subtraction angiography (DSA) images of intracranial atherosclerosis (ICAS) and embolism conditions shown. Panels A and B display pre- and post-operative DSA for ICAS. Panels D and E show pre- and post-operative DSA for embolism. Panels C and F are pre-operative computed tomography perfusion (CTP) scans, highlighting affected brain regions in red and green.]

FIGURE 1
 Illustrated images showing the catheter angiography and CTP maps of patients with acute MCAO due to ICAS and embolism. Angiography and baseline CTP of ICAS-related MCAO (A–C) and embolism-related MCAO (D–F). Catheter angiography showing MCA occlusion before thrombectomy (A,D), in-situ severe residual stenosis (B), and complete recanalization (E) after thrombectomy with a stent retriever. Baseline CTP showing the cores (red), and the penumbras (green) (C,F).




2.5 Statistical analysis

Statistical analysis was performed using SPSS for Windows (version 25.0, IBM, United States). Categorical variables were reported as number (percentage), while continuous variables were reported as mean (SD) or median (interquartile range, IQR). The normality of distributions was assessed using the Shapiro–Wilk test and histograms. Categorical variables were analyzed using chi-square or Fisher exact tests, and continuous variables were analyzed using Student’s t-test or Mann–Whitney U test. Variables with a p-value < 0.1 in the univariate logistic regression analysis were included in the multivariate logistic regression analysis. Receiver operating characteristic (ROC) analysis was utilized to evaluate the predictive value of independent predictors for identifying ICAS-related MCAO by determining the area under the curve (AUC). The cut-off value was determined by maximizing the sum of sensitivity and specificity. All hypothesis testing was carried out using two-sided statistical tests, and p < 0.05 was considered statistically significant.




3 Results


3.1 Baseline clinical and CTP characteristics

A total of 97 eligible patients were included in the analysis. The median age was 71 (IQR, 60–79) years, with males accounting for 60% of the cohort. Hypertension was the most common comorbidity (64%), followed by atrial fibrillation (AF) (43%). The median NIHSS score at admission was 15 (IQR, 11–18). The occlusion was located at the M1 segment in 84% of these patients. The median volumes of the hypoperfusion area, ischemic core, and penumbra were 105 mL, 14 mL, and 79 mL, respectively (Table 1).



TABLE 1 Baseline clinical and CTP characteristics of patients with acute MCAO.
[image: A comparative table showing clinical characteristics and outcomes for patients with intracranial atherosclerosis (ICAS) and embolism. Categories include age, gender, prevalence of conditions like hypertension, diabetes, dyslipidemia, smoking, coronary artery disease, and atrial fibrillation. Measures also include NIHSS scores, occlusion site, collateral status, ICA stenosis, hypoperfusion and penumbra volumes, core volumes and growth rates, and whether cores are located deep in the brain. Statistical significance (p-values) indicates notable differences in age, gender, smoking, atrial fibrillation, core volumes, core growth rates, and core depth location between ICAS and embolism groups.]

Among these 97 patients, 31 (32%) had underlying ICAS (ICAS group), while 66 (68%) were diagnosed with embolism (embolism group). The ICAS group was younger (62 years vs. 73 years, p = 0.002), had a higher proportion of males (74% vs. 53%, p = 0.04) and smokers (55% vs. 19%, p = 0.001). They also a lower prevalence of atrial fibrillation (10% vs. 59%, p < 0.001), and a lower median NIHSS score at admission (12 vs. 15, p = 0.04) compared with the embolism group. Additionally, the ICAS group had a higher proportion of good leptomeningeal collaterals (45% vs. 20%, p = 0.04), smaller core volume (5 mL vs. 23 mL, p < 0.001), slower core volume growth rate (0.9 mL/h vs. 6 mL/h, p < 0.001), and a higher prevalence of core located deep in the brain (89% vs. 47%, p < 0.001) than the embolism group. No significant differences with regard to hypertension, diabetes, dyslipidemia, coronary disease, occlusion site of MCA, ipsilateral ICA stenosis, hypoperfusion volume, and penumbra volume were found between the two groups (Table 1).



3.2 Predictors for ICAS-related acute MCAO

After adjusting for potential confounding factors, including age, gender, history of smoking, absence of AF, NIHSS score on admission, collaterals, core volume growth rate, penumbra volume, and core location, multivariate logistic regression analysis identified core volume growth rate (aOR 0.46, 95% CI 0.26–0.83, p = 0.01) as an independent predictor of ICAS-MCAO (Table 2).



TABLE 2 Predictors for ICAS-MCAO by univariate and multivariate analysis.
[image: Table comparing univariate and multivariate analysis of variables with odds ratios (OR) and p-values. Variables include age, gender, smoking, absence of atrial fibrillation (AF), NIHSS score, good collaterals, penumbra volume, core volume growth rate, and core location. Univariate analysis shows significant associations for smoking (OR 4.95, p 0.001), absence of AF (OR 13.48, p <0.001), and others. Multivariate analysis shows significance for core growth rate (OR 0.46, p 0.01). Other factors are not significant in multivariate analysis.]



3.3 Diagnostic performance of core volume growth rate

ROC analysis showed that the area under the curve (AUC) for core volume growth rate in identifying ICAS-related MCAO was 0.86 (95% CI: 0.79–0.94) (Figure 2). The optimal cut-off value for core volume growth rate, which yielded the highest sensitivity and specificity, was determined to be 2.5 mL/h, with a sensitivity of 81%, specificity of 80%, positive predictive value of 66%, and negative predictive values of 90%, respectively (Table 3).

[image: Receiver Operating Characteristic (ROC) curve with sensitivity on the y-axis and one minus specificity on the x-axis. The Area Under the Curve (AUC) is 0.81, with a 95% Confidence Interval of 0.72 to 0.90. A red diagonal line represents the line of no discrimination.]

FIGURE 2
 ROC curves of core volume growth rate for identifying ICAS-related MCAO.




TABLE 3 Diagnosis performance of core volume growth rate <2.5 ml/h for predication ICASL-MCAO.
[image: Table displaying diagnostic test metrics with 95% confidence intervals: Sensitivity is 0.81 (0.63–0.93), Specificity is 0.80 (0.69–0.89), Positive Predictive Value (PPV) is 0.66 (0.49–0.80), and Negative Predictive Value (NPV) is 0.90 (0.79–0.96).]




4 Discussion

In our present study, we found that ICAS accounted for nearly one-third of acute MCAO cases. Importantly, core volume grow rate identified by baseline CTP was an independent predictor of ICAS-related acute MCAO. A core volume grow rate slower than 2.5 mL/h could help distinguish ICAS from embolism as the etiology of acute MACO.

ICAS is a prominent cause of LVO globally, particularly in Asia. However, accurately identification of ICAS-related LVO can be challenging, requiring neuropathological evidence of atherosclerotic plaques within the occluded vessel wall. In clinical practice, neuroimaging, including catheter angiography, plays a critical role in diagnosis of ICAS-related LVO. Residual fixed stenosis greater than 50% and stenosis with re-occlusion on follow-up angiography are commonly used criteria to define ICAS-related LVO (24). Our present study modified the definition of ICAS-MCAO and found that 32% of Chinese patients with acute MCAO had underlying ICAS, which was in agreement with previous studies reporting rates ranging from 7 to 44% (2, 25–27).

Preoperative identification of underlying ICAS significantly influences therapeutic strategies and patients’ prognosis in LVO cases. Previous study has shown that using a stent retriever as the first-line EVT device for ICAS-rerated LVO leads to a higher successful reperfusion rate, fewer rescue treatments, and reduced perioperative complications compared to contact aspiration (28). A post hoc analysis of the Endovascular Treatment With versus Without Tirofiban for Patients with Large Vessel Occlusion Stroke (RESCUE BT) trial demonstrated that tirofiban administration before EVT significantly improved the functional independence at 90 days without increasing symptomatic intracranial hemorrhage in patients with ICAS-related LVO (29). These findings suggest that early identification of ICAS as the underlying cause of vessel occlusion is essential for choosing appropriate EVT modality to achieve a faster recanalization, a lower complication, and a better clinical outcome for patients with stroke due to acute LVO.

Herein, we demonstrated that baseline CTP characteristics could help distinguish ICAS from embolism as the cause of MCAO. Patients with ICAS-related MCAO exhibited different ischemic core characteristics compared with those with embolic MCAO, including smaller core volume and core location more likely in the deep brain. In agreement with our findings, previous studies have also demonstrated that the baseline core volume is larger in patients with embolic LVO than in those with non-embolic LVO (22, 30). Meanwhile, previous research using DWI to evaluate the infarct core in patients with acute MCAO also found that the ICAS group was more likely to have an infarct core in the deep part of the brain than the embolism group (14). Most importantly, we further revealed that core volume growth rate could independently predict ICAS-MCAO with an adjusted odds ratio of 0.46. Consistently, a previous study using RAPID software to evaluate cerebral perfusion state showed that core volume growth rate was also significantly lower in patients with ICAS-related LVO than that in those with embolism-related LVO (31). These data suggest that patients with acute MCAO who exhibit slower core volume growth rate are more likely to have underlying ICAS.

The exact mechanisms underlying the smaller core volume, slower core growth rate, and core located deep in the brain observed in ICAS-related MCAO are still unclear. It has been suggested that the collaterals within hypoperfusion brain regions play an important role in determining the fate of these tissues (32). Better collaterals are often associated with smaller infarct cores and milder clinical symptoms (33–35). Better collateral flow has also been demonstrated to be associated with slower core growth rate (20). Interestingly, previous studies had reported that good leptomeningeal collaterals are more common in patients with ICAS-related LVO compared with those with embolic LVO. For example, Yi et al. reported better meningeal collaterals demonstrated by DSA in patients with ICAS-related LVO compared with those with embolic LVO (36). Another study using CTA also showed that good leptomeningeal collaterals were more frequently seen in patients with ICAS-related LVO than in those with embolic LVO (37). In consistent with these studies, we demonstrated in the present study that the ICAS group had better collaterals than did the embolism group. Therefore, it is plausible to infer that the development of good leptomeningeal collaterals in patients with ICAS-related MCAO may slow down the core growth rate and protect them from developing large territorial infarctions when they experience acute occlusion of the stenotic MCA. Meanwhile, the better leptomeningeal collaterals make cortical neurons more resistant to acute ischemic insult than those deep in the brain. Therefore, when the stenotic MCA occludes, neuronal death is more likely to occur deep in the brain rather than in the cortex, resulting in the deeper distribution of the infarct core.

Patients with AF have a three to five-fold increased risk of cerebral embolism (38), which indicates that LVO in patients with a history of AF is more likely to result from embolism. However, it does not mean that a history of AF can rule out the possibility of ICAS as the underlying cause of acute MCAO, given that a substantial proportion of patients with underlying ICAS may also have co-existing AF. Previous studies reported a rate of a history of AF in non-embolic LVO stroke patients ranging from 5 to 42.9% (13, 14, 23, 39). In agreement with these findings, our present study demonstrated that AF was found in 10% of patients with ICAS-related MCAO. Therefore, ICAS should also not be excluded as the underlying cause of MCAO in patients with a history of AF, especially in those exhibiting small core volume and slow core growth rate.

Several limitations are present in this study. Firstly, this was a retrospective study lacking randomization, which might carry a high risk of selection bias. Secondly, the sample size was relatively small, which might limit the statistical power of the analysis. Thirdly, only patients with MCAO were included, limiting the generalizability of the findings to other cerebral artery occlusions. Fourthly, the study only included Chinese patients, limiting the generalizability of the results to other ethnicities. Future prospective studies with larger and more diverse populations are needed to validate our findings.



5 Conclusion

In conclusion, our study identified that a slow core volume growth rate was an independent predictor of ICAS-related acute MCAO, suggesting that baseline CTP characteristics can aid in distinguishing ICAS from embolism as the cause of MCAO. Further prospective studies with larger sample sizes are necessary to confirmed and validate these findings.
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Postoperative neutrophil-to-lymphocyte ratio predicts malignant cerebral edema following endovascular treatment for acute ischemic stroke
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Background and purpose: Malignant cerebral edema (MCE) is one of serious complications with high mortality following endovascular treatment (EVT) for acute ischemic stroke (AIS) with large vessel occlusion. We aimed to investigate the relationship between postoperative neutrophil-to-lymphocyte ratio (NLR) and MCE after EVT.
Methods: The clinical and imaging data of 175 patients with AIS of anterior circulation after EVT were studied. Admission and postoperative NLR were determined. The presence of MCE was evaluated on the computed tomography performed 24 h following EVT. The clinical outcomes were measured using the modified Rankin Scale (mRS) at 90-day after onset. Univariate and multivariate regression analyses were used to analyze the relationship between postoperative NLR and MCE. Optimal cutoff values of postoperative NLR to predict MCE were defined using receiver operating characteristic analysis.
Results: MCE was observed in 24% of the patients who underwent EVT and was associated with a lower rate of favorable clinical outcomes at 90-day. Multivariate logistic regression analysis demonstrated that baseline Alberta Stroke Program Early CT Score (ASPECT) score (OR = 0.614, 95% CI 0.502–0.750, p = 0.001), serum glucose (OR = 1.181, 95% CI 1.015–1.374, p = 0.031), and postoperative NLR (OR = 1.043, 95% CI 1.002–1.086, p = 0.041) were independently associated with MCE following EVT for AIS with large vessel occlusion. Postoperative NLR had an area under the receiver operating characteristic curve of 0.743 for prediction MCE, and the optimal cutoff value was 6.15, with a sensitivity and specificity of 86.8% and 55%.
Conclusion: Elevated postoperative NLR is independently associated with malignant brain edema following EVT for AIS with large vessel occlusion, and may serve as an early predictive indicator for MCE after EVT.
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Introduction

Malignant cerebral edema (MCE) is one of common complications with high mortality following endovascular treatment (EVT) for acute ischemic stroke (AIS) with large vessel occlusion. The mechanism and development of cerebral edema are complex, and identifying factors that influence its formation and exploring early predictive markers are of significant clinical importance for preventing the development of MCE and improving clinical outcomes.

Previous research on predicting cerebral edema after stroke has largely focused on clinical characteristics and imaging indicators, such decreased level of consciousness, nausea or vomiting, and heavy smoking, age, baseline National Institutes of Health Stroke Scale (NIHSS) score, baseline ASPECT score, collateral circulation score (1, 2). However, these indicators do not fully reflect the mechanisms underlying the development of cerebral edema. In recent years, the neutrophil-to-lymphocyte ratio (NLR), a biomarker reflecting the pathophysiological mechanisms of stroke, has been shown to be a valuable tool for predicting stroke prognosis. Brooks et al. (3) reported a significant correlation between NLR and clinical outcomes following EVT, elevated admission NLR being associated with poor outcomes and mortality. Goyal et al. (4) demonstrated a significant correlation between lower admission NLR and favorable outcomes and functional independence at 3 months for AIS patients. However, it remains unclear whether the NLR, as an inflammatory biomarker, is involved in the development of cerebral edema and whether it can serve as an early predictive marker for MCE following EVT for AIS with large vessel occlusion.

Therefore, this study aims to explore the relationship between NLR and malignant cerebral edema following endovascular treatment for AIS with large vessel occlusion.



Materials and methods


Study population

Patients who underwent EVT between October 2018 and November 2021 were included. Inclusion criteria were: (1) age 18 years or older; (2) confirmed occlusion of the middle cerebral artery (M1 segment) and termination of the internal carotid artery; (3) baseline NIHSS score ≥ 6, pre-stroke mRS score ≤ 2; (4) time from onset to puncture (OTP) ≤ 24 h. Exclusion criteria were: (1) documented recent infectious diseases; (2) severe cardiopulmonary dysfunction; (3) lack of complete clinical and imaging data.

This study was authorized by the Ethics Committee of Zhejiang Provincial People’s Hospital (2017KY021).



Clinical data collection

Clinical information of the study subjects was collected, including demographic data (age and gender), medical history (hypertension, diabetes, atrial fibrillation), smoking history, stroke etiology was classified according to the Trial of ORG 10172 in Acute Stroke Treatment (TOAST), National Institutes of Health Stroke Scale (NIHSS) scores, occlusion sites, intravenous thrombolytic therapy, OTP time, number of stent retrieval passes, and recanalization status.



Inflammatory markers and imaging evaluation

Blood samples were collected at admission and within 24 h after EVT to measure white blood cell, neutrophil, and lymphocyte counts using flow cytometry. NLR was calculated by dividing the absolute count of neutrophils by that of lymphocytes.

Computed tomography (CT) was performed at admission and 24 h after EVT. ASPECT Score was calculated at admission. Large-vessel occlusion was evaluated from the admission CT angiography. CT scans within 24 h after EVT were used to assess MCE, MCE was present if (1) >50% of the MCA area had parenchymal hypodensity with signs of local brain swelling, such as disappearance of the sulci and gyri and compression of the lateral ventricle; and (2) midline shift of ≥5 mm was present at the septum pellucidum or pineal gland with obliteration of the basal cisterns (4). Recanalization status was determined by DSA immediately after MT using the modified Thrombolysis in Cerebral Infarction (mTICI) grade. Successful recanalization was defined as an mTICI score of 2b to 3.



Clinical outcomes

Clinical outcomes were measured using the modified Rankin Scale (mRS) at 90 days after onset. A favorable outcome was defined as an mRS of 0–2, whereas an mRS ≥ 3 was considered a poor outcome.



Statistical analysis

The data were analyzed using the SPSS software (version 23.0; IBM, Armonk, New York). Continuous variables were reported as mean ± SD or median [interquartile range (IQR)]. Categorical variables were presented as frequencies and percentages. Continuous variables were analyzed with the student’s t test or the Mann–Whitney U-test depending on the normality of distribution. Categorical variables were analyzed with the Chi-squared test or Fisher’s exact test. Univariate and multivariate logistic regression analyses were used to evaluate the relationship between NLR and MCE. Possible confounders with a P < 0.05 in univariable analysis were included in the multivariable model. We used the area under the receiver operating characteristic curve to determine the best cutoff values for NLR to predict MCE. A p-value < 0.05 was considered statistically significant.




Results

A total of 175 patients who underwent EVT for AIS with large vessel occlusion were included in the analysis. The median age was 70 (IQR, 58–79) years, and 106 (60.6%) patients were male. The baseline NIHSS score was 17 (IQR, 13–20), baseline ASPECTS score was 9 (IQR, 7–10), baseline NLR was 5.50 (IQR, 3.05–9.5), postoperative NLR was 6.73 (IQR, 4.33–11.14). Successful recanalization was achieved in 165 (94.3%) patients, and 47.4% participants had favorable 90-day clinical outcomes (mRS ≤ 2; Table 1).



TABLE 1 Comparison between MCE and non-MCE groups after EVT in patients with LVO.
[image: Table comparing medical and clinical characteristics between MCE and non-MCE groups. Variables include age, gender, medical history, baseline scores, classification, occluded vessel sites, treatment metrics, glucose levels, revascularization, and outcomes. Significant differences include atrial fibrillation, baseline scores, and outcomes, among others. Statistical significance is indicated by P values.]


Factors associated with MCE

MCE was observed in 42 (24%) patients within 24 h after the procedure. The proportion of atrial fibrillation was significantly higher in the MCE group compared to the non-MCE group (61.9% vs. 43.6%, p = 0.039). In the MCE group, baseline NIHSS score (20 [17–23] vs. 15 [12–19], p = 0.001), serum glucose (7.51 [6.58–9.53] vs. 6.75 [5.93–8.34], p = 0.028), baseline NLR (9.25 [4.77–12.71] vs. 5.14 [2.87–8.18], p = 0.001), and postoperative NLR (10.05 [6.89–16.2] vs. 5.70 [4.10–8.75], p = 0.001) were significantly higher than those in the non-MCE group. Conversely, baseline ASPECT score (7 [4–9] vs. 10 [8–10], p = 0.001) and the rate of favorable outcomes (6 [14.3] vs. 77 [57.9], p = 0.001) were significantly lower in the MCE group compared to the non-MCE group. No statistically significant differences were observed between the two groups in terms of age, gender, hypertension, diabetes, smoking history, TOAST classification, site of vascular occlusion, OTP time, intravenous thrombolysis, number of stent retrieval passes, and successful recanalization rate (p > 0.05).

After adjusting for atrial fibrillation, baseline NIHSS score, baseline ASPECT score, serum glucose, and baseline NLR, multivariate logistic regression analysis demonstrated that baseline ASPECT score (OR = 0.614, 95% CI 0.502–0.750, p = 0.001), serum glucose (OR = 1.181, 95% CI 1.015–1.374, p = 0.031), and postoperative NLR (OR = 1.043, 95% CI 1.002–1.086, p = 0.041) were independently associated with MCE following EVT for AIS with large vessel occlusion (Table 2).



TABLE 2 Multivariate analysis of MCE after EVT for AIS with LVO.
[image: A table showing statistical data with columns labeled P, OR, and 95% CI. Rows list variables: Baseline NIHSS score (P: 0.106, OR: 1.059, 95% CI: 0.988–1.135), Baseline ASPECT score (P: 0.001, OR: 0.614, 95% CI: 0.502–0.750), Atrial fibrillation (P: 0.092, OR: 2.300, 95% CI: 0.873–6.061), Serum glucose (P: 0.031, OR: 1.181, 95% CI: 1.015–1.374), Postoperative NLR (P: 0.041, OR: 1.043, 95% CI: 1.002–1.086).]

For postoperative NLR and MCE, postoperative NLR had an area under the receiver operating characteristic curve of 0.743, and the optimal cutoff value for postoperative NLR was 6.15 for the prediction of MCE, with a sensitivity and specificity of 86.8% and 55% when applied to an independent validation data set (Figure 1).

[image: ROC curve graph showing the trade-off between sensitivity and 1-specificity, with a blue line representing the model performance and a green diagonal line indicating random chance. The curve is above the diagonal, indicating better than random performance.]

FIGURE 1
 Receiver operating characteristic (ROC) curves in predicting MCE. Postoperative NLR: The area under the curve (AUC) = 0.743, cut-off = 6.15.




Relationship between MCE and clinical outcomes

Univariate analysis revealed that the proportion of MCE in favorable outcomes group was significantly lower than poor outcomes group (7.2% vs. 39.1%, p = 0.001). After adjusting for age, gender, baseline NIHSS score, baseline ASPECT score, and serum glucose, logistic regression analysis demonstrated that MCE (OR = 0.169, 95% CI 0.059–0.487, p = 0.001) was negatively correlated with favorable outcomes at 90 days following EVT for AIS with large vessel occlusion (Tables 3, 4).



TABLE 3 Comparison between favorable outcome and poor outcome groups after EVT.
[image: Statistical table comparing clinical features and outcomes across all patients, favorable outcome group, and poor outcome group, with 175 total participants. Data includes median age, gender distribution, medical history (hypertension, diabetes, atrial fibrillation, smoking), NIHSS and ASPECT scores, TOAST classification, occluded vessel site, OTP, intravenous thrombolysis, stent retrieval passes, serum glucose levels, revascularization, and MCE occurrence. Significant differences are noted in age, NIHSS score, ASPECT score, serum glucose levels, and MCE occurrence, with P-values provided.]



TABLE 4 Multivariate analysis of favorable outcome after EVT for AIS with LVO.
[image: A table displays statistical analysis results for various factors. For age, \(P = 0.006\), \(OR = 0.964\), \(95\%CI = 0.939\) to \(0.990\). For males, \(P = 0.548\), \(OR = 1.255\), \(95\%CI = 0.598\) to \(2.633\). Baseline NIHSS score shows \(P = 0.033\), \(OR = 0.937\), \(95\%CI = 0.883\) to \(0.995\). Baseline ASPECT score has \(P = 0.737\), \(OR = 1.033\), \(95\%CI = 0.857\) to \(1.244\). Serum glucose indicates \(P = 0.059\), \(OR = 0.886\), \(95\%CI = 0.781\) to \(1.005\). MCE shows \(P = 0.001\), \(OR = 0.169\), \(95\%CI = 0.059\) to \(0.487\). Notes include NIHSS, MBE, MCE, and malignant cerebral edema.]




Discussion

The results of this study revealed that postoperative NLR was independently associated with MCE, and MCE was independently associated with poor 90-day outcomes following EVT for AIS with large vessel occlusion. Postoperative NLR was the best predictor of MCE following EVT, with an area under the curve around 0.743 and an optimal cutoff value of 6.15. This cutoff value showed moderate predictive accuracy with a sensitivity and specificity of 86.8% and 55% when applied to an independent validation data set.

Inflammation plays a crucial role in the pathophysiology of stroke, and elevated inflammatory markers levels have been associated with poor outcomes for AIS (5, 6). At the early stages of acute stroke, neutrophils aggregate in the ischemic area and release inflammatory mediators, leading to blood–brain barrier (BBB) disruption, increased infarct volume, hemorrhagic transformation, and poor clinical outcomes (7, 8). Lymphocytes, as primary regulators in the brain, contribute to the repair of inflammation-induced brain injury (9). The NLR, a serum biomarker that assesses the balance between neutrophils and lymphocytes, has been utilized to measure systemic inflammation and has played a critical role in predicting clinical outcomes in AIS (10, 11). Early EVT is the most effective therapeutic approach for AIS with large vessel occlusion, but it can also lead to ischemia–reperfusion injury. Reperfusion damage can cause a marked inflammatory response, further increasing brain injury. After ischemic stroke, neutrophil migration to the ischemic area, immune system activation, release of inflammatory mediators such as chemokines and cytokines, reactive oxygen species (ROS), as well as the release of adhesion molecules and proteolytic enzymes, leading to BBB disruption and increased risk of brain edema and hemorrhagic transformation (5, 6). The postoperative MCB is one of the most severe complications of EVT, leading to rapid deterioration of neurological function and poor clinical outcomes. Based on these findings, we hypothesize that inflammation contributes to BBB disruption, triggering or promoting MCE, contributing to poor clinical outcomes. NLR as a representative biomarker of inflammation, has not been fully evaluated for early prediction of MCE following early EVT in previous studies. In this study found that postoperative NLR was independently associated with MCE following early EVT for AIS with large vessel occlusion.

Furthermore, the timing of measuring NLR deserves clinical attention. Bi et al. (12) indicated that an increased admission NLR was associated with poor outcomes at 3 months for AIS patients receiving EVT. Sharma et al. (13) demonstrated that lower admission NLR was associated with favorable outcomes. Wu et al. (14) demonstrated that admission and post-EVT NLR were associated with poor outcomes, but postoperative NLR showed better predictive ability for poor outcomes. Consistent with these previous findings, our study found that NLR at admission and within 24 h post-EVT were associated with early MCE following EVT, but multivariate analysis showed that only postoperative NLR values were independently associated with MCE. It is speculated that inflammatory markers measured in blood samples after reperfusion therapy may more accurately reflect stroke-related immune responses. Neutrophils infiltrate the ischemic area within 30 min to several hours post-stroke, peaking at 1–3 days post-stroke and subsequently declining steadily (15). Regulatory lymphocyte levels in the ischemic area are low on the first day post-stroke (16). BBB disruption after reperfusion leads to a rapid increase in vasogenic brain edema at 24–48 h after reperfusion. Therefore, dynamic monitoring of NLR may be more beneficial for predicting early MCE, hemorrhagic transformation, and poor outcomes following EVT.

In the acute phase of ischemic stroke, blood glucose can infiltrate the damaged BBB, increase the osmotic pressure of ischemic brain tissue, promote lactate production, and exacerbate brain injury. Previous studies have found associations between elevated blood glucose levels, history of diabetes, and poor clinical outcomes (17–19). Rinkel et al. (20) demonstrated that admission high blood glucose level was associated with poor outcomes and symptomatic intracerebral hemorrhage in acute ischemic stroke patients receiving EVT. Cannarsa et al. (21) found that stress-induced hyperglycemia may be a better predictor of clinical outcomes than absolute blood glucose elevation. Recently, the relationship between blood glucose and brain edema following EVT has garnered attention. Broocks et al. (22) found a significant relationship between high blood glucose at admission and brain edema following EVT. Consistent with previous studies, our study found that high blood glucose at admission was independently associated with MCE following EVT. Stress-induced hyperglycemia following AIS is caused by acute increases in catecholamines, cortisol, and inflammatory cytokines, leading to increased hepatic glucose output (23). Research indicates that high blood glucose can harm AIS through various pathways, including endothelial dysfunction, oxidative stress, relative insulin deficiency, increased reperfusion injury, and increased risk of hemorrhagic transformation and brain edema (24–29). Therefore, dynamic monitoring of perioperative blood glucose levels and rational control of blood glucose levels are important for preventing the MCE following EVT and improving clinical outcomes.

Previous studies have found associations between younger age, baseline NIHSS score, baseline ASPECT score, collateral circulation score, and unsuccessful recanalization and MCE following EVT for AIS with large vessel occlusion (1). Additionally, dynamic measuring of inflammatory biomarkers such as NLR can improve the comprehensiveness and accuracy of early prediction of MCE following EVT. Explore new biomarkers of inflammation, clarification of their pro-inflammatory pathways and related mechanisms, and evaluation of the role of immunomodulatory drugs in early intervention for MCE in clinical trials will be beneficial for improving the clinical outcomes of EVT for AIS with large vessel occlusion.

Limitations of this study include: (1) it is single-center retrospective design, which may introduce biases that cannot be completely avoided. (2) assessment of baseline infarct volume using ASPECTS scoring may not be precise enough, potentially impacting the final study results. Future studies will incorporate CT or MR perfusion imaging for quantitative assessment of baseline infarct volume. (3) collateral circulation score may be related to postoperative brain edema, and may enhance the accuracy of early prediction of MCE following EVT. Our study did not include collateral scores.

In conclusion, elevated postoperative NLR is independently associated with malignant brain edema following EVT for AIS with large vessel occlusion, and may serve as an early predictive indicator for MCE after EVT.



Data availability statement

The original contributions presented in the study are included in the article/supplementary material, further inquiries can be directed to the corresponding authors.



Ethics statement

The studies involving humans were approved by Ethics Committee of Zhejiang Provincial People’s Hospital (2017KY021). The studies were conducted in accordance with the local legislation and institutional requirements. Written informed consent for participation in this study was provided by the participants’ legal guardians/next of kin. Written informed consent was obtained from the individual(s) for the publication of any potentially identifiable images or data included in this article.



Author contributions

SZ: Data curation, Formal analysis, Writing – original draft, Writing – review & editing. XJ: Data curation, Formal analysis, Writing – original draft, Writing – review & editing. SG: Data curation, Formal analysis, Investigation, Methodology, Supervision, Writing – review & editing. ZS: Formal analysis, Investigation, Methodology, Supervision, Writing – review & editing.



Funding

The author(s) declare that no financial support was received for the research, authorship, and/or publication of this article.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



References
	 1. Wu, S, Yuan, R, Wang, Y, Wei, C, Zhang, S, Yang, X , et al. Early prediction of malignant brain edema after ischemic stroke. Stroke. (2018) 49:2918–27. doi: 10.1161/STROKEAHA.118.022001

	 2. Arboix, A, García-Eroles, L, Oliveres, M, Comes, E, Sánchez, MJ, and Massons, J. Malignant middle cerebral artery infarction: a clinical study of 32 patients. Rev Investig Clin. (2015) 67:64–70.
	 3. Brooks, SD, Spears, C, Cummings, C, VanGilder, RL, Stinehart, KR, Gutmann, L , et al. Admission neutrophil-lymphocyte ratio predicts 90 day outcome after endovascular stroke therapy. J Neurointerv Surg. (2014) 6:578–83. doi: 10.1136/neurintsurg-2013-010780 
	 4. Goyal, N, Tsivgoulis, G, Chang, JJ, Malhotra, K, Pandhi, A, Ishfaq, MF , et al. Admission neutrophil-to-lymphocyte ratio as a prognostic biomarker of outcomes in large vessel occlusion strokes. Stroke. (2018) 49:1985–7. doi: 10.1161/STROKEAHA.118.021477 
	 5. Bonaventura, A, Liberale, L, Vecchié, A, Casula, M, Carbone, F, Dallegri, F , et al. Update on inflammatory biomarkers and treatments in ischemic stroke. Int J Mol Sci. (2016) 17:12. doi: 10.3390/ijms17121967 
	 6. Jickling, GC, Liu, D, Ander, BP, Stamova, B, Zhan, X, and Sharp, FR. Targeting neutrophils in ischemic stroke: translational insights from experimental studies. J Cereb Blood Flow Metab. (2015) 35:888–901. doi: 10.1038/jcbfm.2015.45 
	 7. Kim, JY, Park, J, Chang, JY, Kim, SH, and Lee, JE. Inflammation after ischemic stroke: the role of leukocytes and glial cells. Exp Neurobiol. (2016) 25:241–51. doi: 10.5607/en.2016.25.5.241 
	 8. Otxoa-de-Amezaga, A, Gallizioli, M, Pedragosa, J, Justicia, C, Miró-Mur, F, Salas-Perdomo, A , et al. Location of neutrophils in different compartments of the damaged mouse brain after severe ischemia/reperfusion. Stroke. (2019) 50:1548–57. doi: 10.1161/STROKEAHA.118.023837 
	 9. Li, S, Huang, Y, Liu, Y, Rocha, M, Li, X, Wei, P , et al. Change and predictive ability of circulating immunoregulatory lymphocytes in long-term outcomes of acute ischemic stroke. J Cereb Blood Flow Metab. (2021) 41:2280–94. doi: 10.1177/0271678X21995694 
	 10. Guthrie, GJ, Charles, KA, Roxburgh, CS, Horgan, PG, McMillan, DC, and Clarke, SJ. The systemic inflammation-based neutrophil-lymphocyte ratio: experience in patients with cancer. Crit Rev Oncol Hematol. (2013) 88:218–30. doi: 10.1016/j.critrevonc.2013.03.010 
	 11. Balta, S, Celik, T, Mikhailidis, DP, Ozturk, C, Demirkol, S, Aparci, M , et al. The relation between atherosclerosis and the neutrophil-lymphocyte ratio. Clin Appl Thromb Hemost. (2016) 22:405–11. doi: 10.1177/1076029615569568

	 12. Bi, Y, Shen, J, Chen, SC, Chen, JX, and Xia, YP. Prognostic value of neutrophil to lymphocyte ratio in acute ischemic stroke after reperfusion therapy. Sci Rep. (2021) 11:6177. doi: 10.1038/s41598-021-85373-5 
	 13. Sharma, D, Spring, KJ, and Bhaskar, SMM. Role of neutrophil-lymphocyte ratio in the prognosis of acute ischaemic stroke after reperfusion therapy: a systematic review and meta-analysis. J Cent Nerv Syst Dis. (2022) 14:11795735221092518. doi: 10.1177/11795735221092518 
	 14. Wu, B, Liu, F, Sun, G, and Wang, S. Prognostic role of dynamic neutrophil-to-lymphocyte ratio in acute ischemic stroke after reperfusion therapy: a meta-analysis. Front Neurol. (2023) 14:1118563. doi: 10.3389/fneur.2023.1118563 
	 15. Jayaraj, RL, Azimullah, S, Beiram, R, Jalal, FY, and Rosenberg, GA. Neuroinflammation: friend and foe for ischemic stroke. J Neuroinflammation. (2019) 16:142. doi: 10.1186/s12974-019-1516-2 
	 16. Planas, AM
. Role of immune cells migrating to the ischemic brain. Stroke. (2018) 49:2261–7. doi: 10.1161/STROKEAHA.118.021474 
	 17. Arnold, M, Mattle, S, Galimanis, A, Kappeler, L, Fischer, U, Jung, S , et al. Impact of admission glucose and diabetes on recanalization and outcome after intra-arterial thrombolysis for ischaemic stroke. Int J Stroke. (2014) 9:985–91. doi: 10.1111/j.1747-4949.2012.00879.x 
	 18. Alvarez-Sabín, J́, Molina, CA, Montaner, J, Arenillas, JF, Huertas, R, Ribo, M , et al. Effects of admission hyperglycemia on stroke outcome in reperfused tissue plasminogen activator-treated patients. Stroke. (2003) 34:1235–40. doi: 10.1161/01.STR.0000068406.30514.31 
	 19. Zheng, D, and Zhao, X. Intensive versus standard glucose control in patients with ischemic stroke: a meta-analysis of randomized controlled trials. World Neurosurg. (2020) 136:e487–95. doi: 10.1016/j.wneu.2020.01.042 
	 20. Rinkel, LA, Nguyen, TTM, Guglielmi, V, Groot, AE, Posthuma, L, Roos, YBWEM , et al. Multicenter randomized clinical trial of endovascular treatment of acute ischemic stroke in the Netherlands (MR CLEAN) registry investigators. High admission glucose is associated with poor outcome after endovascular treatment for ischemic stroke. Stroke. (2020) 51:3215–23. doi: 10.1161/STROKEAHA.120.029944 
	 21. Cannarsa, GJ, Wessell, AP, Chryssikos, T, Stokum, JA, Kim, K, de Paula Carvalho, H , et al. Initial stress hyperglycemia is associated with malignant cerebral edema, hemorrhage, and poor functional outcome after mechanical Thrombectomy. Neurosurgery. (2022) 90:66–71. doi: 10.1227/NEU.0000000000001735 
	 22. Broocks, G, Kemmling, A, Aberle, J, Kniep, H, Bechstein, M, Flottmann, F , et al. Elevated blood glucose is associated with aggravated brain edema in acute stroke. J Neurol. (2020) 267:440–8. doi: 10.1007/s00415-019-09601-9 
	 23. Dungan, KM, Braithwaite, SS, and Preiser, JC. Stress hyperglycaemia. Lancet. (2009) 373:1798–807. doi: 10.1016/S0140-6736(09)60553-5 
	 24. Ribo, M, Molina, C, Montaner, J, Rubiera, M, Delgado-Mederos, R, Arenillas, JF , et al. Acute hyperglycemia state is associated with lower tPA-induced recanalization rates in stroke patients. Stroke. (2005) 36:1705–9. doi: 10.1161/01.STR.0000173161.05453.90.9f 
	 25. Duckrow, RB, Beard, DC, and Brennan, RW. Regional cerebral blood flow decreases during chronic and acute hyperglycemia. Stroke. (1987) 18:52–8. doi: 10.1161/01.STR.18.1.52 
	 26. Quast, MJ, Wei, J, Huang, NC, Brunder, DG, Sell, SL, Gonzalez, JM , et al. Perfusion deficit parallels exacerbation of cerebral ischemia/reperfusion injury in hyperglycemic rats. J Cereb Blood Flow Metab. (1997) 17:553–9. doi: 10.1097/00004647-199705000-00009 
	 27. Yip, PK, He, YY, Hsu, CY, Garg, N, Marangos, P, and Hogan, EL. Effect of plasma glucose on infarct size in focal cerebral ischemia-reperfusion. Neurology. (1991) 41:899–905. doi: 10.1212/WNL.41.6.899 
	 28. Kamada, H, Yu, F, Nito, C, and Chan, PH. Influence of hyperglycemia on oxidative stress and matrix metalloproteinase-9 activation after focal cerebral ischemia/reperfusion in rats: relation to blood-brain barrier dysfunction. Stroke. (2007) 38:1044–9. doi: 10.1161/01.STR.0000258041.75739.cb 
	 29. Huang, X, Yang, Q, Shi, X, Xu, X, Ge, L, Ding, X , et al. Predictors of malignant brain edema after mechanical thrombectomy for acute ischemic stroke. J Neurointerv Surg. (2019) 11:994–8. doi: 10.1136/neurintsurg-2018-014650 


Copyright
 © 2024 Zheng, Jiang, Guo and Shi. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.










	
	ORIGINAL RESEARCH
published: 27 June 2024
doi: 10.3389/fneur.2024.1413557






[image: image2]

Endovascular treatment for basilar artery occlusion: whether the “weekend effect” affects time metrics and clinical outcomes at a comprehensive stroke center

Jianying Bao1†, Guangchen Shen2†, Haibin Shi1, Zheng Lin3* and Sheng Liu1*


1Department of Interventional Radiology, The First Affiliated Hospital of Nanjing Medical University, Nanjing, China

2Department of Radiology, The First Affiliated Hospital of Nanjing Medical University, Nanjing, China

3Department of Nursing, The First Affiliated Hospital of Nanjing Medical University, Nanjing, China

Edited by
Matteo Foschi, Azienda Unità Sanitaria Locale (AUSL) della Romagna, Italy

Reviewed by
Tianxiao Li, Henan Provincial People's Hospital, China
 Xianli Lv, Beijing Tsinghua University, China

*Correspondence
 Sheng Liu, liusheng@njmu.edu.cn
 Zheng Lin, linzheng20232023@163.com

†These authors have contributed equally to this work

Received 07 April 2024
 Accepted 10 June 2024
 Published 27 June 2024

Citation
 Bao J, Shen G, Shi H, Lin Z and Liu S (2024) Endovascular treatment for basilar artery occlusion: whether the “weekend effect” affects time metrics and clinical outcomes at a comprehensive stroke center. Front. Neurol. 15:1413557. doi: 10.3389/fneur.2024.1413557






Objectives: This study aimed to evaluate whether the “weekend effect” would affect the time metrics and the prognosis of acute ischemic stroke (AIS) patients who underwent endovascular treatment (EVT) due to basilar artery occlusion (BAO).
Methods: Clinical data of AIS patients who underwent EVT due to BAO between December 2019 and July 2023 were retrospectively analyzed. At the time when the patients were admitted, the study population was divided into the weekdays daytime group and weekends nighttime group. In the subgroup analysis, the study cohort was divided into four groups: the weekdays daytime group, weekdays nighttime group, weekend daytime group, and weekend nighttime group. A good outcome was defined as a modified Rankin Scale score of ≤3 at 90 days after EVT. Time metrics [e.g. onset-to-door time (ODT) and door-to-puncture time (DPT)] and clinical outcomes were compared using appropriate statistical methods.
Results: A total of 111 patients (88 male patients, mean age, 67.7 ± 11.7 years) were included. Of these, 37 patients were treated during weekdays daytime, while 74 patients were treated during nights or weekends. There were no statistically significant differences in ODT (P = 0.136), DPT (P = 0.931), and also clinical outcomes (P = 0.826) between the two groups. Similarly, we found no significant differences in the time metrics and clinical outcomes among the four sub-groups (all P > 0.05).
Conclusion: This study did not reveal any influence of the “weekend effect” on the time metrics and clinical outcomes in AIS patients who underwent EVT due to BAO at a comprehensive stroke center.
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Introduction

Basilar artery occlusion (BAO) accounts for 1% of all acute ischemic stroke (AIS) cases and 5% of AIS due to large vessel occlusion (LVO) (1). It is a devastating sub-type of AIS with an extremely poor prognosis. In addition to its proven superiority over the best medical management in both real-world studies and randomized controlled trials, endovascular treatment (EVT) has become an important strategy for treating patients with BAO (1–7). However, as indicated in previous studies, the proportion of patients achieving functional independence at 90 days after EVT is < 40%, even if the occluded artery is successfully recanalized (1, 3). Therefore, clarifying the variables associated with the clinical outcome is crucial for the doctor–patient communication and the establishment of a reasonable treatment strategy.

The “weekend effect”, which was defined as an increased rate of worse outcomes and mortality for hospitalization occurring on weekends or nighttime vs. weekdays, attracts increasing attention (8). It is presumably due to fewer in-hospital personnel and resources during off-hours. Previously, the influence of the “weekend effect” on the clinical outcomes after EVT has been studied sporadically in patients with AIS and mainly in the anterior circulation (8–12). Potts et al. have reported that the door-to-groin times were delayed in patients presenting on the weekends nighttime group compared to weekdays; however, the incidence of symptomatic intracerebral hemorrhage and 90-day good functional outcomes did not differ between the two groups (8). Similarly, Lin et al. found that it took longer during non-working hours than working hours in door-to-image times and door-to-groin puncture times. The change in the National Institute of Health Stroke Scale (NIHSS) scores in 24 h was potentially better in the working-hour group than in the non-working-hour group (9). However, the influence of the working time on the clinical outcomes of patients with BAO after EVT has not been explored until now.

Therefore, the purpose of this study is to explore whether the “weekend effect” existed and its potential influence on the procedural metrics and outcomes of patients with BAO after EVT.



Methods


Patient selection

This retrospective study was approved by the institutional review board of our institution. The requirement for written informed consent was waived. We searched for all the patients with posterior circulation AIS who received EVT from December 2019 to July 2023 in our stroke database. Inclusion criteria were as follows: patients (1) whose ages were ≥18 years old, (2) with stroke due to occlusion of BAO, (3) with onset-to-door time (ODT) was < 24 h, (4) with baseline modified Rankin Scale (mRS) scores of 0–2, and (5) on whom EVT was performed. We excluded the patients according to the following criteria: patients (1) with baseline mRS scores of >3, (2) with a combination of anterior circulation stroke, and (3) with incomplete clinical data (e.g., 90-day mRS or time metrics).



Patients group

Nighttime was defined as the time interval between 6:00 p.m. and 8:00 a.m., while daytime was defined as the remaining hours (12). Weekdays were defined from Monday to Friday, while weekends were defined as Saturday and Sunday (8). Therefore, our study population was divided into four groups according to the time when the patients were admitted into our stroke center: the weekdays daytime group, weekdays nighttime group, weekend daytime group, and weekend nighttime group. After combining the latter three groups, our study cohort was also divided into two groups, namely, the weekdays daytime group and weekends nighttime group.



Clinical variables

Demographic and clinical data were collected from the database of our stroke center. The following stroke-related risk factors were identified: age, sex, hypertension, hyperlipidemia, diabetes, smoking, and atrial fibrillation. Baseline characteristics, including ODT, door-to-puncture time (DPT), NIHSS score at admission (NIHSSpre), NIHSS at 24 h after EVT (NIHSS24h), intravenous tissue-type plasminogen activator (IV tPA) performed or not, recanalization status, hemorrhagic transformation (HT) status, and patients outcome, were also collected. Successful recanalization was assessed by using the modified Treatment in Cerebral Infarction (mTICI) scale and defined as mTICI 2b-3 (13). HT was evaluated based on the follow-up CT, where high density persisting in the infarcted area without rapid disappearance was defined as an HT. Good outcomes were defined as an mRS score of ≤ 3 at 90 days after treatment (14).



Image evaluation and endovascular treatment

One 128-section multi-detector CT scanner (Optima CT 660; GE Healthcare) was used to perform CT scans. Standard non-contrast computed tomography (NCCT) (120 kV, 100–350 auto-mAs, contiguous 5–mm axial sections) and whole-brain volumetric CT perfusion (CTP) scan would be performed for evaluating the patients with AIS. CTP parameters were as follows: four-dimensional adaptive spiral mode, periodic spiral approach, 80 mm in z-coverage, 100 kVp, 200 mAs, rotation time of 0.4 s, 0.984 maximum pitch, and 5 mm thickness. A total of 50 ml of non-ionic iodinated contrast (Iopromide, Ultravist 370, Bayer Schering Pharma) was administered intravenously at 5 ml/sex by using a power injector, followed by 30 ml of saline at the same rate. The total acquisition time was 53 s. Simulated CTA images with a section thickness of 0.625 mm were reconstructed from the peak arterial phase of CTP data for assessing whether an occlusion of BAO existed or not.

EVT was performed using the method reported in a previous study (13). Briefly, EVT was carried out under local anesthesia or conscious sedation. The Solumbra technique was usually performed by using a Solitaire FR device (Medtronic, Irvine, California, USA). If necessary, contact aspiration via a 5F or 6F distal access catheter (Penumbra, Alameda, California, USA) was performed. After each intervention, angiography was performed to evaluate blood flow restoration. For patients with residual stenosis but acceptable reperfusion, antiplatelet and/or statin medicines would be suggested. For patients with residual stenosis and insitu thrombosis, balloon angioplasty and/or stent implantation could be considered according to the operator′s experience. Intra-arterial thrombolysis or tirofiban administration would also be used as rescue therapies.



Statistical analysis

Statistical analyses were performed using SPSS version 26.0 (IBM Corporation). Continuous variables were presented as mean ± standard deviation (SD) or median with interquartile range (IQR) depending on the distribution of variables. The normality of the distributions was evaluated using Shapiro–Wilk tests. Categorical variables were presented as numbers and percentages. Comparisons of continuous variables between two groups were performed using independent sample t-tests if normally distributed or using the Mann–Whitney U test if not normally distributed. Comparisons of continuous variables among four groups were performed using one-way analysis of variance analyses, followed by multiple comparisons using least-significant difference or Tamhans, as appropriate, to identify where the differences lay. Comparisons of categorical variables were performed using the Chi-square test or Fisher's exact test. A two-sided P-value of < 0.05 was considered to be statistically significant.




Results

Patients' characteristics are detailed in Table 1. Of the 111 patients (88 male patients, mean age, 67.7 ± 11.7 years old) finally included, the mean ODT and DPT were 433.2 ± 332.2 min and 126.3 ± 214.9 min, respectively. A total of 32 patients (28.8%) were administered IV rt-PA before EVT. Successful recanalization was achieved in 94 (84.7%) patients, and 33 (29.7%) patients achieved good outcomes at 90 days after EVT.


TABLE 1 Patient characteristics.

[image: A table presents various medical statistics for patients. Key variables include gender, with 88 males (79.3%); mean age, 67.7 years (SD 11.7); mean onset to door time (ODT), 433.2 minutes (SD 332.2); mean door to puncture time (DPT), 126.3 minutes (SD 214.9); mean NIHSS at admission, 21.5 (SD 12.8); mean NIHSS after 24 hours, 19.5 (SD 14.7). Conditions include hypertension, 77 patients (69.4%); diabetes, 33 patients (29.7%); and hyperlipidemia, 1 patient (1.8%). Good outcomes were observed in 33 patients (29.7%). Abbreviations and explanations are provided for specific terms.]

A total of 37 patients were treated during weekdays daytime, and 74 patients were treated during nights or weekends. Table 2 compares the baseline demographics, risk factors, and presenting characteristics between the two groups. There were no statistically significant differences in any variables between the two groups (all P > 0.05), other than that a higher proportion of patients underwent administration of IV tPA in the weekend nighttime group (P = 0.046).


TABLE 2 Comparisons between the weekdays daytime and weekends nighttime groups.

[image: A table comparing two patient groups: "Weekdays daytime" (n=37) and "Weekends nighttime" (n=74). Variables include gender, mean age, onset to door time, door to puncture time, NIHSS scores, hypertension, hyperlipidemia, diabetes, smoking, atrial fibrillation, intravenous tPA, successful recanalization, hemorrhagic transformation, and good outcome. Each variable is presented with mean values, standard deviations, or percentages, alongside p-values for statistical significance. Notable findings include higher IV tPA use on weekends (35.1% vs. 16.2%) with a p-value of 0.046.]

To further investigate differences in the time metrics and outcomes, we divided the cohort into four subgroups, namely, the weekdays daytime group, weekdays nighttime group, weekend daytime group, and weekend nighttime group (Table 3). Similarly, we did not find any significant differences in the demographics, risk factors, time metrics, and patient outcomes among the four subgroups (all P > 0.05). The differences between ODT, DPT, HT, and mRS among the four groups are shown in Figure 1.


TABLE 3 Comparisons among four subgroups.

[image: A table compares variables across four time periods: weekdays daytime, weekdays nighttime, weekend daytime, and weekend nighttime. Variables include gender, mean age, mean onset to door time, mean door to puncture time, NIHSS scores, hypertension, hyperlipidemia, diabetes, smoking, atrial fibrillation, intravenous tPA, successful recanalization, hemorrhagic transformation, and good outcome. Each variable is shown with the number of patients and percentage where applicable, along with P-values for comparisons among groups.]


[image: Four bar graphs labeled A to D are shown. Graph A compares mean ODT in minutes during weekdays and weekends, showing p=0.270. Graph B presents mean DPT in minutes, with p=0.905. Graph C depicts the number of patients with non-HT and HT conditions, p=0.876. Graph D shows patients with mRS scores of 3-6 and 0-2, with p=0.799. All graphs compare weekday daytime, weekend daytime, and weekend nighttime data.]
FIGURE 1
 Differences of ODT (A), DPT (B), HT (C), and mRS (D) among four groups. ODT, onset-to-door time; DPT, door-to-puncture time; HT, hemorrhagic transformation; mRS, modified Rankin Scale.




Discussion

The “Weekend effect,” which was termed as a poor outcome due to fewer in-hospital personnel and resources during off-hours, had been focused on for several years. Previously, several studies had tried to explore the potential influence of the “weekend effect” on the clinical outcomes after EVT in patients with AIS (8–12); however, these studies mainly focused on stroke due to anterior circulation LVO. The present study first focused on the potential influence of working time on the clinical outcomes of patients with BAO after EVT and found that there were no statistically significant differences in ODT, DPT, and also clinical outcomes among groups with different working times. Our study indicated that the “weekend effect” might not exist in patients with AIS who underwent EVT due to BAO at a comprehensive stroke center.

Previously, several studies had investigated the potential existence and influence of the “weekend effect” of EVT on patients with AIS, especially those due to anterior circulation LVO (8–12). Mpotsaris et al. reported that the patients admitted during nighttime and weekends showed statistically prolonged door-to-reperfusion times; however, it did not affect the rate of revascularization and favorable outcome (12). This main conclusion was also supported by similar studies by Potts et al. (8), Lin et al. (9), and Omura et al. (10).. They explained that the outpatient clinics did not provide services, which led to the patients being crowded into the emergency department during non-working hours, and subsequently slightly increased door-to-image times. In addition to that, the team in the comprehensive stroke center included several specialties (e.g., physician, stroke neurology, neurointervention surgery, radiologists, and nurses), and some of them were on-call from home during non-working hours (9). Prolonged door-to-reperfusion times might be due to waiting for some specialties on duty during non-working hours. However, further analysis did not find a significant influence of increased time intervals on the functional outcome. This might be due to the wide application of perfusion imaging for patient selection. An accurate assessment of the “tissue-window” might offset the influence of a prolonged “time-window” on the functional outcome (15).

Recently, numerous case series and trials have reported the efficacy of EVT in patients with AIS due to BAO (1–7, 16). As so many positive results had been reported, we could expect that the number of EVTs for treating patients with BAO would significantly increase. However, the impact of the “weekend effect” on time metrics and clinical outcomes has not been fully studied to date. Our study focused on this topic for the first time, and we found that there were no statistically significant differences in ODT, DPT, and clinical outcomes between the weekdays daytime group and weekends nighttime group and also in further subgroup analysis. It was not surprising that the difference in clinical outcomes was not significant, especially because the treatment time window of posterior circulation stroke was longer than that of anterior circulation stroke (17). Nevertheless, we also did not observe a prolonged time metrics in the weekends nighttime group. In the author's opinion, it might be due to that center being a comprehensive stroke center in the academic setting. Our group included emergency physicians, radiologists, neurointerventional team, and had 24/7 availability of all personnel involved in the emergency treatment of AIS. Except for nurses and technicians in the neurointerventional team, all the other members in our group were “on-call” in the hospital and not “in-house.” Because our hospital was an academic unit, the in-hospital residents and fellows could expedite the treatment process.

There were some limitations to our study. The first limitation is that this was a retrospective study conducted in a single center with a relatively small sample size; therefore, the selection bias was inevitable. The second limitation is our results were specific to the EVT situation (mostly high-volume stroke centers) and might differ from other centers with different organizations of acute stroke therapy.

In conclusion, based on a retrospective cohort of patients with AIS due to BAO from a comprehensive stroke center, we did not observe any differences in time metrics and clinical outcomes after EVT between the weekdays daytime group and weekend nighttime group. The “weekend effect” might not exist in patients with BAO who underwent EVT in a well-organized comprehensive stroke center. In future, further multiple-center study with larger sample sizes was warranted to confirm our results.
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Background: The extent of ischemic injury in acute stroke is assessed in clinical practice using the Acute Stroke Prognosis Early CT Score (ASPECTS) rating system. However, current ASPECTS semi-quantitative topographic scales assess only the middle cerebral artery (MCA) (original ASPECTS) and posterior cerebral (PC-ASPECTS) territories. For treatment decision-making in patients with anterior cerebral artery (ACA) occlusions and internal carotid artery (ICA) occlusions with large ischemic cores, measures of all hemispheric regions are desirable.
Methods: In this cohort study, anatomic rating systems were developed for the anterior cerebral (AC-ASPECTS, 3 points) and anterior choroidal artery (ACh-ASPECTS, 1 point) territories. In addition, a total supratentorial hemisphere (H-ASPECTS, 16 points) score was calculated as the sum of the MCA ASPECTS (10 regions), supratentorial PC-ASPECTS (2 regions), AC-ASPECTS (3 regions), and ACh-ASPECTS (1 region). Three raters applied these scales to initial and 24 h CT and MR images in consecutive patients with ischemic stroke (IS) due to ICA, M1-MCA, and ACA occlusions.
Results: Imaging ratings were obtained for 96 scans in 50 consecutive patients with age 74.8 (±14.0), 60% female, NIHSS 15.5 (9.25–20), and occlusion locations ICA 34%; M1-MCA 58%; and ACA 8%. Treatments included endovascular thrombectomy +/− thrombolysis in 72%, thrombolysis alone in 8%, and hemicraniectomy in 4%. Among experienced clinicians, inter-rater reliability for AC-, ACh-, and H-ASPECTS scores was substantial (kappa values 0.61–0.80). AC-ASPECTS abnormality was present in 14% of patients, and ACh-ASPECTS abnormality in 2%. Among patients with ACA and ICA occlusions, H-ASPECTS scores compared with original ASPECTS scores were more strongly associated with disability level at discharge, ambulatory status at discharge, discharge destination, and combined inpatient mortality and hospice discharge.
Conclusion: AC-ASPECTS, ACh-ASPECTS, and H-ASPECTS expand the scope of acute IS imaging scores and increase correlation with functional outcomes. This additional information may enhance prognostication and decision-making, including endovascular thrombectomy and hemicraniectomy.
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 early ischemic changes; early change detection; acute stroke diagnosis; Alberta stroke program early CT score (ASPECTS); hemispheric stroke; anterior circulation acute ischemic stroke; ischemic stroke (IS)


Introduction

The medical and surgical management of patients with anterior circulation cerebral infarcts and large hemispheric infarcts has advanced dramatically over the past decade. For patients with isolated anterior cerebral artery (ACA) occlusions, whose lesions were previously inaccessible, a new generation of retriever and aspiration thrombectomy devices are now being tested in randomized trials. For patients with internal carotid artery (ICA) occlusion and large ischemic cores, previously only treatable with hemicraniectomy, multiple recent trials have demonstrated the benefit of endovascular thrombectomy, with final outcome disability levels limited by the extent of pretreatment injury (1). In addition, preliminary trials and studies have shown promise for multiple additional therapies, including intravenous glyburide, strokectomy (compared with hemicraniectomy), selective cerebral hypothermia, and hyperosmolar therapy (2–4). A barrier to the further development of therapeutics for patients with ACA occlusion and patients with ICA occlusion and large ischemic core is that the only available pragmatic assessment of initial and early ischemic injury extent is the Alberta Stroke Program Early Computed Tomography score (ASPECTS), a clinician-performed, semi-quantitative, 10-point topographic imaging assessment (5–11).

The ASPECTS score has been a foundation for acute stroke therapeutics for the past quarter century since its development in 2000 (11). However, although it was developed to assess early ischemic changes in patients with “acute ischemic stroke of the anterior circulation” (refs 6–11), the ASPECTS scale is constrained in its interrogation of the degree of injury to only a subset of relevant fields - the middle cerebral artery (MCA) territory. It provides no useful information regarding the extent of tissue injury in patients with isolated ACA occlusion. It also provides less than optimal information in patients with ICA occlusion and large ischemic cores. In these patients, the extent of injury beyond the MCA territory, including in ACA, anterior choroidal artery (ACh), and supratentorial posterior cerebral artery fields, contributes independently to worse prognosis and the need for early intervention (12–14). Accordingly, clinical management is guided by volumetric imaging of ischemic injury, incorporating all supratentorial arteries, when available (15–17). However, when true volumetric imaging is not available, the prognostic and decision-making accuracy of pragmatic semi-quantitative topographic scan evaluation potentially may be increased by including ratings of injury in the ACA, AChA, and supratentorial PCA fields.

The objective of this study was to develop and preliminarily validate semi-quantitative topographic assessments of the ACA (AC-ASPECTS) and AChA (ACh-ASPECTS) territories and a total hemispheric score (H-ASPECTS) incorporating MCA, ACA, AChA, and supratentorial PCA ASPECTS ratings.



Methods

The regions that comprise the new scales were selected based on neuroanatomic and imaging atlases that delineated the cerebral arterial territories (18–21).


Nomenclature

Two salient ASPECTS scores already are in wide use: the original ASPECTS, assessing the MCA territory, and the PC-ASPECTS, assessing the PCA territory. In the expanded system advanced in the current study, the original ASPECTS score is given the more specific designation of the middle cerebral – ASPECTS score (MC-ASPECTS). The three new, complementary ASPECTS scores developed for the current study are: the Anterior Cerebral Acute Stroke Early Cerebral Topographic Score (AC-ASPECTS); the Anterior Choroidal Acute Stroke Early Cerebral Topographic Score (ACh-ASPECTS); and the Hemispheric Acute Stroke Early Cerebral Topographic Score (H-ASPECTS).



Demarcation of AC-ASPECTS regions

The volume of the ACA territory is approximately one-third of the volume of the MCA territory (18). The MC-ASPECTS divides the MCA territory into 10 component regions. In order to give proportionate weighting to ACA fields as to MCA fields, the AC-ASPECTS divides the ACA territory into three component regions: A1, A2, and A3. As shown in Figure 1, on standard axial computed tomography slices, the A1 region delineates the inferior portion of the ACA territory, extending from the lowest CT slice up to the highest slice that includes the lateral ventricles. On the highest cut, it lies only between the ventricles. The A2 region is the anterosuperior portion of the ACA territory. Along the vertical axis, it starts at the highest cut through the lateral ventricles and continues to the highest cut through the top of the cerebrum. Along the anteroposterior axis, the A2 region is the anterior half of the ACA territory on each slice. The A3 region is the posterosuperior portion of the ACA territory. Like the A2, along the vertical axis, it starts at the highest cut through the lateral ventricles and continues to the highest cut through the top of the cerebrum. If all ACA regions are normal, the ACA-ASPECTS score is 3. One point is subtracted from 3 for each abnormal region.

[image: A series of brain CT scan images showing different regions marked in color. The first row contains five scans with a blue region labeled A1, focusing on the front left area of the brain. The second row consists of five scans with green regions labeled A2 and yellow regions labeled A3, covering the center and rear sections of the brain. Each scan highlights different angles and sections for analysis.]

FIGURE 1
 AC-ASPECTS subregions within the anterior cerebral artery territory. The A1 region is the inferior portion of the ACA territory, extending from the lowest slice through the ACA territory up to the highest slice that includes the lateral ventricles. On the highest cut, the A1 region lies only between the ventricles. The A2 region is the anterosuperior portion of the ACA territory. Along the vertical axis, it starts at the highest cut through the lateral ventricles and continues to the highest cut through the top of the cerebrum. Along the anteroposterior axis, the A2 region is the anterior half of the ACA territory on each slice. The A3 region is the posterosuperior portion of the ACA territory. Like the A2, along the vertical axis, it starts at the highest cut through the lateral ventricles and continues to the highest cut through the top of the cerebrum. Along the anteroposterior axis, the A3 region is the posterior half of the ACA territory on each slice.




Demarcation of the ACh-ASPECTS region

Of the regions supplied by the ACh, several fall within existing ASPECTS topographies (22). The MC-ASPECTS regions include the posterior limb of the internal capsule and the medial area of the pallidum. The PC-ASPECTS regions include the lateral geniculate body. The ACh-ASPECTS assigns 1 point to spare the remaining, otherwise unassessed region - the mesial temporal lobe (amygdala-hippocampal field), as shown in Supplementary Figure S1.



Total H-ASPECTS score

The total H-ASPECTS score of a cerebral hemisphere is a 16-point scale that combines the four territorial-specific ASPECTS scores, including the MC-ASPECTS (10 regions), the supratentorial segments of the PC-ASPECTS (two regions: thalamus (THAL) and occipital), the AC-ASPECTS (three regions), and the ACh-ASPECTS (one region). One point is subtracted from 16 for each abnormal region.



Prospective validation study

The prospective validation cohort study of the ACA-ASPECTS, ACh-ASPECTS, and H-ASPECTS scores was performed in a sample of 50 consecutive patients with confirmed acute ischemic stroke (IS) admitted to Ronald Reagan - University of California, Los Angeles Medical Center. Inclusion criteria for the study were: (1) diagnosis of acute IS on CT or MRI, (2) presentation within 24 h of last known well, (3) occlusion of the cervical or intracranial ICA, M1-MCA, or ACA on initial CTA or MRA. The exclusion criterion was transferred to another acute care hospital, precluding clinical outcome assessment.

For each patient, data were abstracted regarding demographics (age, sex), medical history (e.g., hypertension and diabetes), initial systolic and diastolic blood pressure in the ED, initial National Institutes of Health Stroke Scale (NIHSS) score, the pre-stroke modified Rankin Scale (mRS) score, time from last known well to first parenchymal imaging, time from first imaging to 24 h (−12 h to +24 h) follow-up imaging, reperfusion therapy with intravenous thrombolysis alone, endovascular thrombectomy alone, or both; and hemicraniectomy. If patients had more than one follow-up imaging study performed between 12 and 48 h after initial imaging, the scan closest to 24 h was analyzed. For patients undergoing EVT, the expanded thrombolysis in cerebral infarction (eTICI) score at the procedure end was recorded. Clinical outcomes analyzed were: global disability on the mRS at discharge; discharge destination (home, acute rehabilitation facility, skilled nursing facility, long-term acute care, hospice, or inpatient mortality); and ambulatory status at discharge (unassisted, with assistance, non-ambulatory, or death).



Imaging

Standard non-helical non-contrast CT (NCCT) was performed on a multislice CT scanner (GE Medical Systems or Siemens) using 120 kV, 170 mAs and 5-mm slice thickness. Coverage was from skull base to vertex, with continuous axial slices parallel to the orbitomeatal line. Standard diffusion-weighted MRI (DWI), as well as ADC, FLAIR, and GRE sequences, were obtained on 1.5-T or 3-T Siemens MR systems equipped with echo planar imaging data acquisition capability designed to obtain rapid diffusion images. Diffusion imaging was performed using a slice thickness of 5 mm with no interslice gap and two levels of diffusion sensitization (b = 0, 1,000 s/mm2).



Imaging analyses

On CT, one point each was subtracted for early ischemic changes (parenchymal hypoattenuation or focal swelling) in each of the defined regions. On MRI, one point each was subtracted for early ischemic changes (hyperintensity on DWI) in ≥20% of each of the defined regions. The images were assessed with knowledge of the side affected but without knowledge of the baseline stroke severity, site of occlusion, or clinical outcome. Baseline scans were assessed without knowledge of 24 h scans; 24 h scans were assessed with knowledge of baseline scans. Each scan was independently scored for AC-ASPECTS, ACh-ASPECTS, PC-ASPECTS, MC-ASPECTS, and H-ASPECTS by three levels of practitioner: one general neurology resident (MPR), one stroke fellow (ST), and one senior stroke neurologist (JLS). Differences were resolved by consensus discussion.



Statistical analyses

Numerical data were descriptively presented as mean ± standard deviation for parametric data and median with interquartile range (25th percentile–75th percentile) for non-parametric data. Categorical variables were described as the number and percentage of patients. Inter-rater agreement on the AC-ASPECTS, ACh-ASPECTS, and H-ASPECTS was assessed separately for arrival scans and the 24-h scans using joint probability of agreement and the kappa statistic. Kappa values ≤0 were considered to indicate no agreement, 0.01–0.20 as none to slight, 0.21–0.40 as fair, 0.41–0.60 as moderate, 0.61–0.80 as substantial, and 0.81–1.00 as almost perfect agreement (23). Correlation coefficients were calculated for the association of the ASPECTS scales with clinical outcomes. In sample size calculations for a projected correlation of 0.6, the sample size of 50 patients provided 95% power to narrow the two-way 95% confidence interval around the point estimate to 0.15.




Results

The characteristics of the 50 consecutive IS patients meeting study entry criteria are shown in Table 1. No patients were excluded due to transfer to another acute hospital or missing data. The age was 74.8 years (±14.0), 60% were female, and the baseline NIHSS was 15.5 (IQR 9–20). Occlusion locations were the ICA at 34% (cervical ICA at 16%, intracranial ICA alone at 2%, and carotid T at 16%), M1-MCA at 58%, and ACA at 8%. The time from the last known well to the first imaging was a median of 393 min (IQR 114–851) and from the last known well to follow-up imaging, 32 h (IQR 29–41). A total of 80% of patients received reperfusion therapy, including EVT alone in 48%, IVT alone in 8%, and both in 24%. Hemicraniectomy was performed in 4% of patients.



TABLE 1 Patient characteristics.
[image: A table displaying clinical data of patients, including demographics, medical history, imaging types, treatment, and outcomes. Details include age, sex, National Institute of Health Stroke Scale (NIHSS) scores, blood pressure, pre-stroke and discharge modified Rankin Scale (mRS), and discharge destinations. Imaging types listed are CT and MR, with occlusion sites like cervical ICA and M1-MCA. Treatments consist of none, IVT, EVT, IVT + EVT, and hemicraniectomy. The table also shows discharge status, ambulatory status, and eTICI scores.]

Concurrence rates among scan interpreters are shown in Table 2 and illustrative cases are shown in Figure 2. Concurrence rates were higher between the two most experienced raters (Attending-Fellow) but also were considerable in dyadic comparisons with the least experienced rater (resident). For the three individual ACA subregions (A1, A2, and A3), the Attending-Fellow raters showed exact agreement in 94–96% of patients and kappa rates of 0.48–0.54 (moderate) on initial images and exact agreement in 89–100% and kappa rates of 0.55 to 1.0 (moderate to almost perfect) on follow-up images. For the total territory AC-ASPECTS score, the Attending-Fellow raters showed exact agreement in 94% of patients and weighted kappa rates of 0.74 (substantial) on the initial images and exact agreement in 97% and weighted kappa 0.62 (substantial) on follow-up images. The attending-fellow rater exact agreement rates for total AC-ASPECTS scores exceeded those for total MC-ASPECTS scores; the weighted kappa values were comparable for the total AC-ASPECTS and total MC-ASPECTS scores. For the total hemispheric H-ASPECTS score, the Attending-Fellow raters showed exact agreement in 67% of patients and weighted kappa rates of 0.73 (substantial) on initial images and showed exact agreement in 74% of patients and weighted kappa rates of 0.73 (substantial) on follow-up images. Attending-Fellow rater agreement rates and kappa values were comparable for the total H-ASPECTS scores and MC-ASPECTS scores. Inter-rater concurrence rates were similar for CT ratings and for MR ratings, although analysis power was limited by low numbers of initial MR scans and follow-up CT scans (Supplementary Tables S1A,B).



TABLE 2 Concurrence rates.
[image: A table shows agreement rates and Kappa values between raters for initial and follow-up imaging across different regions and ASPECTS scores. Initial imaging includes comparisons between attending vs. fellow, attending vs. resident, and fellow vs. resident with varying agreement rates and Kappa scores. Follow-up imaging shows increased agreement rates and Kappa values compared to initial imaging in comparisons among the same groups. The data specifies results for A1, A2, A3 regions and total AC-ASPECTS, ACh-ASPECTS, MC-ASPECTS, PC-ASPECTS, and H-ASPECTS scores.]

[image: Brain imaging series with seven panels labeled A to G. Panel A shows a CT scan with clear brain structures. Panels B, C, D, F, and G show MRI scans with different contrasts and detail levels. Panel E highlights a particular brain area with an arrow, indicating an area of interest. An arrow in Panel G also points to a specific section within the brain image.]

FIGURE 2
 Illustrative cases. First row: Isolated A2 ACA region abnormality. A 64-year-old man presented with right leg sensory changes and severe aphasia, initial NIHSS 3, and CTA showing left ACA occlusion. He was treated with IV alteplase. (A) Initial non-contrast CT shows no area of hypodensity (AC-ASPECTS 3 and MC-ASPECTS 10). (B) Follow-up DWI MRI shows an abnormality in the left A2 ACA region (AC-ASPECTS 2 and MC-ASPECTS 10). Second row: Isolated A3 ACA region abnormality. (C) A 60-year-old woman presented with sudden onset left lower extremity weakness, initial NIHSS 3, and MRA showing right ACA occlusion. She was treated with IV alteplase. Initial DWI MRI shows right A3 ACA region abnormality region (AC-ASPECTS 2 and MC-ASPECTS 10). (D) Follow-up DWI MRI also shows right A3 ACA region abnormality (AC-ASPECTS 2 and MC-ASPECTS 10). Third row: Extensive hemispheric abnormality. An 88-year-old man presented with altered mental status, right-sided weakness, left-sided forced gaze deviation, aphasia, and dysarthria, initial NIHSS 18, and CTA showing left ICA occlusion. He was treated with supportive care. (E) Initial non-contrast CT shows abnormal hypodensity in the left A1 region (arrow), as well as three MC-ASPECTS regions (H-ASPECTS 12 and C-ASPECT 7). (F) Follow-up DWI MRI shows an abnormality in all three AC-ASPECTS regions (A1, A2, and A3) as well as eight MC-ASPECT regions (H-ASPECTS 5 and MC-ASPECTS 2). Fourth row: AChA region abnormality. An 81-year-old woman was transferred from another hospital after intubation for aphasia and right-sided weakness, initial NIHSS 21, and MRA shows left internal carotid artery T occlusion. She was treated with supportive care. (G) Initial DWI MRI shows left AChA region abnormality (arrow), as well as 10 MC-ASPECTS regions and 1 PC-ASPECTS region (thalamus) (H-ASPECTS 4 and MC-ASPECTS 0). Follow-up imaging was not obtained.



Entire cohort

After consensus discussion, across the entire cohort, AC-ASPECTS abnormality was deemed present in seven (14%) patients (including six patients on initial imaging and seven on follow-up imaging), and ACh-ASPECTS abnormality was present in one (2%) patient (present on both initial and follow-up imaging). Considering AC-ASPECTS subregions, on initial imaging, 6% of patients had A1, 4% of patients had A2, and 4% of patients had A3 involvement. On follow-up imaging, 9% of patients had A1, 13% of patients had A2, and 9% of patients had A3 involvement. The total AC-ASPECTS score on initial imaging was median 3 (IQR 3–3) and mean 2.9 (± 0.4). The total AC-ASPECTS score on follow-up imaging was median 3 (IQR 3–3) and mean 2.7 (± 0.8). AC-ASPECTS abnormalities occurred in isolation, without accompanying MC-ASPECTS abnormalities, in 4% of patients and concurrently with MC-ASPECTS abnormalities in 8%.

Over the entire cohort, on initial imaging, the H-ASPECTS score was a median of 15 (IQR 12–16) and a mean of 13.7 (± 2.6), while the MC-ASPECTS score was 9 (IQR 6–10) and a mean of 7.9 (± 2.5). On follow-up imaging, the H-ASPECTS score was a median of 13 (IQR 10.25–14) with a mean of 12.0 (± 3.2), while the MC-ASPECTS score was 7 (IQR 4–9) with a mean of 6.3 (± 2.9). Among all patients, abnormalities on the H-ASPECTS that were not also present on the MC-ASPECTS occurred on the initial scan in 10% and on the follow-up scan in 15%. Considering patients with ACA or ICA occlusions, abnormalities on the H-ASPECTS not also present on the MC-ASPECTS occurred on the initial scan in 24% and on the follow-up scan in 37%. The frequency of involvement of individual H-ASPECTS regions on baseline and follow-up scans is shown in Supplementary Table S2. Supplementary Table S3 shows the mean/median AC-ASPECTS, MC-ASPECTS, PC-ASPECTS, ACH-ASPECTS, and H-ASPECTS for all patients.



Occlusion site subgroups

Involvement frequency of ASPECTS regions among patients subgrouped by vascular occlusion sites is shown in Table 3. Involvement of regions A1, A2, and A3 occurred only with ACA and ICA occlusions and not MCA M1 occlusions. Involvement of ACh and THAL occurred only with ICA occlusions and not MCA M1 or ACA occlusions. For the different occlusion sites, H-ASPECTS were: ICA 12 (11–14); M1-MCA 15 (13–16); ACA 15.5 (15–16); MC-ASPECTS scores were: ICA 7 (5–8); M1-MCA 9 (7–10); and ACA 10 (10–10).



TABLE 3 ASPECTS regions involvement by site of occlusion.
[image: Table displaying ASPECTS scale data across different brain regions and occlusion sites: ACA, MCA M1, and ICA. Columns show first and second scan percentages for multiple regions such as A1, A2, A3, C, IC, Ins, M1 to M6, Thalamus, and Occipital. For example, ACA A1 shows 25% in the first scan and 50% in the second. MCA M1 shows varying values, e.g., the Ins region has 41.3% in the first scan and 61.5% in the second. ICA displays similar region data, such as C with 58.8% in the first scan and 73.3% in the second.]

With regard to clinical outcomes, among patients with ACA and ICA occlusions, H-ASPECTS scores were more strongly associated than MC-ASPECTS scores with disability level at discharge, ambulatory status at discharge, discharge destination, and combined inpatient mortality and discharge to hospice in dichotomized (Table 4A) and ordinal (Table 4B and Supplementary Figure S2) analyses. In contrast, among patients with MCA occlusions, H-ASPECTS scores and MC-ASPECTS scores were equally strongly associated with these clinical outcomes (Supplementary Table S4). Considering the area under the curve for dichotomized outcomes, on initial scans, H-ASPECTS scores were again more strongly associated than MC-ASPECTS scores with all four clinical outcomes; on follow-up scans, H-ASPECTS scores were nominally more strongly associated with combined inpatient mortality and discharge to hospice and MC-ASPECTS scores were nominally more strongly associated with disability level at discharge, ambulatory status at discharge, and discharge destination (Supplementary Table S5). Among patients with ACA occlusions, AC-ASPECTS was more strongly associated than MC-ASPECTS with these outcomes.



TABLE 4A H-ASPECTS, MC-ASPECTS, and clinical outcomes in patients with ICA or ACA occlusions.
[image: A table comparing imaging scores and outcomes at different scans. Outcomes include mRS 0–3 at discharge, discharge home, discharge to acute rehab, ambulatory discharge, and death or discharge to hospice. The scores, H-ASPECTS and MC-ASPECTS, are compared between first and second scans for outcomes labeled as "Yes" or "No" with corresponding p-values.]



TABLE 4B Correlation between MC-ASPECTS, H-ASPECTS and clinical outcomes in patients with ICA and ACA occlusions.
[image: A table comparing two scans using MC-ASPECTS and H-ASPECTS rating scales. It includes columns for mRS level (full and severe-weighted), ambulatory status, and discharge destination. Scan 1 shows values of -0.29 and -0.38 for full mRS, and -0.27 and -0.36 for severe-weighted. Scan 2 shows values of -0.50 and -0.55 for full mRS, and -0.52 and -0.60 for severe-weighted. Ambulatory status ranges from -0.30 to -0.67, and discharge destination ranges from -0.28 to -0.44. Annotations explain ordinal variables for ambulatory status and discharge destination.]




Discussion

This study developed and validated three new IS brain parenchymal imaging rating scales, AC-ASPECTS, ACh-ASPECTS, and H-ASPECTS, that extend semi-quantitative ischemic injury assessment to regions unaddressed by the existing MC-ASPECTS and PC-ASPECTS instruments. These new atlas-based scores allow the characterization of injury extent for infarctions confined to the ACA territory, infarctions confined to the ACh territory amygdala-hippocampal field, and cumulative injury degree throughout the entire human cerebral hemisphere. Inter-rater agreement on both presenting and follow-up images was high for all three new scales. Among patients with occlusions of the ICA, H-ASPECTS scores were more strongly associated than MC-ASPECTS scores with the level of disability at discharge, ambulatory status at discharge, discharge destination, and combined inpatient mortality and discharge to hospice. Among patients with occlusions of the ACA, both the AC-ASPECTS and H-ASPECTS correlated more strongly than the MC-ASPECTS with clinical outcomes.

The AC-ASPECTS, ACh-ASPECTS, and H-ASPECTS substantially increase the amount of information provided by the ASPECTS rating strategy in patients with acute IS due to ACA, ACh, and ICA occlusions, which collectively account for more than one in five ISs due to large and medium vessel occlusions in the anterior circulation (24, 25). Isolated ACA infarctions account for 1–3% of ISs in large cohort studies (26–28) and can produce substantial disability, with common clinical manifestations of lower extremity predominant hemiparesis, urinary incontinence, apathy, and aphasia (26–28). Being able to characterize ACA infarct extent with a pragmatic, semi-quantitative ASPECTS scale provides a pragmatic method to rate ACA core extent rapidly prior to intravenous thrombolysis in current clinical practice and prior to endovascular thrombectomy in randomized trials of catheter intervention for distal, medium vessel occlusions.

ICA occlusions, which account for 6–15% of ISs (29), may now be more accurately characterized by the use of the H-ASPECTS scale, which captures not only the 10 MC-ASPECTS regions that may be involved but the 6 additional AC-ASPECTS, ACh-ASPECTS, and PC-ASPECTS regions also often affected (29–32). As the MCA territory supplies only approximately 54% of the human cerebral hemisphere (20), the MC-ASPECTS scale alone interrogates a markedly incomplete fraction of the entire supratentorial brain volume that can be compromised by ICA occlusions, which can additionally affect the ACA, AChA, and PCA fields. Each of these territories supplies substantial portions of the cerebral hemisphere: ACA approximately 18%, posterior cerebral artery approximately 13%, and ACh approximately 4% (with watershed zones accounting for the remaining approximately 11%) (20–22, 33). In patients with ICA occlusions, the H-ASPECTS scale has the potential to better guide decision-making than the MC-ASPECTS scale alone, as it delineates the extent of injury in its entirety rather than just a bit more than one-half of the potential ICA territory.

Recent randomized trials have demonstrated the benefit of endovascular thrombectomy for select patients with large infarct cores, but the core size was most often assessed incompletely via the use of the MC-ASPECTS alone (1). Reassessment for subgroups of patients who do and do not benefit from thrombectomy is desirable with the use of the H-ASPECTS scale. Of note, in the current study, the MC-ASPECTS scale did exhibit worse scores among patients with ICA compared with MCA occlusion, despite not interrogating non-MCA brain regions. The worse scores likely reflected that MCA field ischemic was more severe in ICA than M1-MCA occlusions due to the compromise of collateral supply from non-MCA to MCA territories. As a result, the MC-ASPECTS scores did indicate a greater injury degree among ICA patients than MCA occlusion patients. Nonetheless, adding scores reflecting injury or sparing of non-MCA fields would, on physiologic grounds, be expected to further improve scale performance in predicting prognosis and responsiveness to thrombectomy. Moreover, the H-ASPECTS scale has the potential to improve the identification of patients who may benefit from hemicraniectomy, as ACA region infarction accompanying MCA infarction in patients with ICA occlusion is an established risk factor for the development of malignant cerebral infarction and the need for surgical intervention (12–14).

This study has limitations. First, the investigation was performed retrospectively at a single academic medical center in a cohort of moderate size. Larger, prospective, multicenter, confirmatory studies are desirable. Second, the current study analyzed patient functional outcomes and vital status at discharge. Long-term outcome studies, especially through 3 months, are needed. Third, while the current study assessed inter-rater reliability among three raters with a wide range of scan assessment experience, performance characterization by more raters, including community practitioners, is recommended. In addition, in consensus discussions to resolve rating differences, the more senior rater(s) may have had greater influence than the more junior rater(s), but there were cases in which the final consensus was in favor of the readings by the more junior reviewer(s). Fourth, large ischemic core patients in the current study were generally not treated with endovascular thrombectomy, reflecting extant national guideline recommendations during the study period that preceded the completion of recent large core randomized trials. Furthermore, as in usual practice, the proportion of patients for whom hemicraniectomy was performed was low. Studies in larger and randomized trial populations are advised to confirm that and to characterize by how much the more encompassing H-ASPECTS, may better aid decision-making regarding these treatments than the MC-ASPECTS alone. Fifth, to match the validation approach of the original MC-ASPECTS study, the population in this initial study of the expanded ASPECTS scale constituted consecutive patients with anterior circulation IS. Further studies in larger numbers of patients, specifically with ICA and ACA occlusions, in whom scale performance would most differ, are desirable. Sixth, the current study assessed as scan raters a broad range of neurologic clinicians with three levels of neurologic training. Further inter-rater reliability studies are needed that encompass a wider range of physicians who perform acute stroke care, including more interventional neuroradiologists, endovascular neurosurgeons, interventional neurologists, diagnostic neuroradiologists, and additional non-interventional stroke neurologists.



Conclusion

AC-ASPECTS, ACh-ASPECTS, and H-ASPECTS expand the scope of AIS imaging scores and increase correlation with presenting deficits and functional outcomes. This additional information may improve decision-making in patients with large ischemic cores, including endovascular thrombectomy and hemicraniectomy.
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Difference between arterial and venous peak optical density after thrombectomy is associated with functional outcomes
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Background: The density of contrast medium in digital subtraction angiography (DSA) have been used to evaluate the cerebral circulation function. Our aim was to study the effect of difference in arteriovenous peak optical density (POD) after thrombectomy on functional outcomes.
Methods: Consecutive patients with acute ischemic stroke due to large vessel occlusion who underwent thrombectomy were reviewed. We processed DSA images with ImageJ software to measure the POD of internal carotid artery (ICA) and cortical veins. The average POD of cortical veins (PODVA) and the POD difference between ICA and cortical veins (PODICA-CV) were calculated. Primary outcome was good functional outcome (modified Rankin scale score of 0–2 at 90 days).
Results: One hundred sixty-six patients were finally included in the study. Patients with good functional outcome had lower ipsilateral PODVA (median [interquartile range (IQR)], 257.198 [216.623–296.631] vs. 290.944 [248.647–338.819], p < 0.001) and lower ipsilateral PODICA-CV (median [IQR], 128.463 [110.233–153.624] vs. 182.01 [146.621–211.331], p < 0.001). Multivariable logistic regression analyses showed that ipsilateral PODVA (odds ratio [OR] 0.991, 95% confidence interval [CI] 0.984–0.999, p = 0.019) and ipsilateral PODICA-CV (OR 0.975, 95% CI 0.963–0.986, p < 0.001) were associated with good functional outcome. The predictive ability was significantly enhanced in the model including ipsilateral PODICA-CV (0.893 vs. 0.842, p = 0.027). No correlation was found between ipsilateral PODICA-CV and expanded Thrombolysis in Cerebral Infarction grades (r = −0.133, p = 0.099).
Conclusion: Ipsilateral PODICA-CV is an additional indicator of cerebral reperfusion status and predicts functional outcomes after thrombectomy.
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Introduction

Thrombectomy has been identified as an effective treatment for patients with acute ischemic stroke due to large vessel occlusion (AIS-LVO) (1). However, despite the high rate of successfully reopening the blocked arteries and the use of various predictors such as arterial collaterals, initial core infarction, and penumbra tissue in patient selection, only around half of the patients actually benefit from thrombectomy (2, 3). Successful arterial recanalization is not enough to ensure adequate cerebral tissue reperfusion. The CHOICE trial has shown that using alteplase directly into the artery after successful thrombectomy can further improve blood flow in the small vessels and reduce the risk of hypoperfusion (4). In previous animal studies, downstream vascular dysfunction caused by microclots, compression, contraction, inflammation and reactive oxygen species has been verified as a major factor contributing to poor microcirculatory reperfusion, leading to the phenomenon known as “non-reflow” (5, 6). Therefore, it is necessary to evaluate the condition of the downstream vessels after thrombectomy to accurately assess the success of the procedure.

However, current methods for assessing downstream vascular function are not uniform. Even if patients show signs of poor downstream vascular function, they are less likely to receive timely treatment (5). There is a crucial need for a method that can quickly and effectively assess the status of downstream vessels after thrombectomy. One promising approach is to assess the cerebral venous outflow (VO). Since all blood in the brain eventually drains into the venous system, changes in cerebral VO can occur following a blockage in the upstream vessels. These changes have been observed on computed tomography angiography (CTA) images in patients with AIS-LVO and correlated with the hypoperfusion intensity ratio which is superior to arterial collateral in the assessment of tissue perfusion (7). After successful arterial recanalization, the microcirculatory disturbance can also be reflected by VO. The postoperative time to peak density (TTP) of contrast medium in the cortical vein has been found as an independent predictor of good functional outcome. Moreover, the arteriovenous TTP difference significantly improved the predictive ability for outcomes after thrombectomy (8). These results emphasize the effectiveness of comprehensive evaluation including arterial and venous circulation in gathering more information about the cerebral reperfusion. However, it is important to note that this method evaluates a distal branch of middle cerebral artery and a specific vein, resulting in a limited assessment of brain tissue. Furthermore, the processing of data obtained through this method requires the use of commercially available software.

To address this issue, we introduced a novel method to reflect the postoperative vascular function. We used ImageJ software to measure the venous peak optical density (POD) and the difference with arterial POD on digital subtraction angiography (DSA) images immediately after thrombectomy in patients with different prognosis. Our hypothesis is that the POD difference can serve as a reliable indicator to assess the effectiveness of cerebral reperfusion therapy and predict functional outcomes in patients with AIS-LVO.



Methods


Study design and patients

This study was approved by our institutional ethical committee. The study included consecutive patients with Acute Ischemic Stroke with Large Vessel Occlusion (AIS-LVO) who underwent thrombectomy at our center between July 2018 and July 2022. The patients were reviewed retrospectively. We included patients who met the following criteria: (1) had occlusion in the terminal internal carotid artery (ICA) or proximal middle cerebral artery (MCA); (2) received thrombectomy within 24 h after the onset of symptoms; (3) achieved successful recanalization with an expanded Thrombolysis in Cerebral Infarction grade (eTICI) of 2b-3; (4) had baseline head nonenhanced computed tomography (NCCT) images; (5) had interpretable digital subtraction angiography (DSA) images for assessing collateral circulation, arterial recanalization grades, and POD; and (6) had essential demographic and clinical data. Patients with posterior circulation or only anterior cerebral artery occlusion, a modified Rankin Scale (mRS) score of ≥2 before stroke onset, no follow-up mRS at 90 days, or poor image quality were excluded from the study. The flowchart of patient selection is shown in Figure 1.

[image: Flowchart depicting the selection process of AIS-LVO patients who underwent thrombectomy. Starting with 488 patients, 295 individuals with large arterial occlusion and interpretable baseline NCCT were selected. From these, 166 met the inclusion criteria. Two final groups emerged: 154 patients with complete ipsilateral DSA venous phase and 65 with complete contralateral DSA venous phase. Various cases were excluded at each stage for reasons including posterior circulation stroke, late thrombectomy, missing initial NIHSS or follow-up mRS data, and poor image quality.]

FIGURE 1
 Flow chart of this study. AIS-LVO, acute ischemic stroke due to large vessel occlusion; MCA, middle cerebral artery; NCCT, nonenhanced computed tomography; NIHSS, National Institutes of Health Stroke Scale; mRS, modified Rankin Scale; DSA, digital subtraction angiography; eTICI, expanded Thrombolysis in Cerebral Infarction.




Demographic and clinical data

Demographic and clinical information were obtained from the electronic medical records including age, gender, medical history (hypertension, diabetes mellitus, hyperlipidemia, coronary heart disease, atrial fibrillation, smoking, drinking), initial National Institute of Health Stroke Scale (NIHSS) score, the Trial of ORG 10,172 in Acute Stroke Treatment (TOAST) classification, intravenous thrombolysis treatment (IVT), onset to puncture time (OPT), puncture to recanalization time (PRT) and onset to recanalization time (ORT).



Imaging analysis, DSA acquisition and measurement of POD

All imaging results were independently assessed by two neuroradiologists who were blinded to the clinical information. In cases of disagreement, a third reviewer provided the final decision. The extent of baseline cerebral infarction was evaluated using the Alberta Stroke Program Early CT score (ASPECTS) on baseline nonenhanced CT images. Hemorrhagic transformation (HT) and infarct volume were evaluated within 48 h after thrombectomy using follow-up CT or magnetic resonance (MR) images. The infarct volume was measured using ITK-SNAP software version 3.8.0.

Two-dimensional DSA images including complete venous phase were acquired on an angiographic system (PHILIPS. UNIQ FD20, Holland) at a rate of 6 frames per second in the anterior–posterior and lateral positions separately. On the normal side, 8 mL contrast medium (iodixanol, Yangtze River Pharmaceutical Group, China) was injected with a power injector through a guiding catheter at terminal common carotid artery with 5 mL/s speed. This procedure was uniform in our department. The location of the catheter and injection parameters on the affected side were determined by the interventionalists during operation. The grades of collateral circulation were determined using the American Society of Intervention and Therapeutic Neuroradiology/Society of Interventional Radiology (ASITN/SIR) score based on pre-thrombectomy DSA images. After the final injection of contrast medium, consecutive DSA images were obtained to assess arterial recanalization status using eTICI grade and were processed using ImageJ software (National Institutes of Health, Bethesda, MD, USA). The superficial middle cerebral vein, vein of Trolard, and vein of Labbé were specifically identified as the target veins for analysis because they were dominant in venous drainage from the MCA territory, easily recognizable on radiological images, and have been extensively studied in previous research (7, 9–12). Additionally, the terminal ICA was chosen as the target artery. Circle regions of interest (ROIs) were positioned on these vessels based on following criteria: (1) in anterior–posterior position; (2) with a diameter slightly smaller than the width of the vessels; (3) without other overlapping vessels presenting in corresponding phases; (4) only on main veins; and (5) as close to the midpoint of the target veins as possible. The Peak Optical Density (POD) of each ROI was measured using the Time Series Analyzer V3 plugin. As all DSA images were processed in the original DICOM format and without color inversion, a lower POD value meant higher the density. The venous average POD (PODVA) was calculated by adding up the individual POD values of all visible target veins and then dividing this sum by the total number of veins. The difference value of peak optical density between ICA and cortical veins (PODICA-CV) was calculated by subtracting the POD of ICA (PODA) from PODVA. Figure 2 provided an example of the procedure.

[image: Panel A shows angiography images with labeled arteries: LCA, SMCV, VOT, and VOL. Panel B displays four graphs of average intensity over time for each artery. Panel C presents equations for calculating POD\(_{VA}\) and POD\(_{ICA-CV}\) using POD values of SMCV, VOL, VOT, and POD\(_A\).]

FIGURE 2
 An example of the measurement of POD. (A) Shows the regions of interest (white dots) of superficial middle cerebral vein, vein of Labbé and vein of Trolard in the arterial and venous phases. (B) Shows the time-density curves and POD values of target vessels. (C) Shows the formulas for PODVA and PODICA-CV. ICA, internal carotid artery; SMCV, superficial middle cerebral vein; VOL, vein of Labbé; VOT, vein of Trolard; POD, peak optical density; PODVA, cortical venous average POD; PODA, POD of terminal internal carotid artery; PODICA-CV, difference between PODVA and PODA.




Outcome measurement

The functional outcomes were evaluated using the mRS scores at 90 days after thrombectomy. In our center, it is standard practice to conduct a prospective follow-up investigation of mRS scores in patients who underwent thrombectomy. The primary outcome was a good functional outcome, defined as an mRS score of 0–2 at 90 days. The secondary outcome was hemorrhagic transformation (HT) observed on follow-up CT or MR images.



Statistical analysis

The distribution of continuous variables was assessed by the Kolmogorov–Smirnov test. Continuous variables were analyzed using Wilcoxon rank-sum tests, while categorical variables were analyzed using the chi-square test or the Fisher’s exact test. The level of agreement for POD between different observers was measured using the intraclass correlation coefficient (ICC) analysis. A low POD was defined as a POD value lower than the cutoff value determined by receiver operating characteristic curves (ROC) analysis with the mRS score of 0–2 at 90 days as the outcome. The variables associated with good functional outcome, low PODVA, low PODICA-CV and HT in the univariate analyses were adjusted in multivariable logistic regression analyses. Delong tests were performed to compare the predictive abilities of three regression models: (1) model 1 adjusted for age, history of coronary heart disease, ASPECTS, ASITN/SIR score, initial NIHSS score, eTICI grade of 3, HT and infarct volume; (2) model 2 adjusted for the variables in model 1 and ipsilateral PODVA; (3) model 3 adjusted for the variables in model 1 and ipsilateral PODICA-CV. Spearman correlation coefficient was used to analyze the associations among ipsilateral PODICA-CV, mRS score at 90 days, eTICI grade, grade of collateral circulation and infarct volume. Mediation analysis using Model 4 in the PROCESS Marco was performed to assess whether the association between the grades of collateral circulation and mRS scores was mediated by PODICA-CV. The number of bootstrap samples was 5,000. Indirect effect was considered significant when 95% CI did not include zero. A p-value <0.05 was considered statistically significant. All statistical analyses were performed using SPSS version 25.0 (IBM, Armonk, New York, USA) and MedCalc version 20.218 (MedCalc Software, Ostend, Belgium).




Results

A total of 488 patients who underwent thrombectomy were reviewed in this study. Finally, a total of 166 patients were included based on inclusion and exclusion criteria. The median (interquartile range [IQR]) age of these patients was 68 (57–73) years and 104 (62.7%) patients were male. The median (IQR) initial NIHSS was 17 (13–21). After thrombectomy, 95 (57.2%) of the patients achieved eTICI grade of 3, 36 (21.7%) of the patients attained an eTICI grade of 2c, while 14.5 and 6.6% achieved eTICI grades of 2b67 and 2b50, respectively. HT and infarct volume were not assessed in 7 patients due to the missing of follow-up images. Overall, 34 (20.5%) of the patients experienced HT and the median (IQR) infarct volume was 14.75 (3.77–61.53) ml. Additionally, 90 (54.2%) of the patients achieved a mRS score of 0–2 at 90 days.


PODA, PODVA and PODICA-CV

POD data were compared between the two hemispheres in different patients to clarify the differences. Overall, POD was measured in 154 (92.2%) patients for the ipsilateral hemisphere and in 65 (38.9%) patients for the contralateral hemisphere. The reproducibility for POD measurements between observers was found to be excellent. Specifically, the ICC for ipsilateral PODA was 0.928, for ipsilateral PODVA it was 0.901, and for ipsilateral PODICA-CV it was 0.834. On the contralateral side, the ICC for PODA was 0.938, for PODVA it was 0.892, and for PODICA-CV it was 0.877.

The contralateral PODA was found to be higher than the ipsilateral PODA (median [IQR], 173.987 [144.813–202.975] vs. 118.668 [84.659–159.686], p < 0.001). However, no significant difference was found between the ipsilateral and contralateral PODVA (median [IQR], 278.317 [233.298–311.679] vs. 272.926 [239.371–296.095], p = 0.53). Ipsilateral PODICA-CV was higher than contralateral PODICA-CV (median [IQR], 150.724 [119.583–186.023] vs. 101.744 [74.941–123.314], p < 0.001).

The baseline characteristics between good and poor functional outcome groups were summarized in Table 1. For the patients with good functional outcomes, both ipsilateral PODVA (median [IQR], 257.198 [216.623–296.631] vs. 290.944 [248.647–338.819], p < 0.001) and ipsilateral PODICA-CV (median [IQR], 128.463 [110.233–153.624] vs. 182.01 [146.621–211.331], p < 0.001) were lower than the patients with poor functional outcome. The ipsilateral PODA between good and poor outcome groups was similar (median [IQR], 119.914 [91.619–166.566] vs. 115.239 [83.554–152.824], p = 0.128). Compared with the ipsilateral PODICA-CV in good outcome group, contralateral PODICA-CV was lower (p < 0.001). The comparation of POD are shown in Figure 3.



TABLE 1 Baseline characteristics in patients with ipsilateral POD (comparation between different prognosis).
[image: A table presents clinical and demographic data of 154 patients, divided into groups based on modified Rankin Scale (mRS) scores at 90 days. It includes demographics, medical history, classification, stroke details, imaging data, and various measurements, with associated p-values indicating statistical significance.]

[image: Box plot graphs labeled A, B, and C compare data for POD values across contralateral and ipsilateral hemispheres, showing good versus poor functional outcomes. Significant differences are highlighted with p-values above each comparison. Each graph uses blue, purple, and green colors to distinguish groups.]

FIGURE 3
 The boxplots show the POD differences among different groups. (A) Shows significant difference in ipsilateral PODVA between good and poor functional outcome groups, but no difference between PODVA in different hemispheres. (B) Shows significant difference in PODA between bilateral hemispheres, but no difference between ipsilateral PODA in different functional outcome groups. (C) Shows significant differences in PODICA-CV between bilateral hemispheres and ipsilateral PODICA-CV between good and poor functional outcome groups. POD, peak optical density; PODVA, cortical venous average POD; PODA, POD of terminal internal carotid artery; PODICA-CV, difference between PODVA and PODA.




Association between POD and functional outcomes

Table 2 summarizes the results of univariate and multivariable analyses. After adjusting for age, history of coronary heart disease, ASPECTS, ASITN/SIR score, initial NIHSS score, eTICI grade of 3, HT and infarct volume related to good functional outcome with p < 0.1, multivariable logistic regression analyses showed that both ipsilateral PODVA (odds ratio [OR] 0.991, 95% confidence interval [CI] 0.984–0.999, p = 0.019) and ipsilateral PODICA-CV (OR 0.975, 95% CI 0.963–0.986, p < 0.001) were significantly associated with good functional outcome. Moreover, ipsilateral PODA was not an independent predictor of good functional outcome (OR 1.006, 95% CI 0.998–1.015, p = 0.137). Ipsilateral PODICA-CV was positive correlated with mRS score at 90 days (r = 0.456, p < 0.001).



TABLE 2 Univariable and multivariable logistic regression analyses for good functional outcome (mRS of 0–2 at 90 days).
[image: A table showing the relationship between independent variables and good functional outcomes. Three independent variables are listed: Ipsilateral POD_VA, POD_λ, and POD_ICA-CV. Each variable has unadjusted and adjusted odds ratios with confidence intervals and p-values. Ipsilateral POD_VA shows significance with unadjusted p < 0.001 and adjusted p = 0.019. Ipsilateral POD_ICA-CV is significant with unadjusted p < 0.001 and adjusted p < 0.001. A footnote explains adjustments for various factors and abbreviations used, such as OR, CI, and NIHSS.]



Predictive ability for good functional outcome

The predictive ability for good functional outcomes was assessed using area under the curve (AUC). The AUC for ipsilateral PODVA was 0.667 (95% CI 0.581–0.753, p < 0.001) with the cutoff value of 259.915, sensitivity of 73.6% and specificity of 53.7%. While the AUC for ipsilateral PODICA-CV was 0.787 (95% CI 0.713–0.861, p < 0.001) with the cutoff value of 163.088, sensitivity of 61.1% and specificity of 87.8%.

When including ipsilateral PODICA-CV in the baseline model, there was a significant increase in AUC (0.893 vs. 0.842, p = 0.027). Compared with baseline model, the enhancement of predictive ability of model 2 adjusted for ipsilateral PODVA and the variables in baseline model was not significant (0.865 vs. 0.842, p = 0.107). The ROCs comparation were shown in Figure 4.

[image: Receiver operating characteristic (ROC) curve comparing three models. The x-axis represents 1-specificity and the y-axis represents sensitivity. Model 1 (blue) has an AUC of 0.842, Model 2 (red) has an AUC of 0.865, and Model 3 (green) has an AUC of 0.893. A diagonal orange line represents random classification. Model 3 shows the best performance.]

FIGURE 4
 ROCs of different regression models. Model 1 was adjusted for age, history of coronary heart disease, ASPECTS, ASITN/SIR score, initial NIHSS score, eTICI grade of 3, hemorrhagic transformation and infarct volume. Model 2 was adjusted for the variables in model 1 and ipsilateral PODVA. Model 3 was adjusted for the variables in model 1 and ipsilateral PODICA-CV. ROCs, receiver operating characteristic curves; AUC, area under the curve; ASPECTS, Alberta Stroke Program Early CT Score; ASITN/SIR, American Society of Intervention and Therapeutic Neuroradiology/Society of Interventional Radiology; NIHSS, National Institutes of Health Stroke Scale; eTICI, expanded Thrombolysis in Cerebral Infarction; PODVA, cortical venous average peak optical density; PODICA-CV, difference between PODVA and peak optical density of terminal internal carotid artery.




Association with collateral circulation and eTICI grade

In 154 patients with ipsilateral POD, 63 (40.9%) of them had low PODVA and 100 (64.9%) of them had low PODICA-CV. Both ASITN/SIR score (OR 1.183, 95% CI 0.907–1.543, p = 0.216) and eTICI grade (OR 0.831, 95% CI 0.588–1.177, p = 0.298) had no relationship with low ipsilateral PODVA in univariate analysis. After adjusted for age, initial NIHSS score and eTICI grade, it was found that only the ASITN/SIR score was significantly associated with low ipsilateral PODICA-CV (OR 1.391, 95% CI 1.023–1.891, p = 0.035) in multivariable logistic regression analysis. This founding was shown in Table 3. Moreover, there was a negative correlation between ipsilateral PODICA-CV and ASITN/SIR score (r = −0.193, p = 0.016). No linear relationship was found between eTICI grade and PODICA-CV (r = 0.133, p = 0.099).



TABLE 3 Multivariable logistic regression analysis for low ipsilateral PODICA-CV.
[image: Table showing independent variables with adjusted odds ratios and p-values for ipsilateral POD<sub>ICA-CV</sub> < 163.088. Age: OR 0.983 (0.951–1.017), p 0.321. ASITN/SIR: OR 1.391 (1.023–1.891), p 0.035. Initial NIHSS: OR 0.95 (0.901–1.002), p 0.061. eTICI: OR 1.198 (0.823–1.745), p 0.346.]



Mediation effect of PODICA-CV

The effects of ASITN/SIR scores on PODICA-CV (β = −0.209, p = 0.093) and PODICA-CV on mRS scores (β = 0.401, p < 0.001) were statistically significant in the mediation analysis. Partial mediation effect of PODICA-CV on the relationship between the collateral circulation and mRS scores was confirmed, accounting for 24.2% of the total effect (indirect effect −0.151, 95% CI −0.282–−0.034; total effect −0.623, 95% CI −0.893–−0.352). These results are shown in Figure 5.

[image: Diagram showing a mediation model with three variables: ASITN/SIR score, POD\(_{ICA-CV}\), and mRS at 90 days. Arrows indicate relationships, labeled with coefficients: a = -8.737*, b = 0.017*, c' = -0.472*, and c = -0.623*.]

FIGURE 5
 Mediation effect of PODICA-CV. PODICA-CV partly mediates the effects of ASITN/SIR scores on mRS at 90 days. The coefficient c is the total effect and c’ is the direct effect. All coefficients are unstandardized. *p < 0.05. PODICA-CV, difference between PODVA and peak optical density of terminal internal carotid artery; ASITN/SIR, American Society of Intervention and Therapeutic Neuroradiology/Society of Interventional Radiology; mRS, modified Rankin Scale.




Relationship with HT and infarct volume

Ipsilateral PODVA was not associated with HT in univariate analysis (OR 1.001, 95% CI 0.995–1.008, p = 0.715). Table 4 shows a significant association between ipsilateral PODICA-CV and HT (OR 1.008, 95% CI 1.0004–1.016, p = 0.04) after adjusting for diabetes mellitus history. A positive correlation was found between ipsilateral PODICA-CV and infarct volume (r = 0.361, p < 0.001).



TABLE 4 Multivariable logistic regression analysis for hemorrhagic transformation.
[image: Table detailing hemorrhagic transformation with two independent variables: Diabetes mellitus and Ipsilateral PODICA-CV. The adjusted odds ratio for Diabetes mellitus is 0.169 (95% CI: 0.022–1.322, p = 0.09). For Ipsilateral PODICA-CV, it is 1.008 (95% CI: 1.0004–1.016, p = 0.04). OR: odds ratio; CI: confidence interval; PODICA-CV: difference value of peak optical density between internal carotid artery and cortical veins.]




Discussion

In our study, we conducted a novel approach to quantify the VO on DSA images and reflect the status of microcirculation and venous circulation after successful arterial recanalization which may involve in the “non-reflow” phenomenon (6). We found that the PODA taken as the background value showed no difference in patients with different prognosis, but the higher ipsilateral PODVA and higher ipsilateral PODICA-CV were more likely to occur in poor functional outcome group. Both ipsilateral PODVA and ipsilateral PODICA-CV were independent predictors of functional outcomes. Furthermore, contralateral PODICA-CV was significantly less than ipsilateral PODICA-CV. Our findings suggest that POD is an effective DSA parameter for assessing cerebral circulatory function and further demonstrate that the importance of VO in the postoperative evaluation.

VO is under the influence of upstream circulatory interaction. In animal stroke models, the reduction of VO has been observed following the occlusion of MCA, and animals with poor collaterals are more likely to have complete absence of VO which is associated with severe functional deficits and larger final infarction (13). The VO changes can also be observed on CTA images in AIS-LVO patients. This CTA VO changes is related with the ratio of brain tissue with Tmax >10 s/Tmax >6 s which is an important indicator for cerebral microcirculatory perfusion (7). With the increasing of the related researches, the pre-thrombectomy VO has been considered as a strong predictor of successful arterial recanalization, clinical outcomes and brain edema (14–16). As a result, evaluating pre-thrombectomy VO can provide a more precise information for identifying patients who would benefit from thrombectomy, thereby preventing unnecessary surgical procedures and the development of complications. This is particularly important in the cases that perfusion imaging is not available.

After thrombectomy, the abnormal VO usually represents poor cerebral reperfusion. For instance, luxury perfusion, a condition characterized by early venous filling, has been observed to frequently occur after thrombectomy and can lead to HT (17). However, quantifying premature venous filling is difficult and its effect on functional outcomes is still a matter of debate. Only one study has successfully used a quantitative method to evaluate postoperative VO by measuring the TTP of rolandic vein and has shown that a shorter TTP difference between distal MCA and rolandic vein is a marker of sufficient and effective microcirculatory reperfusion (8). This finding highlights the importance of evaluating both arterial and venous features in assessing cerebral circulation, rather than focusing solely on arteries or veins. In our study, we further confirmed this finding by comparing the AUCs of different regression models using the Delong test. We found that including ipsilateral PODICA-CV in the baseline model significantly improved its predictive ability compared to including ipsilateral PODVA. Furthermore, different from the previous study that investigated only a single cortical vein (8), we evaluated a wider range from the ICA to three dominant cortical veins, resulting in the ipsilateral PODICA-CV becoming a more comprehensive indicator of cerebral reperfusion and providing an additional potential for predicting HT. This insight is supported by a recent study that demonstrates persistent dysfunction between the ICA and distal small vessels, even with a mTICI score of 2b-3 after thrombectomy (18).

Collateral circulation is considered as a crucial factor in determining outcomes of patients with acute ischemic stroke (19). Even in the late time window, robust collaterals can prevent stroke patients from the progression of ischemic core and severe functional deficits (20). The AIS-LVO patients with robust collaterals always have a superior response to thrombectomy and better outcomes (21). In our study, we found that collateral circulation was the only independent predictor of low ipsilateral PODICA-CV, and patients with lower ipsilateral PODICA-CV were more likely to have robust collaterals, small infarct volume, and better functional outcomes. The relationship between grades of collateral circulation and mRS scores was partially mediated by PODICA-CV (mediation proportion 24.2%). As a functional indicator of cerebral circulation, ipsilateral PODICA-CV may be helpful to explain the patients with good collateral circulation but poor prognosis after stroke.

Unlike previous studies (8), our study yielded different findings as it did not observe any impact of expanded recanalization grade on prognosis. Although a higher proportion of eTICI grade of 3 was found in favorable prognosis patients, it did not predict outcomes in multivariate analysis. Similarly, the effect of various expanded recanalization grades on ipsilateral PODICA-CV was also not detected. Moreover, we identified that both ipsilateral PODICA-CV and infarct volume, which was a crucial influential factor of outcomes (22), served as independent predictors of outcome. Our results provide additional insight into the notion that the “non-reflow” phenomenon cannot be solely attributed to incomplete recanalization (6).

Quantitative characteristics of cerebral circulation on DSA images have been successfully utilized to predict the stroke risk in the patients (18), hyperperfusion after carotid artery stenting or angioplasty (23), post-thrombectomy HT (24) and clinical outcomes (8, 25, 26). Nevertheless, there is no standardized method to quantify these characteristics. In the balloon test occlusion study, the DSA frame numbers of the starting of venous phases were recorded to analyze the difference between bilateral cerebral circulation (27). The similar frame numbers counting method was adopted in two previous studied to measure cerebral circulation time (18, 28). Additionally, there are several studies using a variety of software to quantify cerebral circulatory function (8, 24, 25, 29, 30). Most of the methods have limitation of generalizability because of the non-open source software or high technical barrier. To better evaluate the cerebral circulatory function quantitatively, our study performed open-source ImageJ software to process DSA images. ImageJ is a free and open-source image processing software primarily used for scientific research and biomedical fields. It offers a range of powerful image processing and analysis tools available to measure and segment a stack of dynamic images. As a parameter of quantified DSA, the vascular peak density is investigated rarely (31). However, Liu et al. (25) pointed out that it has an advantage over TTP in predicting outcomes after thrombectomy. For this reason, we used POD to assess VO and the function of cerebral circulation.

Our study has several limitations. First, it was a retrospective single-center design with a relatively small sample size, which may introduce selection bias. Second, due to the small number of patients with complete contralateral venous phase on DSA images, we could not use the method referred in the previous study to measure cerebral circulation time and compare it with our parameters. Third, our method for evaluating VO cannot be applied in patients whose target veins are not opacified after thrombectomy. The absence of venous opacification is usually caused by the failed arterial recanalization or severe obstruction in downstream vessels. Our results should be confirmed in the prospective intervention trials in the future.



Conclusion

The ipsilateral PODICA-CV easily acquired from DSA images reflected more comprehensive cerebral circulatory function. It was associated with function outcomes after thrombectomy and proposed as an indicator to assess effectiveness of thrombectomy. The further reduction of ipsilateral PODICA-CV after successful arterial recanalization may lead to a better prognosis in AIS-LVO patients.
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Cerebral hemodynamic response to upright position in acute ischemic stroke
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Introduction: Concerns exist that a potential mechanism for harm from upright activity (sitting, standing, and walking) early after an acute ischaemic stroke could be the reduction of cerebral perfusion during this critical phase. We aimed to estimate the effects of upright positions (sitting and standing) on cerebral hemodynamics within 48 h and later, 3–7 days post-stroke, in patients with strokes with and without occlusive disease and in controls.
Methods: We investigated MCAv using transcranial Doppler in 0° head position, then at 30°, 70°, 90° sitting, and 90° standing, at <48 h post-stroke, and later at 3–7 days post-stroke. Mixed-effect linear regression modeling was used to estimate differences in MCAv between the 0° and other positions and to compare MCAv changes across groups.
Results: A total of 42 stroke participants (anterior and posterior circulation) (13 with occlusive disease, 29 without) and 22 controls were recruited. Affected hemisphere MCAv decreased in strokes with occlusive disease (<48 h post-stroke): from 0° to 90° sitting (−9.9 cm/s, 95% CI[−16.4, −3.4]) and from 0° to 90° standing (−7.1 cm/s, 95%CI[−14.3, −0.01]). Affected hemisphere MCAv also decreased in strokes without occlusive disease: from 0° to 90° sitting (−3.3 cm/s, 95%CI[−5.6, −1.1]) and from 0° to 90° standing (−3.6 cm/s, 95%CI [−5.9, −1.3]) (p-value interaction stroke with vs. without occlusive disease = 0.07). A decrease in MCAv when upright was also observed in controls: from 0° to 90° sitting (−3.8 cm/s, 95%CI[−6.0, −1.63]) and from 0° to 90° standing (−3 cm/s, 95%CI[−5.2, −0.81]) (p-value interaction stroke vs. controls = 0.85). Subgroup analysis of anterior circulation stroke showed similar patterns of change in MCAv in the affected hemisphere, with a significant interaction between those with occlusive disease (n = 11) and those without (n = 26) (p = 0.02). Changes in MCAv from 0° to upright at <48 h post-stroke were similar to 3–7 days. No association between changes in MCAv at <48 h and the 30-day modified Rankin Scale was found.
Discussion: Moving to more upright positions <2 days post-stroke does reduce MCAv in the affected hemisphere; however, these changes were not significantly different for stroke participants (anterior and posterior circulation) with and without occlusive disease, nor for controls. The decrease in MCAv in anterior circulation stroke with occlusive disease significantly differed from without occlusive disease. However, the sample size was small, and more research is warranted to confirm these findings.
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ischemic stroke, early mobilization, upright position, sitting, standing, transcranial Doppler, hemodynamics


1 Introduction

The effects of upright positions (sitting and standing) on cerebral hemodynamics in acute ischemic stroke are not well understood. In theory, lying flat could increase cerebral perfusion, and upright activities could worsen perfusion, further damaging viable tissue. However, there is not enough evidence to support these statements and, therefore, to inform the development of head positioning protocols early post-stroke (1). In our recent systematic review of head positioning in ischemic stroke, which incorporated varied imaging techniques, cerebral blood flow (CBF) parameters were greater when lying flat compared to elevated head positions in most studies (2). However, most studies were underpowered, the reported changes were insignificant, and they did not assess longer-term outcomes. Our review also highlighted the lack of studies that examined changes in CBF parameters in upright positions in acute stroke. Sitting was assessed in only three studies: two within a week of stroke (3, 4) and one many years post-stroke (5). Standing was only assessed years post-stroke (5). To date, no studies have included all the postural changes from lying flat, head-up tilt, sitting, and standing to examine changes in CBF parameters in people with stroke compared to controls.

The international AVERT trial, which showed that stroke patients (ischemic and hemorrhagic) treated with very early, intensive, upright mobilization started < 24 h (VEM) after stroke had worse 3-month outcomes, raised concerns about the possible harms of early upright activity (6). A potential mechanism for harm in those with ischemic stroke is that VEM-associated upright activity (sitting, standing, and walking) worsens cerebral perfusion within penumbral tissue. A number of potential mechanisms may contribute to reduced cerebral perfusion during early upright activity. First, gravitational forces may act and lead to orthostatic reductions in cerebral perfusion as the head rises above the heart. While these changes are immediately controlled by cerebral autoregulation in healthy individuals, (7, 8) cerebral autoregulation is commonly impaired in acute stroke (9–11) and in people with occlusive disease (12, 13). Therefore, in upright postures, a defective cerebral autoregulation system may be unable to maintain sufficient blood flow to the ischaemic tissue, potentially promoting further damage. Second, occlusive disease, e.g., large vessel occlusion or severe arterial stenosis, often present in people with acute ischemic stroke, could hinder CBF downstream and further reduce CBF to the ischaemic penumbra. This could happen due to a reduction in the arterial lumen caused by the presence of a thrombus or atherosclerotic plaque in a large vessel supplying the affected ischaemic area. Moreover, cerebral autoregulation is known to be more affected in people with these conditions (12–14). Unfortunately, occlusive disease status was not recorded in AVERT, nor were there studies in our review examining CBF in upright positions in this population (2). Therefore, the specific effects of early upright activity on those with and without occlusive disease are unknown.

We aimed to investigate the effects of changes in head position from lying flat (0°) to 30°, 70°, 90° sitting, and 90° standing on middle cerebral artery mean velocity (MCAv) using transcranial Doppler (TCD) in people with ischemic stroke < 48 h of onset, with or without occlusive disease, and in controls. Our primary hypothesis was that a reduction in MCAv from lying flat (0°) to upright positions (sitting or standing) on the affected hemisphere would be greater in stroke participants with occlusive disease than those without. The secondary aim was to investigate whether changes in MCAv from lying flat (0°) to upright positions in the affected hemisphere in patients with ischaemic stroke would differ from those in the unaffected hemisphere and controls. We hypothesized that there would be a greater reduction in MCAv at upright positions in the affected hemisphere compared to the unaffected hemisphere in patients with stroke, and these changes would also be greater compared to controls. We also aimed to investigate whether changes in MCAv from 0° to upright observed < 48 h of stroke modified over time (comparing to 3–7 days post-stroke). Given the limited data on the relationship between early response to upright positions and later functional outcome, we also explored the association between changes in MCAv from lying flat (0°) to upright in stroke participants < 48 h and 30-day functional outcome (modified Rankin Scale, mRS). Finally, we described how physiological measures [systolic blood pressure (BP), diastolic BP, heart rate (HR), and oxygen saturation] changed with head positions.



2 Methods


2.1 Study design and participants

This was a single-center, prospective cohort study of participants with acute ischemic stroke (with and without occlusive disease) presenting to a stroke unit (Austin Hospital, Melbourne, Australia) and healthy controls.

Eligible stroke participants were >18 years old, presenting with a first or recurrent ischemic stroke, and admitted within 48 h of the onset of symptoms. The exclusion criteria were malignant MCA stroke, (15) significant premorbid disability (mRS > 3), autonomic neuropathy or neurodegenerative disorders, people unable to lie flat, pregnancy, any serious co-morbid illness, and inadequate acoustic temporal windows on TCD. Participants with strokes coming to the stroke unit were screed. Participants or the person responsible were approached, and information on the study was provided by the researchers. Written informed consent was provided by participants or the person responsible if the participant was unable to consent. Participants with aphasia were also included.

We report this cohort study in accordance with Strengthening the Reporting of Observational Studies in Epidemiology (STROBE) guidelines (16). Ethics approval was obtained from the Austin Health Ethics Committee (HREC/15/Austin/34). The study protocol was registered online (ACTRN12615001159549).



2.2 Study assessments and procedures

Eligible participants were identified by screening the stroke ward lists. Acoustic temporal window status was already known before obtaining informed consent since neurovascular ultrasounds (carotid Doppler and TCD) were standard tests for patients with acute ischemic stroke at Austin Hospital. Community-living healthy controls were invited to participate via our research network.

Demographic data and stroke-related information included admission stroke severity (NIHSS), clinical stroke subtype using the Oxfordshire Community Stroke Project classification, stroke location, and treatment with tissue plasminogen activator (tPA) or endovascular clot retrieval. Routine acute neuroimaging (CT, MRI) was used to confirm stroke and define stroke location. Within usual care, available acute neuroimaging at admission (CT angiography, CT perfusion, or magnetic resonance angiography) was used to screen for occlusive disease. The persistence of occlusive disease, defined as ≥70% stenosis or occlusion of intra or extracranial arteries supplying the stroke territory, was then confirmed clinically with routine neurovascular ultrasound examination (17, 18).

Accredited neurosonographers (Australian Sonographers Accreditation Registry) with >10 years' experience and a medical doctor (LBC) who received 3 months of training before the commencement of the study performed the TCD head positioning protocol in the neurovascular laboratory adjacent to the stroke unit. The protocol required measurements at five head positions: 0°, 30°, 70°, 90° sitting, and 90° standing (Figure 1). While the primary aim of this study was to determine changes in MCAv between lying flat (0°) and upright positions (90° sitting and 90° standing), we included two intermediate positions (30°, 70°) to allow comparison with previous studies (2). Upright positions incorporating trunk and leg muscle activity were essential to exploring changes related to activities common to early mobilization (i.e., sitting, standing, and walking).


[image: Flowchart illustrating a sequence of body positions from lying flat to standing for a medical procedure. Stages include starting at 0 degrees lying flat, moving to 30 degrees, then 70 degrees, sitting at 90 degrees, and ending in a standing position. Time intervals and measurements at each stage, such as TCD recordings and blood pressure readings, are indicated. Final notes mention evaluating outcomes and safety using abbreviated scales and symptom checkboxes.]
FIGURE 1
 The TCD study protocol. This protocol was performed within 48h of stroke onset, again between 3 and 7 days for participants with stroke, and once for controls. TCD, transcranial Doppler ultrasound; MCA, middle cerebral artery; NIHSS, National Institutes of Health Stroke Scale; SBP, systolic blood pressure; DBP, diastolic blood pressure; HR, heart rate; O2, Oxygen saturation.


The protocol started with the head of the bed at approximately 15°. The headset, incorporating bilateral ultrasound probes, was attached. MCA signals (peak systolic and end-diastolic velocities) were located bilaterally at a depth of 55 mm using a Compumedics DWL Doppler Box digital TCD device. The bed was then moved to a flat position (0°). After 2 min of acclimatization at 0°, MCA signals were recorded for at least 1 min. This procedure was repeated through 30° and 70° before the participants moved to a sitting position on the bed with feet on the floor without back support. Researchers supported those with compromised trunk control if necessary. To reiterate, 2 min of acclimatization was provided before MCA signals were recorded. Finally, participants stood up with assistance from 1–2 researchers if required. TCD recording started instantaneously after standing up. Physiological measurements (systolic BP, diastolic BP, HR, and oxygen saturation) were also recorded at all time points. The entire procedure took approximately 40 min.

Systolic BP, diastolic BP, and HR were measured using an Omron blood pressure device, and oxygen saturation was measured using an oximetry device. Stroke symptoms and consciousness were also monitored throughout the procedure. New or worsening stroke symptoms or changes in the level of consciousness would result in the termination of testing, and participants would return to a lying-flat position. In addition, three items of the NIHSS scale (consciousness, speech, and affected arm) were assessed immediately before starting the protocol and immediately after to monitor higher cortical and motor function status.

For participants with stroke, the TCD protocol was performed twice: < 48 h after the stroke onset (TCD 1) and between 3 and 7 days after the stroke onset (TCD 2). If TCD 2 could not be performed before hospital discharge, participants were invited to return to complete the study. The TCD protocol was performed once in controls.



2.3 Blinded outcome assessment

Three 6-second epochs of the 1-min MCA spectral Doppler recorded in each head position (3 samples per position) were taken to account for variability across the respiratory cycle. All 6-second spectral Doppler images were saved offline, the order was randomized, and the images were de-identified. A neurologist experienced in TCD, blinded to the participant, hemisphere, and head position, determined peak systolic velocity (PSV) and end-diastolic velocity (EDV) for each 6-second epoch. The MCAv for each 6-second epoch was calculated using the formula: MCAv = (PSV-EDV)/3 + EDV (19). Finally, the 3 MCAv values calculated from the 6-second epochs per head position were averaged.



2.4 Functional outcome

At 30 days post-stroke, a trained assessor (LBC) conducted a phone interview to collect data on the modified Rankin Scale (mRS), which measures functional disability (20).



2.5 Statistical analyses

A power analysis was conducted for the primary hypothesis, which proposed that the change in MCAv from lying-flat to upright positions would differ between participants with or without occlusive disease. Previous systematic review evidence (21), indicated that the difference in MCAv between 0° and 30° in the affected hemisphere of participants with occlusive disease was 8.3 cm/s [95% CI 5.3–11.3; estimated SD = 11.32]. In those without occlusive disease, the differences between 0° and 30° were highly variable and often negligible. Thus, we conservatively assumed that the difference between 0° and 90° positions in patients with occlusive disease would be at least 8.3 cm/s, while no positional change in MCAv would be observed in participants without occlusive disease. Recruiting 62 participants (31 with and without occlusive disease each) would provide 80% power to detect the hypothesized difference, using a 5% two-sided threshold for Type 1 error control.

We measured differences in MCAv from 0° to other positions (30°, 70°, 90° sitting, and 90° standing) in each hemisphere for each group using mixed-effect linear regression modeling. Head position and hemisphere (affected or unaffected, occluded or non-occluded) were used as independent variables, MCAv was the dependent variable, and individual participants were random effects. To determine if differences in the change in MCAv from 0° to upright positions were present between stroke participants with and without occlusive disease (primary hypothesis) and between stroke participants and controls, we investigated position-by-hemisphere interactions by including relevant multiplicative terms in the regression models. To investigate whether changes in MCAv in stroke participants remained consistent over time (secondary aim), we compared changes between both time points: TCD 1 (< 48 h post-stroke) and TCD 2 (3–7 days post-stroke) using the same approach. Position-by-time interactions were investigated by including relevant multiplicative terms in the regression models. These analyses were adjusted for the participant's age, sex, hemisphere, and mean blood pressure at the corresponding position. These variables were chosen based on evidence that MCAv declines with age (22) and that women have approximately 3%−5% higher MCAv than men (23). We also adjusted for the hemisphere to account for within-subject differences in MCAv between hemispheres and for systemic BP at each position to control for potential reductions in blood pressure associated with upright positions that could influence cerebral hemodynamics. Relevant magnitudes of associations were expressed by coefficients of mean differences in MCAv with respective 95% confidence intervals (CI). Missing MCAv data were assumed to be missing at random and were imputed as a part of mixed-effect modeling.

The association between changes in mean MCAv from 0° to upright positions < 48 h of stroke and favorable outcome (mRS 0–2, no or little disability) in participants with stroke was explored using logistic regression analysis, adjusted for age and stroke severity (NIHSS) at admission. The magnitude of the association was expressed as odds ratios (OR) with respective 95% CIs.

The exploration of changes in various physiological measures due to the head position in controls and < 48 h in all stroke participants was conducted using mixed effect modeling, as per the primary analysis.

All analyses were discussed with an experienced statistician (LC). We used Stata 15 IC statistical software (Stata Corp., College Station, TX, USA) to perform all analyses. For the primary hypothesis, p-values of < 0.05 were considered statistically significant. Due to the exploratory nature of other hypotheses, we only report effect estimates with respective 95% CIs.




3 Results

A total of 674 patients were screened, with 52 patients meeting the eligibility criteria and being invited to participate. Of these, 10 patients declined, leaving 42 stroke participants to be included in the study (Figure 2). We ceased recruitment during the COVID-19 pandemic and could not resume, leading to the closure of recruitment in March 2021. A total of 23 controls were recruited, with 22 included and one control excluded due to inadequate temporal acoustic windows. Of the 42 stroke participants in the study, 13 participants were diagnosed with persistent occlusive disease via ultrasound assessments. Of these, four participants had large vessel occlusions, six participants had severe stenosis (>70%), and three participants had large vessel occlusions concurrent with severe stenosis. Regarding the location, seven participants had intracranial, four participants had extracranial, and two participants had both intracranial and extracranial occlusive disease. The affected arteries were the internal carotid artery (ICA) (n = 4), MCA (n = 4), ICA and MCA (n = 3), and vertebral artery (n = 2).


[image: Flowchart showing patient screening and inclusion in a study. From 674 screened, 632 were excluded due to various reasons like incorrect diagnosis, symptoms onset, and technical issues. Forty-two patients were included, split into two groups: nine with occlusive disease and 33 with TCD under 48 hours. Thirty-three were tested between three to seven days.]
FIGURE 2
 Flow chart with inclusions and exclusions of people with stroke screened at the stroke unit at the Austin Hospital in Melbourne, Australia. Note that some individuals were excluded for more than one reason.


Demographics and stroke-related information for the 42 participants with strokes are shown in Table 1. Most participants (62%, n = 26) had mild strokes (NIHSS < 8), while four participants (9%) had severe strokes (NIHSS > 16), all of whom were without occlusive disease.


TABLE 1 The characteristics, premorbidity, and stroke-related history of all participants with ischemic stroke were then broken down into those without occlusive disease, those with occlusive disease, and controls.

[image: Table showing characteristics and risk factors for ischemic stroke, no occlusive disease, occlusive disease, and control groups. Data include median age, sex distribution, risk factors like hypertension and diabetes, premorbid history, stroke history, NIHSS scores, stroke subtype classification, and affected hemisphere details.]


3.1 Missing data and adverse events

All stroke participants completed TCD 1 (< 48 h, median 31.7 h [IQR 26–41]), but only 33 participants completed TCD 2 (3–7 days, median 4 days [IQR 3–6]). Figure 2 shows the reasons for non-completion. For TCD 1, four stroke participants could sit but not stand. While headset stability was maintained for most participants, TCD 2 lost the MCA signal bilaterally in one participant and on the unaffected side in another when standing up. During the testing of one control, the left MCA signal was lost when sitting and standing. For TCD 1, one participant with a stroke experienced back discomfort when moving to the sitting position, and no further TCD or physiological recordings were performed. There were no other adverse events during the TCD protocol, and no changes in NIHSS were observed.

One participant (without occlusive disease) experienced worsening stroke symptoms 8 h after finishing TCD 1 and underwent a carotid stent procedure with some improvement in symptoms. This patient had < 70% stenosis, and it was later found that a mobile component of plaque in the affected vessel was causing the symptoms. An independent medical review deemed this serious adverse event unlikely to be related to the protocol since the patient showed no symptoms during the head positioning study protocol, and symptoms started many hours after the protocol was finished.

One stroke participant who was transferred to another hospital did not complete the 30-day mRS assessment. All remaining participants with stroke (n = 41) agreed to the assessment.



3.2 Static changes in MCAv and position-by-hemisphere interactions

We found a significant decrease in MCAv in the affected hemisphere of stroke participants (< 48 h of stroke onset) with occlusive disease (n = 13) from 0° to 90° sitting (−9.9 cm/s, 95% CI [−16.4, −3.4]) and from 0° to 90° standing (−7.1 cm/s, 95% CI [−14.3, −0.01]). Similarly, in those without occlusion (n = 29), there was a decrease from 0° to 90° sitting (−3.3 cm/s, 95% CI [−5.6, −1.1]) and from 0° to 90° standing (−3.6 cm/s, 95% CI [−5.9 −1.3]) (Figure 3A). However, position-by-hemisphere interactions between changes in MCAv in the affected hemisphere of stroke participants with occlusive disease (n = 13) and without occlusive disease (n = 29) (primary hypothesis) did not reach statistical significance (p = 0.07).


[image: Bar chart comparing changes in mean velocity (cm/s) in stroke patients with and without occlusive disease. Panel A shows velocity changes in the affected hemisphere of stroke patients within forty-eight hours, categorized by occlusive presence. Panel B compares all stroke participants to controls. Green and purple lines represent different categories with error bars indicating ninety-five percent confidence intervals. Velocity changes range from approximately -15 to 2 cm/s. Key illustrates the data groups: green for those with occlusive disease and purple for without in Panel A; green for stroke participants and purple for controls in Panel B.]
FIGURE 3
 Summary of changes in mean velocity (cm/s) at 30°, 70°, 90° sitting, and 90° standing head positions all relative to lying-flat (0°), showing a significant decrease in mean velocity on the affected hemisphere of stroke participants with occlusive disease (n = 13) and without (n = 29) at upright positions (A). Similar changes were found on the affected hemisphere of all stroke participants (n = 42) and in controls (n = 22) (B).


Considering a stroke in the posterior circulation may not lead to hemodynamic changes in the MCA, we performed exploratory post-hoc analyses only in those participants with anterior circulation strokes (n = 37). Patterns of change were similar to the whole group, with similar magnitude reductions in MCAv when moving from 0° to more upright positions in the affected hemisphere (< 48 h). In stroke participants with occlusive disease (n = 11), the decrease in MCAv at 90° sitting was −11.6 cm/s (95% CI [−19.1, −4.1]), and at 90° standing was −8.9 cm/s (95% CI [−17.3, −0.6]). In those without occlusive disease (n = 26), the decrease in MCAv at 90° sitting was −2.8 cm/s (95% CI [−5.2, −0.3]), and at 90° standing was −3.6 cm/s (95% CI [−6, −1.2]). We found a significant interaction between those with occlusive disease (n = 11) and those without occlusive disease (n = 26) in this subsample (p = 0.02). However, the sample size was small, and these findings should be viewed with caution.

Overall, in all stroke participants (< 48 h of stroke onset) (n = 42), changes in MCAv in the affected hemisphere differed from 0° to 90° sitting (−5.5 cm/s, 95% CI [−8.2, −2.9]) and from 0° to 90° standing (−4.6 cm/s, 95% CI [−7.4, −1.9]). In controls (n = 42), a similar pattern was observed with lower MCAv at 90° sitting (−3.8 cm/s, 95% CI [−6, −1.6]) and at 90° standing (−3 cm/s, 95% CI [−5.2, −0.8]) (Figure 3B). However, no significant position-by-hemisphere interactions were found between stroke participants (n = 42) and controls (n = 22) (p = 0.85). Additionally, we did not find significant differences in MCAv from lying flat to upright positions when comparing the occluded hemisphere (stroke with occlusive disease) and controls (p = 0.1), nor when comparing the affected hemisphere in stroke without occlusion and controls (p = 0.09).

Table 2 summarizes changes in MCAv from lying-flat (0°) to all other head positions in affected and unaffected hemispheres in stroke participants, with or without occlusive disease at TCD 1 (< 48 h stroke). Table 3 summarizes similar data for TCD 2 (3–7 days) and Table 4 for controls.


TABLE 2 Changes in MCA mean velocities from lying-flat (0°) to other head positions in each hemisphere in stroke participants with occlusive disease or without, <48 h post-stroke (TCD 1).

[image: Table comparing stroke patients with and without occlusive disease at TCD 1. It shows mean velocity changes in the affected and unaffected hemispheres at different head positions, with 95% confidence intervals. The p-values for interaction are 0.97 for occlusive and 0.78 for non-occlusive cases. Data indicates how the middle cerebral artery velocity changes with position.]


TABLE 3 Changes in MCA mean velocities from lying-flat (0°) to other head positions in each hemisphere in stroke participants with occlusive disease or without, 3–7 days post-stroke (TCD 2).

[image: Table comparing changes in MCA mean velocity in cm/s for strokes with and without occlusive disease at TCD 2. For the occlusive group (n=11), velocity changes and 95% confidence intervals are shown for the affected and unaffected hemispheres across various head positions. The p-value for interaction is 0.9. For the non-occlusive group (n=22), similar data is presented, with a p-value of 0.43. Measurements include positions from 0 to 90 degrees in sitting and standing. Data collected 3-7 days post-stroke.]


TABLE 4 Changes in MCA mean velocities from lying-flat (0°) to other head positions in each hemisphere in controls.

[image: Table showing changes in MCA mean velocity (cm/s) with 95% confidence intervals for 22 controls. The left and right hemispheres are compared across angles 0° to 30°, 0° to 70°, and 0° to 90° in sitting and standing positions. The p-value for interaction is 0.76.]



3.3 Position-by-time interaction (TCD 1 and TCD 2)

We found no differences in static changes in MCAv over different positions between TCD 1 (< 48 h) (n = 42) and TCD 2 (3–7 days) (n = 33) (p = 0.64).



3.4 Static changes in MCAv and 30-day-mRS

Of the 41 participants with stroke who were followed up at 30 days, 29 participants had favorable outcomes (mRS 0–2). Of those without occlusive disease, 78% (n = 22/28) had a favorable outcome, compared to only 54% (n = 7/13) of those with occlusive disease. In the overall stroke sample (n = 41), we found no association between changes in MCAv in TCD 1 (< 48 h) from 0° to 90° sitting (adjusted OR 1.005, 95% CI [0.95,1.06]) or from 0° to 90° standing (adjusted OR 1.01, 95% CI [0.91,1.11]) and a favorable outcome.



3.5 Physiological assessments

Patterns of changes in physiological measures (systolic and diastolic blood pressure, heart rate, and oxygen saturation) with position change from 0° to all other head positions in all stroke participants < 48 h (n = 42) and in controls (n = 22) are represented in Figure 4. In stroke participants with and without occlusive disease, these changes are displayed in Figure 5. There was no significant difference between groups in these variables.


[image: Graphs comparing physiological measures in stroke and control groups. Panel A: Systolic blood pressure changes, stroke (blue) vs. control (red). Panel B: Diastolic blood pressure. Panel C: Heart rate. Panel D: Oxygen saturation. Group sizes: stroke (n=42), control (n=22).]
FIGURE 4
 Summary of mean changes in systolic blood pressure (mmHg) (A), diastolic blood pressure (B), heart rate (C), and oxygen saturation (D) in all stroke participants (blue) and controls (brown) at different head positions, all in relation to 0°.



[image: Four scatter plots show changes in physiological measures for stroke patients with and without occlusive disease. Plot A shows systolic blood pressure, Plot B shows diastolic blood pressure, Plot C shows heart rate, and Plot D shows oxygen saturation. Each plot compares changes at different body positions: sitting and standing. Blue dots represent stroke with occlusive disease, and red dots represent stroke without occlusive disease. The sample sizes are 13 for occlusive and 29 for non-occlusive conditions.]
FIGURE 5
 Summary of mean changes in systolic blood pressure (mmHg) (A), diastolic blood pressure (B), heart rate (C), and oxygen saturation (D) in stroke participants with occlusive disease (blue) and stroke participants without occlusive disease (brown) at different head positions, all in relation to 0°.





4 Discussion

The present study aimed to further explore this unclear relationship between upright positioning, occlusive disease, cerebral hemodynamics, and clinical outcomes in acute ischemic stroke, particularly in people with occlusive disease. While we found a significant decrease in MCAv when moving from lying-flat (0°) to upright 90° sitting and 90° standing in stroke participants (including anterior and posterior circulation strokes), this was not significantly different between those with and without occlusive disease. Additionally, an early decrease in MCAv was not associated with later functional outcomes. However, given that differences in responses between those with and without occlusive disease approached significance, and subgroup analysis of those with anterior circulation stroke only showed a significant reduction in MCAv in stroke with occlusive disease compared to those without, we believe it would be valuable to examine responses of a larger sample of patients with occlusive disease in future studies.

The need for further investigations into the potential mechanisms for poorer outcomes in stroke patients treated with high doses of early out-of-bed upright activity (sitting, standing, and walking) in the AVERT (6) trial, combined with the hypothesized role that upright positioning (sitting and standing) may play in reducing perfusion to the penumbra and worsening outcomes for stroke patients, particularly those with occlusive disease, guided the development of this study. Unfortunately, occlusive disease status was not systematically collected in the AVERT trial. In an exploratory subgroup analysis (one hospital, n = 190 patients with acute ischemic stroke) from the AVERT trial, neurovascular ultrasound reports were retrospectively assessed to investigate the presence of occlusive disease. This small study showed less favorable results in stroke patients with occlusive disease (n = 36) who started higher dose upright activity early compared to usual care. However, the results were not significant, highlighting the need for further prospective studies to investigate this matter (24).

Interrupted by the pandemic, this study faced a significant limitation, as it was underpowered to definitively test our hypothesis. Nevertheless, given the relatively large sample and acute timing compared to previous studies (2), we believe our results provide valuable insights into the effects of upright postures on cerebral hemodynamics in the early days after a stroke. Due to size limitations, we combined stroke participants with acute large vessel occlusion and longstanding severe stenosis into a single group of participants with persistent occlusive disease. Of those with occlusive disease, patients with intracranial and complete occlusions are a potentially vulnerable group. Given we had only 13 cases in the occlusive disease group, this subgroup may not be well represented in the small sample. Vulnerability would also be particularly high for those with poor collaterals (25–27). Another limitation is that, although we used routine neurovascular ultrasound examination to confirm the presence of occlusive disease just before performing the TCD head positioning protocol, the persistence of occlusive disease could not be confirmed at the exact time when changes in posture were assessed. Additionally, hemodynamic changes in mean velocity may be influenced by factors other than the presence of occlusive disease and could depend particularly on downstream collateral flow. While we did not record collateral status in the current study, it would be valuable to include it in future research. We also acknowledge that the lower NIHSS scores in the occlusive disease group compared to the non-occlusive disease group may raise some concerns about the generalizability of the results. We believe that the small sample size and inclusion of individuals with longstanding severe stenosis may have lowered the overall NIHSS score in the occlusive disease group. Furthermore, since the study was conducted in a highly efficient acute stroke center, only a small percentage of stroke patients remained with persistent large vessel occlusions after thrombolytic therapy, with the most severe and clinically unstable cases being excluded from the study. Future studies should consider strategies to enhance the recruitment of patients with severe strokes and persistent large vessel occlusion.

Importantly, our protocol only tested responses to short intervals of upright positions in a stepwise manner, with slow progressions to sitting and standing. Unlike the AVERT trial, it did not test more frequent upright activity. Whether extended periods of upright positions commonly associated with upright activity, repetitive stimuli such as sit-to-stand or intermittent walking, or more vigorous upright activity can lead to even greater changes in MCAv is unknown. While long static recordings may show no difference in MCAv, more vigorous upright activity could be challenging to the penumbra tissue if dynamic cerebral autoregulation is impaired, especially in a population with more severe strokes than those included in this study. Moreover, we acknowledge that concepts of dynamic cerebral autoregulation, transfer function analysis, and measurement of end-tidal CO2 were not considered when the study protocol was conceived. Since there may be changes in ventilation in some patients when moving from supine to upright posture, it is possible that MCA mean velocity could have been affected by a change in pCO2 (28). Another limitation is that we assessed static posture changes in this study, allowing blood pressure and MCAv to stabilize before measurements were taken. Beat-to-beat measures of conductance with postural changes would better inform us about the pressure-flow relationship to a challenging stimulus and dynamic cerebral autoregulation. Therefore, such monitoring ought to be included in future research in this field.

While questions remain about the effect of upright positions on hemodynamics, our finding that MCAv between 0° and 30° head positions did not change in any groups suggests that patients with acute ischemic stroke can be nursed in either of these two positions without concern. Our data are consistent with other studies in acute stroke and are in line with results from the large multicentre HeadPoST trial (1), which found no changes in functional outcome (90-day mRS) after nursing patients with acute stroke either in a lying-flat or 30° position for 24 h after randomization.

We chose TCD to assess changes in cerebral hemodynamics for several reasons. Although TCD has some limitations, for instance, measuring velocity rather than flow or perfusion, it remains the optimal technique for continuously monitoring cerebral hemodynamics parameters with changes in the head position, as it allows for real-time bedside assessments of intracranial MCAv (19, 29). This was particularly important for our study as it allowed participants' head and body movements without compromising any recordings. Furthermore, there is support for using TCD as a surrogate for CBF, provided that the diameter of the artery remains stable (30–32). Experienced neurosonographers performed all TCDs, and we only included participants with adequate temporal windows (33). Another strength of the study design was having offline blinded assessments of the TCD spectral Doppler images by an experienced assessor to avoid possible bias in TCD outcomes.

Regarding physiological assessments, stroke participants showed a response pattern to moving upright similar to that of controls. These responses were consistent with expected changes in healthy individuals immediately after standing up: an increase in diastolic BP (< 10 mmHg), little or no change in systolic BP, and an increase in HR of around 10 bpm (34), with the exception that stroke participants showed less consistent changes in BP, particularly in diastolic BP, than controls. People with stroke can present with orthostatic intolerance and experience orthostatic hypotension (35, 36); however, we observed no large drops in BP in our population throughout the study. Our stepwise protocol with a gradual rise to upright positions may have contributed to this finding. The pattern of changes in systemic BP as participants moved to more upright positions was inconsistent with MCAv changes. These findings once again suggest that systemic BP should not be used as a proxy marker for changes in CBF parameters (2).

We originally planned to include patients with both anterior and posterior circulation strokes in this study and explore how a posterior circulation stroke might affect changes in MCAv in the anterior circulation. This has not been addressed in previous cerebral hemodynamics studies, and little is known about the hemodynamic responses of this subgroup. However, we realized early on that we were unlikely to accrue sufficient participants with posterior circulation strokes to address this question. We retained these individuals in the current analysis for completeness. Given that their exclusion did alter the results in our post hoc analysis, it is likely that patients with posterior circulation stroke do not respond in the same manner to upright postures and/or that the MCAv is not representative of cerebral blood flow changes with changes in position in this population. Since most TCD headsets are built to monitor the MCAv, monitoring the PCA through the temporal window or the vertebral artery through the occipital window would require more complex techniques to ensure a constant insonation angle during head position changes. We would recommend separate studies of individuals with posterior circulation strokes to better understand their specific hemodynamic responses.

In conclusion, as people sit and stand up from a lying position, MCAv is reduced in most cases in the affected hemisphere, which is true for patients with and without occlusive disease and healthy community-dwelling individuals. The decrease in MCAv when moving from lying to upright was similar in strokes with anterior and posterior circulation strokes with occlusive disease compared to those without. However, subgroup analysis of anterior circulation stroke showed a significant difference in the decrease in MCAv when moving from lying to upright in stroke patients with occlusive disease compared to those without occlusive disease. Considering the important clinical hypothesis that reduced cerebral perfusion may impact the ischemic penumbra during upright activity, more research is warranted, especially in people with acute ischemic stroke with concurrent occlusive disease.
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Clot patterns determined by DSA and CTA can help predict intracranial atherosclerotic stenosis in acute ischemic stroke patients
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Background: This study examines whether clot patterns at large artery occlusion sites, as observed using digital subtraction angiography (DSA) and computed tomography angiography (CTA), can reliably indicate intracranial atherosclerotic stenosis (ICAS) in acute ischemic stroke (AIS) patients.
Methods: We conducted a retrospective analysis of patients treated with stent retriever thrombectomy for intracranial occlusions at our institute since 2017, with follow-up assessments conducted at 3 months. The patients were grouped based on the initial angiography clot topographies (i.e., cut-off or tapered signs). We assessed the potential of these topographies in predicting ICAS, including a clinical outcome analysis based on clot pattern, age, Trial of Org 10172 in Acute Stroke Treatment (TOAST) classification, and onset-to-door time.
Results: Among 131 patients (with a mean age of 66.6 years), the clot pattern emerged as a significant predictor of ICAS. The DSA-based model had a predictive area under the curve (AUC) of 0.745, with 55.1% sensitivity and 94.0% specificity. A multivariate model including age, onset-to-door time, TOAST classification as large artery atherosclerosis (LAA), and the presence of the tapered sign in clot patterns had an AUC of 0.916. In patients over 65 years of age with an onset-to-door time of >5 h and exhibiting a tapered sign in the clot pattern, the AUC reached 0.897. The predictive ability of the tapered sign was similar in DSA and CTA, showing 73.4% agreement between modalities.
Conclusion: The clot pattern with the tapered sign as observed using DSA is significantly associated with ICAS. Incorporating this clot pattern with age, TOAST classification as LAA, and onset-to-door time enhances the prediction of ICAS. The clot pattern identified by CTA is also a reliable predictor, highlighting the importance of assessing clot patterns in ICAS identification.
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Introduction

Stent retriever (SR) thrombectomy has been a primary endovascular treatment (EVT) for acute intracranial large artery occlusion (ILO), providing a high recanalization rate and improved clinical outcomes for patients who undergo this procedure. In the REVASCAT trial, successful vessel recanalization with thrombectomy resulted in an improved clinical effect compared to the control group, with complete vessel recanalization rates of 70.5 and 22.3%, respectively (1). Similarly, the MR-CLEAN trial reported a recanalization rate of 75.4% in the group that underwent thrombectomy (2). Moreover, the proportion of patients in the endovascular treatment group with a 90-day modified Rankin Scale (mRS) score of 0–2 points was higher than in the control group [43.7% vs. 28.2%, adjusted odds ratio (OR) = 2.1, 95% confidence interval (CI) = 1.1–4.0] (1).

Intracranial atherosclerotic stenosis (ICAS) occlusion caused by atherosclerosis is a common occurrence in patients with ILO, necessitating additional medications and surgical interventions along with SR thrombectomy. ICAS occlusion can be identified by a residual fixed stenosis of >70% or a lower degree stenosis with a tendency for reocclusion or flow impairment during the procedure (3). Huang et al. (4) reported that atherosclerotic stenosis accounted for 51% of acute cerebral infarction cases in the Asian population. The pathomechanism of acute ILO is a significant factor associated with successful SR thrombectomy and positive clinical outcomes. However, SR thrombectomy is considered less effective in cases of non-embolic ILO, likely due to intracranial atherosclerotic stenosis (5–7). Among the Asian population, acute ischemic strokes resulting from intracranial large artery occlusions are frequently caused by in situ atherosclerotic mechanisms or cervical internal carotid artery (ICA) involvement (8, 9).

However, determining the presence of ICAS promptly poses a challenge.

Intravascular treatment of acute ICAS occlusion often requires additional empirical operations beyond standard SR thrombectomy. Single SR thrombectomy and intravascular aspiration techniques usually fail to produce satisfactory outcomes in such cases. Based on the univariate analysis, a successful SR thrombectomy outcome was found to be associated with younger age, absence of hypertension, anterior circulation occlusion, atrial fibrillation (AF), hyperdense artery sign (HAS), and CTA-determined branching-site occlusion (10). Early identification of ICAS allows for prompt interventions, such as administration of drugs (e.g., tirofiban) and preparation of stents or drug balloons, thereby reducing the recanalization time, increasing thrombectomy success rates, and decreasing reocclusion rates.

Inconsistent conclusions regarding the prognosis of endovascular treatment for ICAS-related occlusion has been derived by previous literature. Compared with embolic occlusion, ICAS occlusion is associated with the following factors: (1) lower initial severity and younger patients (11), (2) lower success rates of SR thrombectomy, (3) higher risks of residual stenosis and reocclusion, and (4) poorer clinical outcomes (12).

Therefore, in the present study, we retrospectively analyzed clot patterns determined by digital subtraction angiography (DSA) and CTA with the aim to elucidate whether these clot patterns, along with other pertinent clinical features, can predict ICAS.



Materials and methods

We conducted a review of consecutive patients who had acute ischemic stroke and acute ILO and underwent EVT at the First Affiliated Hospital of Ningbo University, Ningbo, Zhejiang, China since 2017. The study population comprised consecutive patients aged 18 years or older who received EVT for acute ischemic stroke caused by intracranial and/or extracranial large vessel occlusion. The occlusions included those in the internal carotid artery (ICA), middle cerebral artery (MCA), vertebral artery, and basilar artery. In addition, we collected relevant data from the onset of symptoms to 3 months after discharge during the follow-up period.

This study was approved by the Institutional Review Board of our hospital, and the requirement of informed consent for study inclusion was waived because of the retrospective study design.

The occlusive clot pattern sign was defined as the angiographic manifestation of the occlusive site before recanalization.

The cut-off sign was characterized by a distinct line between the contrast-opacified antegrade blood flow and the non-opaque occluded downstream arteries.

The tapered sign was identified by a tapered beak or flame-like contrast opacification extending into the luminal filling defect, as shown in Figure 1 (13–15).


[image: Six panels showing cerebral angiography images. Panel A: Frontal view of brain arteries with bifurcation marked. Panel B to F: Various angles of blood vessels with highlighted areas. Arrows indicate focal points of interest.]
FIGURE 1
 Representative cases of clot pattern at the occlusion site of MCA as visualized by CTA and DSA. (A) A maximum intension projection reconstruction image of CTA that showed left MCA occlusion, with the clot pattern being tapered sign. (B) The initial angiogram confirmed the same cite of occlusion. (C) The recanalization of the occluded MCA after stent retriever, the occluded MCA are recanalized, but the angiogram showed a focal stenosis of more than 50% at the M1 trunk. (D–F) shows another patient with left MCA occlusion. (D) with clot pattern being cut-off sign. (E) The initial angiogram also confirmed the same cite of occlusion. (F) Successful recanalization of the occluded MCA without stenosis after SR thrombectomy.


If the grading of the occlusive clot pattern sign was difficult to determine or if discrepancies arose between the two graders, a consensus was reached. In addition, the occlusive clot pattern sign was further evaluated and possibly amended by repeated angiography following EVT during admission. Consequently, both the cut-off sign and tapered sign groups were included in the analyses.


Inclusion and exclusion criteria

The inclusion criteria for this study were as follows: (1) Ischemic stroke patients with intracranial and extracranial large vessel occlusion, including the ICA, MCA, basilar artery, and vertebral artery; (2) those having an mRS score of 0–1 point before onset; (3) those with an onset-to-puncture time of < 24 h; and (4) those for whom successful recanalization was achieved through SR thrombectomy.

The exclusion criteria for this study were as follows: (1) patients with ILO due to uncommon stroke etiology, including arterial dissection and fat embolism found during treatment; (2) those with tandem ILO caused by extracranial arterial disease; and (3) those for whom the arterial lesion status could not be reliably assessed due to either persistent occlusion or incomplete recanalization.



Endovascular procedures

The type of EVT procedure used in this study was SR thrombectomy. The thrombus was removed using an SR, such as the Solitaire AB (Micro Therapeutics Inc. DBA Ev3 Neurovascular, USA) or Trevo (Stryker, Kalamazoo, MI, USA). We used balloon guide catheters, adjuvant lytic infusion (tirofiban or alteplase), and performed intracranial or extracranial angioplasty and/or stenting, as required.



Statistical analysis

Comparative analyses of clot patterns, clinical characteristics, and clinical outcomes were performed between groups with and without residual stenosis, with the degree of residual stenosis being defined as >70%. Differences among the cut-off sign and tapered sign groups were analyzed using the chi-squared tests for categorical variables and the t-tests for continuous variables. A simple logistic regression analysis was performed to determine the predictive value of clot patterns for ICAS. A multivariate logistic regression analysis was performed to clarify the predictive value of the onset-to-door time, age, TOAST classification, and clot pattern showing a tapered sign for identifying ICAS. The receiver operating characteristic curve analyses were performed, and their area under the curve (AUC) values were compared. In addition, the sensitivity, specificity, positive predictive value, negative predictive value, and accuracy were calculated for the CTA- and DSA-determined groups, as well as for the predictive value of clot pattern signs for ICAS.

A P-value of < 0.05 was considered statistically significant. All statistical analyses were performed using Stata 15.




Results


Baseline characteristics

A total of 131 patients underwent EVT for ILO with SR thrombectomy (Table 1). The patients (with a mean age of 66.6 ± 12.8 years) were divided into two groups: the group with (23/131) and without (108/131) of residual stenosis. In terms of the location of occlusion, 45 patients (34.4%) had MCA occlusion, 61 (46.6%) had ICA occlusion, and 25 (19.0%) had basilar artery or intracranial vertebral artery occlusion. The mean National Institutes of Health Stroke Scale (NIHSS) scores were 18.5 (range, 15–25) in the group with residual stenosis and 18 (range, 15–23) in the group without residual stenosis. The mRS scores of most patients (118/131, 87%) were ≤ 2. Using the chi-squared test or t-test, the onset-to-door time, clot pattern, age, and TOAST classification as large artery atherosclerosis (LAA) were found to be associated with residual stenosis (P < 0.05).


TABLE 1 Characteristics of patients with ILO after stent retriever thrombectomy.
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Clot pattern predicting ICAS

According to the results of the simple logistic regression analysis, the sensitivity and specificity of the DSA-determined clot pattern as a predictor of ICAS were 55.1% and 94.0%, respectively. The AUC based on the DSA-determined clot pattern was 0.745. These findings indicate that the clot pattern is a viable means of predicting ICAS (Figure 2). According to the results of the multivariate logistic regression analysis, age, onset-to-door time, TOAST classification as LAA, and clot pattern showing tapered signs are predictors of ICAS. The AUC based on these factors was 0.916, which suggests a high level of predictive accuracy. When clot pattern is not considered, the predictive value decreases. The AUC based on age and onset-to-door time alone was 0.792, which is lower than the AUC when the clot pattern was included (Figure 3). We used dichotomy to classify continuous variables such as age and onset-to-door time and obtained values of 64.5 and 5.3, respectively. When classifying statistics by age and onset-to-door time, patients aged more than 65 years, with an onset-to-door time of >5 h from stroke onset, TOAST classification as LAA, and clot patterns showing tapered signs are most likely to have stroke episodes caused by ICAS. The AUC for this classification was 0.897, indicating a high level of predictive accuracy (Table 2). With the onset-to-door time of >6 h instead of >5 h, the AUC value was 0.878.


[image: Receiver Operating Characteristic (ROC) curve showing sensitivity versus one minus specificity. The curve plots a diagonal line and a curve above it, indicating model performance. The area under the curve (AUC) is 0.7462.]
FIGURE 2
 The prediction of ICAS based on clot pattern.
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FIGURE 3
 The prediction of ICAS based on clot pattern, age, and onset-to-door hour. R4 represents the combination of clot pattern, age, toast classified as LAA and onset-to-door hour, while R5 shows only age, toast classified as LAA and onset-to-door hour.



TABLE 2 Results of the logistic regression model.
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Comparison of CTA- and DSA-determined clot patterns in predicting ICAS

The classification of DSA-determined occlusive clot pattern signs corresponded adequately with that of CTA-determined occlusive clot signs. Both CTA and DSA assessment results were consistent for 94 patients (73.4%, P = 0.059). The AUC for clot patterns determined by DSA was 0.743 (P < 0.001), while that for clot patterns determined by CTA was 0.732 (P < 0.001).

The sensitivity and specificity of DSA-determined clot patterns as a predictor of ICAS were calculated to be 70 and 80%, respectively, whereas those for CTA-determined clot patterns were 50.6 and 94.9%, respectively (Figure 4). Both DSA- and CTA-determined clot patterns were capable of predicting ICAS, with DSA exhibiting greater sensitivity and CTA having preferred specificity. Therefore, depending on the clinical scenario, either of the imaging modalities may be adopted for predicting ICAS.
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FIGURE 4
 Both DSA and CTA clot pattern are predictive of ICAS. R21 depicts CTA clot pattern, while R22 represents DSA clot pattern.




Imaging and clinical outcomes after endovascular treatment

It is worth noting that, while the recanalization rates (mTICI ≥ 2b) were not significantly different between the two groups (82.14% vs. 83.33%, P = 0.902), there were differences in the treatment approaches used. While the stent rate was similar in both groups (3.64% vs. 6.25%, P = 0.617), the tapered sign group had higher rates of balloon dilation (37.5% vs. 8.18%) and tirofiban use (58.3% vs. 15.79%) compared to the cut-off sign group, suggesting that the presence of a tapered sign may prompt physicians to use these additional interventions to improve recanalization success.

No significant difference was observed in terms of intracerebral hemorrhage and death rates between the two groups. Specifically, the incidence of intracerebral hemorrhage was 38.8% (42 out of 110 patients) in the cut-off sign group and 17.7% (three out of 17 patients) in the tapered sign group (P = 0.099), whereas the rate of serious hemorrhagic complications was 10.9% (12 out of 110 patients) in the cut-off sign group and 11.8% (two out of 17 patients) in the tapered sign group (P = 0.918). These findings suggest that both groups had similar rates of hemorrhagic complications and mortality rates.

Poor outcomes, defined by an mRS score of 5 or 6 at the 3-month follow-up, were observed in 40.6 and 37.5% of patients in the cut-off sign and tapered sign groups, respectively (P = 0.813). Similarly, no significant difference in the death rate after 3 months was observed between the cut-off sign group (20.8%) and the tapered sign group (21.3%; P = 0.354). In addition, the ordinal distribution of mRS scores was insignificantly different between the two groups (P = 0.746, Table 3). These results suggest that the tapered sign group did not share improved functional outcomes or mortality, highlighting the need for improved treatment strategies for ICAS.


TABLE 3 Imaging and clinical outcomes following endovascular treatment.
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Discussion

In this study, we found that clot patterns determined by both DSA and CTA can predict ICAS; however, these patterns exhibited different levels of sensitivity and specificity. In addition, considering clot patterns, along with age and onset-to-door time, in the multivariate logistic regression models improved the predictive value for ICAS. Therefore, the assessment of clot patterns can serve as a valuable approach for predicting ICAS in patients with acute ischemic stroke who undergo EVT.

Patients with ICAS commonly exhibit intraluminal filling defects, with the tapered sign being a characteristic clot pattern. This finding is consistent with prior research, which has shown tapering to be more frequently observed in the etiology of an intracranial atherosclerotic disease (14, 16). Other causes of cone or flame signs, such as extracranial ICA dissection, may obstruct distal blood flow due to factors unrelated to atherosclerosis. In addition, we observed that patients with tapered occlusion tend to present with milder symptoms on neuroimaging, smaller infarct volume, and milder neurological deficits, as well as early fluctuating symptoms in cases of super acute ischemic stroke (17). The tapered sign observed in the initial DSA can serve as a surrogate marker for ICAS-related occlusion and procedural difficulty. However, its clinical significance remains unclear (3). The initial tapered sign typically occurs in patients with acute ischemic stroke and large vessel occlusion due to ICAS. These patients may have better-established collateral circulation during the development of stenosis and possibly greater neural tissue tolerance to hypoxia.

CTA-determined clot patterns can predict ICAS earlier, with comparable prediction accuracy to DSA-determined clot patterns but with faster availability after admission. The pathogenesis of ICAS involves stenosis and acute thrombosis, resulting in perforator events and hypoperfusion. Unlike cardioembolism, early diagnosis of ICAS allows for more effective medical treatment plans, such as antithrombotic and blood pressure management. ICAS patients have similar recanalization rates but higher residual stenosis and reocclusion rates compared to cardioembolism patients. During EVT, SRs can cause intimal injury and platelet activation, leading to in situ thrombosis of ICAS, which may increase the risk of early reocclusion of the target vessel (17). Tirofiban, whether administered intravenously or intra-arterially, can effectively promote the dissolution of new thrombi and decrease the occurrence of reocclusion events, particularly in patients with ICAS (18). With regards to surgical options for ICAS-ILO patients, SR thrombectomy as a first-line treatment has a higher reperfusion rate and causes less vascular injury than contact aspiration (19). Furthermore, the “microcatheter first-pass effect,” proposed by Wenhuo Chen's team, helps to identify potentially stenotic areas, thereby preventing iatrogenic damage to the blood vessel wall that may result from aggressive manipulation of the intermediate catheter (20). For some patients, if our center's interventional physician determines that, balloon dilation followed by SR thrombectomy is an appropriate intervention for ICAS, it may lead to faster surgical recanalization (21).

The current study showed comparable recanalization rates between the cut-off sign and tapered sign groups. This result may be attributed to the increased use of advanced techniques, such as tirofiban, stent implantation, and balloon dilation, in the tapered sign group. In addition, both groups exhibited similar bleeding risks in this study. A recent investigation revealed that topical tirofiban infusion and angioplasty/stent therapy had similar efficacy and safe profiles in treating acute-phase ICAS occlusion. Another research demonstrated that rescue therapy with stent placement to treat underlying ICAS of the M1 segment is technically feasible in patients with AIS. However, these patients had a significantly lower rate of favorable outcomes than those with thromboembolic M1 occlusions (22). Moreover, the favorable mRS scores observed in both groups were consistent with those observed in previous studies (23).

Combining age, onset-to-door time, and clot patterns can significantly improve the predictive value for ICAS. Patients with ICAS-related occlusion typically present with lower initial NIHSS scores and milder baseline Alberta Stroke Program Early Computed Tomography Score (ASPECTS) and tend to be younger than those with embolic occlusion (12). Particularly, age can serve as a prognostic factor for good clinical outcomes following EVT. Another study found that early hospital admission (onset-to-door time ≤ 4.5 h) was significantly associated with favorable outcomes, independent of confounding factors such as reperfusion therapy and type of stroke onset (24). In our study, the multivariate model demonstrated that age, onset-to-door time, and clot patterns were consistent predictors of ICAS, while the NIHSS score indicated no significant deviation.

One limitation of this study is its small sample size, which may limit the generalizability of the findings. In addition, several factors can affect clot patterns on CTA, such as occlusion location, bone tissue interference, head motion artifacts during imaging, and variations in blood flow between the proximal and distal segments of the occluded vessel. These factors can also affect the accuracy of DSA in assessing clot patterns. Studies considering a larger sample size are needed to confirm the results of this study and to further explore the predictive value of clot patterns for ICAS.



Conclusion

The tapered sign observed in DSA-determined clot patterns is significantly associated with ICAS. Models incorporating age, onset-to-door time, TOAST classification as LAA, and a clot pattern showing tapered signs exhibit a strong predictive value for ICAS. Furthermore, clot patterns determined by CTA have a good predictive value, with higher specificity for ICAS.
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Background and objectives: Fatigue has been associated with adverse effects on recovery from ischemic stroke based on previous observational research. The purpose of our study was to explore the potential causal association of fatigue with poor functional outcome after ischemic stroke by employing Mendelian randomization (MR).
Methods: A set of instrumental variables, comprising 36 single-nucleotide polymorphisms (SNPs) that are only related to fatigue, were derived from a genome-wide association study (GWAS) that included 449,019 general individuals. The functional outcomes after ischemic stroke were derived from a GWAS (Genetics of Ischemic Stroke Functional Outcome Network) involving 6,021 survivors. Two-sample MR methods were used to assess the causal effect, including inverse variance weighted, MR-Egger, weighted median, simple mode, and weighted mode. In bidirectional MR analysis, the reverse causal association was analyzed using the Wald ratio method. The mediation effects of lipid metabolites were analyzed using two-step MR analysis.
Results: Genetic liability to fatigue was causally associated with the poor functional outcome (modified Rankin Scale ≥3 at 3 months) after ischemic stroke (OR = 4.20, 95%CI [1.11–15.99], p < 0.05). However, genetic predicted poor functional outcome after ischemic stroke was not associated with fatigue (OR = 1.00, 95%CI [0.99–1.02], p > 0.05). The results of the two-step MR showed that cholesteryl esters to total lipids ratio in large very low-density lipoprotein (VLDL) (ME = −0.13, p < 0.05); concentration of very large VLDL particles (ME = −0.13, p < 0.05); free cholesterol in large VLDL (ME = −0.13, p < 0.05); free cholesterol to total lipids ratio in very large VLDL (ME = −0.22, p < 0.05); phospholipids in large VLDL (ME = −0.15, p < 0.05); phospholipids in very large VLDL (ME = −0.13, p < 0.05); phospholipids to total lipids ratio in large high-density lipoprotein (HDL) (ME = −0.17, p < 0.05); total lipids in very large VLDL (ME = −0.14, p < 0.05); triglycerides in small VLDL (ME = −0.11, p < 0.05); and triglycerides to total lipids ratio in large HDL (ME = −0.10, p < 0.05) assumed a pivotal role in mediating the association between fatigue and poor functional outcome after ischemic stroke.
Conclusion: Our study provides evidence supporting the causal association between fatigue and the poor functional outcome after ischemic stroke, which emphasizes the importance of implementing interventions aimed at addressing fatigue. This could offer a therapeutic target to improve recovery after ischemic stroke and warrant exploration in a clinical context. One potential mechanism by which fatigue affects functional outcomes after ischemic stroke is through the action of lipid metabolites.
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1 Introduction

In 2019, stroke was the third-leading global combined cause of death and disability (1). Over the past two decades, there has been a notable increase in the burden attributed to ischemic stroke (2). The poor functional outcome in patients with ischemic stroke may have multiple underlying causes. However, evidence suggests that it may be associated with the emergence of early neuropsychiatric symptoms, such as insomnia, depression, anxiety or fatigue (3–6). The 2019 update of the Canadian Stroke Best Practice Recommendations (CSBPR) for Mood, Cognition, and Fatigue following Stroke emphasizes early recognition and treatment to avoid these conditions leading to worse long-term outcomes (7). Nevertheless, the causal relationships between fatigue and poor functional outcomes post-ischemic stroke remain contentious and warrant further clarification.

The prevalence of fatigue was reported to be around 48% in stroke survivors (8). Post-stroke fatigue is characterized by a persistent and overwhelming sense of tiredness or exhaustion that is not necessarily correlated with physical activity and does not improve with rest (9–11). After a decade of follow-up, a study found that fatigue was associated with poor functional outcome after stroke (12). Several subsequent observational studies have reported that fatigue might have negative effects on stroke recovery (13–15). Post-stroke fatigue had a significant impact on the possibility of returning to work (16). The current evidence between fatigue and poor functional outcome after ischemic stroke is primarily from observational studies, which could be biased by potential unmeasured confounders and reverse causations (17). Furthermore, randomized controlled trials are unfeasible, which leads to a lack of causal evidence between fatigue and adverse outcomes after stroke. Given the paucity of attention paid by healthcare professionals to post-stroke fatigue (18, 19), based on current correlation evidence, we conducted a causal study on the relationship between fatigue and poor functional outcome after ischemic stroke. In addition, the mechanisms by which fatigue affects functional outcome after ischemic stroke are not yet well understood (20).

Mendelian randomization (MR) uses single nucleotide polymorphisms (SNPs) as instrumental variables for studying the effect of an exposure on the outcomes (21). The MR approach holds the potential to reduce residual confounding because SNPs are randomly distributed during conception and are thus unlikely to be associated with environmental confounders. Furthermore, MR may mitigate the risk of reverse causality bias as SNPs are determined from conception (21, 22). Therefore, if an SNP that modifies susceptibility to fatigue is also linked to functional outcome after stroke, it would add evidence to support that fatigue is of causal relevance in affecting stroke recovery. To our knowledge, the associations between fatigue and functional outcome after ischemic stroke have not been evaluated previously by using MR.



2 Materials and methods


2.1 Study reporting guidelines and study design

We used two-sample MR and publicly available datasets to investigate the causal associations of fatigue and the poor functional outcome after ischemic stroke. Informed consent was obtained and ethical review was sough in all of the original studies (23, 24). All data were available and openly accessible to the public. The schematic diagram of the research design is shown in Figure 1. The research was reported following the STROBE-MR statement (25).

[image: Flowchart detailing a two-part Mendelian Randomization (MR) analysis.   (A) Illustrates assumptions and steps involving fatigue-associated SNPs, confounders, and ischemic stroke outcome analyzed through univariate and two-step MR methods with lipid metabolites as mediators.  (B) Describes the study design with sample sizes for exposure (fatigue) and outcome (mRS of ischemic stroke). It specifies SNP extraction criteria and mentions 36 SNPs identified for fatigue. Analysis methods include inverse variance weighted, MR Egger, and sensitivity analysis. Findings indicate a causal link between genetic liability to fatigue and poor functional stroke outcome, but no causal association between poor functional outcome and fatigue. Fatigue might affect outcomes via lipid metabolites.]

FIGURE 1
 Study design. (A) Basic assumptions of Mendelian randomization: Assumption 1 states that SNPs are closely associated with the exposure; Assumption 2 states that SNPs are not associated with any potential confounders; Assumption 3 states that SNPs are only linked to the outcome through exposure. Workflow of the two-step MR analysis. Step 1 estimated the causal effect of fatigue on lipid metabolites, and step 2 assessed the causal effect of lipid metabolites on the poor outcome after ischemic stroke. (B) The overall flow chart of this study and the main results. The outcome was the functional outcome after ischemic stroke which was evaluated by the modified Rankin Scale (mRS) at 3 months. The mRS ≥ 3 was considered to be a poor functional outcome. IVs, instrumental variables; SNPs, single nucleotide polymorphism; MR, Mendelian randomization.




2.2 Data sources and ascertainment of included traits in this study

Instrumental variables for fatigue were derived from a genome-wide association study (GWAS) that aimed to investigate the genetic contribution to self-reported tiredness/fatigue (26). Fatigue was evaluated using self-reported frequency of tiredness/lethargy in the last 2 weeks (Do not know; not at all; several days; more than half the days; nearly every day), which was asked as part of the Mental Health Questionnaire that consists of items from the Patient Health Questionnaire (27). The GWAS study was based on a UK Biobank sample that had 449,019 general individuals in total1 in Table 1.



TABLE 1 Data sources of included traits in this study.
[image: Table displaying data on traits related to fatigue and ischemic stroke outcome. Fatigue data from UKB involves 449,019 European individuals, ID: Ukb-b-929. Ischemic stroke outcome data from GISCOME network includes 6,021 mixed-ethnicity individuals, ID: PMC6511098. GISCOME is Genetics of Ischemic Stroke Functional Outcome; UKB is UK Biobank.]

The GWAS data on functional outcomes after ischemic stroke comprises the 3-month modified Rankin Scale (mRS) scores in 6,021 patients with ischemic stroke from 12 studies in Europe, the United States and Australia (Supplementary Table S1) (23). The data can be accessed via the following website: https://cd.hugeamp.org/dinspector.html?dataset=GWAS_GISCOME_eu. The mRS score was divided into two groups (0–2 and 3–6) as a dichotomous variable. The analysis was adjusted for age, sex, ancestry, and baseline stroke severity (as measured by the National Institutes of Health Stroke Scale at 0–10 days after stroke onset).



2.3 Selection of instrumental variables

A valid genetic-variation instrumental variable (IV) must satisfy three core assumptions: the associativity assumption, i.e., the selected IV must be significantly associated with the exposure factor; independence assumption, i.e., the IV must not be significantly related to potential confounders that may affect the exposure or outcome; exclusivity limitation, i.e., the IV can only affect the outcome through the path of “IV → exposure → outcome” (22).

When screening for fatigue-related IVs, we followed the core assumptions. First, we selected SNPs with statistically significant associations in GWAS, and their p-values needed to be less than 5 × 10−8. Second, we ensured that the selected SNPs satisfied the condition of [image: Mathematical notation showing "r squared is less than 0.001", indicating a very low proportion of variance explained.], and that any two physical distances between genes were greater than 10,000 kb, taking into account linkage disequilibrium. IVs were extracted from GWAS outcome data based on the selected SNPs in Supplementary Table S2. F-statistics were calculated to assess weak IV bias. When F < 10, it indicates that the genetic variation used is a weak IV, which may have a certain bias on the results, so it should be removed to avoid affecting the results (28). The formula for calculating the F-statistic is as follows:

[image: Formula for calculating F-statistic: \( F = \frac{N-k-1}{k} \times \frac{R^2}{1-R^2} \).]

where N is the sample size, k is the number of IVs used, and R2 reflects the extent to which the IVs explain the exposure. R2 = 2 × (1 − MAF) × MAF × 2β, where MAF is the minimum allele frequency and β is the allele effect size.



2.4 Estimation of MR causal effects

A range of two-sample MR methods were used to assess the causal effect of exposure on outcomes, including inverse-variance weighted (IVW), Mendelian randomization-Egger (MR-Egger), weighted median, simple mode, and weighted mode. When there was only one instrumental variable, the Wald ratio method was used to estimate the causal effect. Because the IVM method does not consider the existence of intercept terms in regression and used the reciprocal of the outcome variance as the weight for fitting, it is generally superior to other MR analysis methods (29). Therefore, in the absence of pleiotropy, regardless of the existence of heterogeneity, this study used the IVW method as the main MR analysis method, and the other four methods were used as supplements (the IVW random effect model was used when heterogeneity exists). When pleiotropic effects existed, the results were calculated using the MR-Egger method.

The mediation effects of lipid metabolites were analyzed using two-step MR analysis (Supplementary Table S3) (30). In the first step, IVs for fatigue were used to deduce the causal impact of this exposure on lipid metabolites. In the second step, IVs for lipid metabolites were used to determine the causal effect of the potential mediator on poor functional outcome after ischemic stroke. In instances where evidence suggested that fatigue influenced the mediator, which in turn influenced the functional outcome after ischemic stroke, we utilized the “product of coefficients” method to assess the indirect effect of fatigue on poor functional outcome after ischemic stroke via lipid metabolites. Standard errors for the indirect effects were derived by using the delta method.



2.5 Sensitivity analysis and statistical analysis

All data calculations and statistical analysis were performed using R programming,2 mainly using the two-sample MR package to carry out the analysis (31). Cochran’s Q-test and leave-one-out analysis were used to test the reliability and robustness of the evaluation results. MR Egger intercept method was used for genetic pleiotropy testing. The evaluation indicators were odds ratio (OR) and 95% confidence interval (CI). All statistical p values were two-sided tests. p < 0.05 was considered to indicate statistically significant differences. To ensure that the methods employed in this study are fully documented and accessible for replication, all relevant code files were uploaded to a public repository.3




3 Results


3.1 Screening of IVs

The number of IVs of fatigue was 36 (Supplementary Table S2). The F-test statistics all of these instrumental variables were ≥10, indicating that most of the SNPs screened in this study were free from weak instrumental bias.



3.2 MR causal effect of fatigue and functional outcome of ischemic stroke

In IVM model, there was a significant causal relationship between fatigue and the poor functional outcome (mRS ≥ 3) after ischemic stroke (OR = 4.20, 95%CI [1.11–15.99], p < 0.05) (Figure 2). The MR analysis across the five models revealed that while most models provided consistent direct estimates, one model produced inconsistent estimates, and there were notable discrepancies in the slopes observed (Figure 3A). The effect size of each IV from MR analysis on the poor stroke outcome is shown as a forest plot (Figure 4A). We further explored the reverse causal association as shown in Figure 2, There was only one IV for mRS ≥ 3 after ischemic stroke, so it was analyzed using the Wald ratio method, which showed that the poor functional outcome was not associated with fatigue (OR = 1.00, 95%CI [0.99–1.02], p > 0.05).

[image: Forest plot displaying the association between fatigue and mRS ≥ 3 using various Mendelian randomization methods. The table includes methods: IVW, MR Egger, Simple mode, Weighted median, Weighted mode, and Wald ratio. Each row shows SNP count, Beta, Standard error, OR with 95% CI, and P value. The plot visually represents ORs with confidence intervals, highlighting differences in effect sizes across methods.]

FIGURE 2
 Mendelian randomization analysis of fatigue and functional outcome after ischemic stroke. The forest plot showed the causal analysis results of various MR models on fatigue and functional outcome of ischemic stroke. The effect evaluation value was displayed by OR and 95% CI. It also showed the number of instrumental variables used in each model, as well as the calculated Beta value and standard error. mRS, the modified Rankin Scale; SNPs, single nucleotide polymorphisms; OR, odds ratio; CI, confidence interval; IVW, inverse-variance weighted.


[image: Panel A shows a scatter plot with regression lines illustrating the SNP effect on fatigue frequency against mRS outcomes at three months using five MR tests: inverse variance weighted, MR Egger, simple mode, weighted median, and weighted mode. Panel B displays a funnel plot depicting the inverse standard error versus causal estimates, with lines representing inverse variance weighted and MR Egger methods. Black dots represent individual data points in both plots.]

FIGURE 3
 Effect estimation of five models of MR analysis of fatigue and functional outcome after ischemic stroke and heterogeneity test funnel plot. (A) The scatter plot shows the estimation of the causal effect of fatigue and poor functional outcome of ischemic stroke. The slope of the line indicates the causality predicted by different models. (B) Funnel plots showing the estimation of the causal effect of fatigue on each instrumental variable for poor outcome, with the causal effect estimates from the Inverse variance weighted and MR Egger models labeled with a straight line on the plots. SNPs, single nucleotide polymorphisms; MR, Mendelian randomization.


[image: Forest plots showing the MR effect size for fatigue on mRS at three months. Panel A displays individual effect sizes for various genetic variants, with summary estimates from MR Egger and IVW methods in red. Panel B shows leave-one-out sensitivity analysis, highlighting the effect of removing each variant on the overall estimate. Dots and lines represent point estimates and confidence intervals.]

FIGURE 4
 Mendelian randomized instrumental variable effects of fatigue and functional outcome after ischemic stroke and leave-one-out analysis. (A) Mendelian randomization analysis of the effect value of each instrumental variable on functional outcome after stroke was shown in a forest plot. (B) Estimates of the causal effect after excluding SNPs one by one (leave-one-out analysis) were shown in a forest plot. Estimates of the causal effect of the MR model were marked in red in the figure. MR, Mendelian randomization; IVW, inverse variance weighted.




3.3 Sensitivity analysis

Significant results were tested for heterogeneity using the Cochran Q test and the I2 statistic. The results showed that there was no heterogeneity in the results of the MR analysis (Cochran Q p-value = 0.715). Funnel plots of the IVs for fatigue and functional outcome after ischemic stroke showed an essentially symmetrical distribution of the scatter of causal association effects, suggesting that there was no potential bias in the results (Figure 3B).

The statistical hypothesis test p-value of the intercept term was 0.534, and the intercept was close to 0 (Egger intercept = 0.023), indicating that the causal inference in this study was not affected by horizontal pleiotropy.

Sensitivity analysis were conducted by using the leave-one-out approach, and no change was detected in the significance of the estimate of the negative effect of fatigue on stroke, suggesting that the results were stable (Figure 4B).



3.4 Mediation effects of lipid metabolites

High-density lipoprotein (HDL) and very-low-density lipoprotein (VLDL) are pertinent to cardiovascular health. The results of the two-step MR showed that cholesteryl esters to total lipids ratio in large VLDL (ME = −0.13, p < 0.05); concentration of very large VLDL particles (ME = −0.13, p < 0.05); free cholesterol in large VLDL (ME = −0.13, p < 0.05); free cholesterol to total lipids ratio in very large VLDL (ME = −0.22, p < 0.05); phospholipids in large VLDL (ME = −0.15, p < 0.05); phospholipids in very large VLDL (ME = −0.13, p < 0.05); phospholipids to total lipids ratio in large HDL (ME = −0.17, p < 0.05); total lipids in very large VLDL (ME = −0.14, p < 0.05); triglycerides in small VLDL (ME = −0.11, p < 0.05); and triglycerides to total lipids ratio in large HDL (ME = −0.10, p < 0.05) assumed a pivotal role in mediating the association between fatigue and poor functional outcome after ischemic stroke (Table 2).



TABLE 2 Mediation effects of lipid metabolites on the causal association between fatigue and the poor functional outcome after ischemic stroke.
[image: A table displaying various lipid mediators and their statistical measures. Columns include Mediator, Mediation Effect with 95% Confidence Interval (ME 95% CI), Percentage of Total Effect (PTE), Effect 1, and Effect 2. Rows list different lipids such as cholesteryl esters, free cholesterol, and phospholipids in varying VLDL concentrations, showing corresponding data for each metric. A note explains ME, CI, PTE, Effect 1, and Effect 2, and clarifies lipid metabolites' influence on fatigue and outcomes post-ischemic stroke.]




4 Discussion

The results of this MR analysis showed that genetically predicted fatigue was causally associated with poor functional outcome after ischemic stroke. Lipid metabolites might play a significant mediator in this association.

To our knowledge, this is the first study to examine the causal relation of fatigue to poor functional outcome after ischemic stroke. Previous observational epidemiologic studies investigating the relationship between fatigue and outcomes after ischemic stroke found consistent negative effects, despite using different evaluation tools for stroke outcomes and fatigue. Fatigue during the acute phase following the first-ever stroke was associated with activity limitations at the 18-month follow-up (32, 33). In a study of 377 patients, Cox regression analysis showed that post-stroke fatigue was associated with higher mortality (34). In a study of 218 patients with ischemic stroke, fatigue severity was associated with poorer activities of daily living and health-related quality of life (6). Fatigue was also associated with functional difficulties following arterial ischemic stroke in a pediatric population (35). The scores of the Functional Independence Measure at discharge were significantly lower in the fatigue group than in the non-fatigue group (36). Stroke survivors with fatigue had improvements in their quality of life and radiological characteristics after reducing fatigue levels (37–39). In general, combining previous research results on correlation, our study reinforces the causal association between fatigue and poor functional outcome after ischemic stroke.

Bidirectional MR analysis was performed to boost the strength of the evidence for the causal pathway from fatigue to adverse outcomes following ischemic stroke. The lack of reverse causality observed—where genetically predicted poor functional outcome was not associated with fatigue—suggested that the direction of causality likely originates from fatigue impacting stroke recovery rather than the contrary. Potential explanations for this finding include the temporal precedence of fatigue as a symptom, which often manifests early in the course of recovery and can persist long-term, affecting rehabilitation efforts and overall functional status (32). Unlike transient physiological responses that are directly linked to the acute event of stroke, fatigue may represent a more chronic condition influenced by psychological, neurological, and metabolic factors that are less likely to be directly affected by immediate post-stroke outcomes. This highlights the importance of addressing fatigue as an independent factor in the management of ischemic stroke recovery.

Fatigue might contribute to the poor functional outcome after ischemic stroke because of dysregulation of lipid metabolism. Brain tissue damage is a well-established occurrence after ischemic stroke, and 48% stroke survivors experience symptoms of fatigue (8). Research suggests that individuals who experienced fatigue after ischemic stroke might have reduced excitability in the motor cortex and an increased perception of limb heaviness (40, 41). This might be due to decreased excitation of corticospinal output and its facilitatory synaptic inputs from cortical and subcortical regions (42). Stroke survivors who experience fatigue tend to engage in less physical activity and spend more time in a bedridden state, leading to unhealthy lifestyles (43, 44). Lipid metabolism disorders could result from lifestyle changes. Therefore, considering the established link between lipid metabolic abnormalities and negative outcomes in ischemic stroke, it is plausible that fatigue affects post-stroke recovery by affecting lipid metabolism.

The strength of the study is the MR analysis design is based on large-scale samples. MR analysis is a technique that uses genetic variants to estimate the causal effect of exposure on disease. Potential bias is greatly reduced because genetic variation is not associated with other confounding factors like lifestyle, diet, and behavior, which may influence the results from observational studies (45, 46). MR analysis robustly minimizes biases from early neuropsychiatric symptoms including insomnia, depression, and anxiety, thereby offering a clearer perspective on causal relationships. MR analysis can also avoid reverse causation, as genetic variation is assigned at conception. The nature of the MR analysis design is less prone to potential unmeasured confounding and reverse causation and can strengthen the evidence for causal inference (21). In addition, by using the two-sample MR approach, we could test the effort of fatigue based on large-scale samples. This study used five MR analysis methods and ensured consistent results. Moreover, the reverse causal relationship was verified through bidirectional MR analysis. This methodology bolsters our confidence in the causal inference that fatigue influences post-stroke recovery. Given these findings, we advocate for the inclusion of fatigue as a crucial variable in predictive models for acute ischemic stroke prognosis (47). Incorporating fatigue into these models could potentially enhance their predictive accuracy and clinical utility, complementing the contribution of our research to understanding the causal link between fatigue and post-stroke functional outcomes, thereby opening further avenues to explore medicinal genes that may facilitate improved stroke recovery strategies.

Although our study provides valuable guidance for clinical practice and significantly advances the understanding of biological mechanisms linking fatigue with poor outcome after ischemic stroke, we acknowledge that the study also has some limitations. First, the investigation of fatigue was limited to individuals of European ancestry, which may limit the generalizability of our findings to other ethnic populations. Although multiple strategies were employed to address pleiotropy concerns, it is challenging to completely exclude potential violations of IV assumptions. Additionally, this work might not have captured all lipid metabolites that mediate the relationship between fatigue and stroke outcomes, nor exhaustively explored alternative intermediary pathways such as inflammation, mitochondrial autophagy, and amino acid metabolism. Future research requires more comprehensive lipid metabolomics or other high-throughput sequencing analyses based on large-scale cohorts to improve the accuracy of these investigations.



5 Conclusion

To our knowledge, this study is the first to establish a causal relationship between fatigue and post-ischemic stroke dysfunction by using MR. Our findings indicate that fatigue significantly influences stroke recovery. Given the potential link between lipid metabolites and both stroke recovery and fatigue, these metabolites could be the focus of future intervention approaches. Despite limitations such as potential violations of IV assumptions and ethnic constraints, the research design effectively mitigates confounding factors and reverse causality. Future research should examine the generalizability of these findings across different populations and explore the specific mechanisms by which lipid metabolites influence this relationship. In conclusion, assessing and managing fatigue is crucial for improving functional outcomes in patients after ischemic stroke.
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Background: The clinical impact of patient selection using FLAIR vascular hyperintensity (FVH)–diffusion-weighted imaging (DWI) mismatch for endovascular thrombectomy (EVT) in patients who have been symptomatic for over 6 h remains unclear. Herein, a retrospective study was conducted to compare the inter-rater reliability and clinical outcomes of patients selected for thrombectomy based on FVH-DWI mismatch with perfusion.
Methods: Patients with anterior-circulation large-vessel occlusion selected simultaneously with MRI and perfusion imaging in the late time window from a single-center retrospective study were categorized into EVT-applicable (FVH-DWI mismatch on MRI or perfusion imaging meeting the DEFUSE3 standards) and EVT-inapplicable groups based on MRI and perfusion imaging. The primary outcome was the 90-day functional independence rate. Safety outcomes encompassed symptomatic intracranial hemorrhage and mortality in 90 days. We assessed the consistency of the two profiles and compared the differences in functional independence rates of EVT patients among the EVT-applicable groups determined by MRI and perfusion.
Results: A total of 130 patients were enrolled, of which 114 were classified into the EVT-applicable group after triaging using MRI images. In this group, 96 patients underwent EVT, with 53 of them (55.2%) achieving functional independence. A total of 110 patients were divided into EVT-applicable group based on perfusion, among which 92 underwent EVT, with 49 of them (53.2%) achieving functional independence. The consistency of identifying EVT indication was moderate between two groups (κ = 0.42, 95% CI, 0.17–0.67). The functional independence rate was comparable between patients in the two EVT-applicable groups based on the two methods (55.2% vs. 53.2%, p = 0.789).
Conclusion: MRI triaging based on FVH-DWI mismatch showed moderate inter-rater reliability compared with perfusion-based triage and comparable efficacy in predicting clinical outcomes after EVT.
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1 Introduction

Numerous randomized controlled trials (RCTs) have verified the effectiveness and safety of endovascular thrombectomy (EVT) in patients with acute ischemic stroke (AIS) caused by large-vessel occlusion (LVO) of the anterior circulation (1, 2). In the DEFUSE 3 and DAWN trials, computed tomography perfusion (CTP) or magnetic resonance diffusion and/or perfusion was performed, and the infarct core and ischemic penumbra were calculated using the Rapid Processing of Perfusion and Diffusion (RAPID; iSchema View, Menlo Park, CA, United States) software (1, 2) in the late time window (6–24 h). However, access to perfusion in emergencies is expensive and not readily available in many stroke centers globally (3). Additionally, the selection range of perfusion screening is narrow, resulting in the omission of patients who could benefit from thrombectomy surgery (4). Therefore, a simpler and more feasible image evaluation method is needed in clinical practice (5).

Assessment based on collateral circulation is currently a popular method, and better treatment benefits for EVT patients with good collateral circulation have been demonstrated in post-hoc analyses of the MR CLEAN, SWIFT, and DAWN trials (6–8). The subsequent MR CLEAN LATE study also confirmed the efficacy of CTA assessment of collateral circulation for patients with anterior circulation large vessel occlusion who presented 6–24 h from onset, but more symptomatic intracranial hemorrhage (4). The FVH sign in the fluid-attenuated inversion recovery (FLAIR) sequence is a simpler method with which to evaluate collateral circulation without the need for contrast agents and intelligent software processing. Described as a focal, undulating, or linear hyperintensity, this anomaly typically manifests in the Sylvian fissure and is linked to large-vessel occlusion or stenosis (9). FVH most likely indicates slow arterial blood flow, with possible mechanisms including slow retrograde flow in the leptomeningeal collaterals or antegrade flow in the setting of hemodynamic compromise. An FVH-DWI mismatch was considered when the FVH exceeded the perimeter of the DWI cortical lesion. Some studies have confirmed that FVH-DWI mismatch shows excellent sensitivity and specificity in predicting PWI-DWI mismatch, and is thus expected to become a new target for EVT selection (10).

We sought to evaluate the impact of MR imaging selection modality on the clinical outcomes of EVT, and the interrater reliability of MRI and perfusion imaging selection modalities in a retrospective study.



2 Materials and methods


2.1 Patient population

TRACK-LVO (Triage of Patients With Acute Ischemic Stroke Due to Large Vessel Occlusions: An Imaging-based Patient Registry Study; NCT 05659160) registry is an ongoing, prospective, multicentre trial registry of consecutive patients with large vessel occlusion undergoing endovascular thrombectomy or medication only. In this study, a retrospective analysis was conducted of 130 patients with acute ischemic stroke with anterior-circulation large-vessel occlusion treated between January 2019 and October 2022 in Tianjin Huanhu hospital based on TRACK-LVO. Only those patients meeting the specific criteria were included, namely: (1) aged 18 years or older; (2) presenting with symptoms consistent with acute ischemic stroke within 6–24 h of onset; (3) with a CT Alberta Stroke Program Early Computed Tomography Score (ASPECTS) of 6 or higher, a National Institutes of Health Stroke Scale (NIHSS) of 6 or higher, and a modified Rankin scale (mRS) of 0–2 before the stroke; (4) with a definite diagnosis of occlusion in the internal carotid artery (ICA) and/or the M1 segment of the middle cerebral artery (MCA-M1) and M2 proximal segment; (5) having undergone complete MRI, CTP, or MRI perfusion at the same time. The exclusion criteria included incomplete three-month follow-ups and imaging data that could not be analyzed.



2.2 Methods


2.2.1 Data assessment and surgical indication

All images were interpreted by independent, blinded, neuroimaging core laboratory personnel. Three raters independently evaluated the MRI and perfusion images, reaching an agreement on the FVH-DWI mismatch. All patients who met the inclusion criteria were evaluated for EVT indication by MRI and perfusion imaging, respectively. When screened by MRI, patients with FVH-DWI mismatches were considered to have EVT indication, otherwise there was no EVT indication. The FVH sign was defined as focal, tubular, or serpentine hyperintensity in the lateral fissure, sulcus, or near the surface of the brain on the FLAIR sequence (9). A FVH-DWI mismatch was identified where FVH extended outside the borders of cortical DWI lesions on the axial FLAIR and DWI images (when ≥1 FVH was of equal density on DWI; Figure 1). When perfusion screening was performed, patients with perfusion mismatch (When the regional cerebral blood flow (<30%) was <70 mL with a mismatch ratio ≥ 1.8 and a mismatch volume ≥ 15 mL) were considered to have EVT indication, otherwise there was no EVT indication. All perfusion data were analyzed using F-STROKE software (version 1.0.23; NeuroBlem Ltd. Co.; Figure 1).

[image: Medical imaging panels labeled A to D show various brain scans indicating FVH-DWI and perfusion mismatches. Each panel includes multiple MRI slices, highlighting areas with red and green overlays, representing different volumes and mismatch analysis data. Volume measurements and mismatch ratios are provided for each scenario.]

FIGURE 1
 Examples illustrating the concordance and discordance between FVH-DWI mismatch and perfusion imaging. (A) FVH-DWI mismatch(+) and perfusion(+). (B) FVH-DWI mismatch(+) and perfusion(−). (C) FVH-DWI mismatch(−) and perfusion(+). (D) FVH-DWI mismatch(−) and perfusion(−). FVH-DWI mismatch(+) is defined when FVH extends beyond the boundaries of cortical DWI lesions on axial FLAIR and DWI images (when ≥1 FVH is of equal intensity on the DWI). Perfusion(+) is defined when there is low regional cerebral blood flow (<30%) < 70 mL with mismatch ratio ≥ 1.8 and mismatch volume ≥ 15 mL.




2.2.2 Endovascular therapy

Experienced neurologists decided to proceed with EVT according to the clinical guidelines and hospital operating standards, combined with the NIHSS score, ASPECTS score, FVH-DWI mismatch, and perfusion imaging (11). All patients underwent standard endovascular thrombectomy and medical management. EVT was performed by physicians with more than 5 years of experience. At present, Solitaire TMAB/FR (Medtronic) combined with a suction catheter is the preferred method for thrombectomy under conscious sedation (12). For patients with atherosclerotic stenosis after thrombectomy, balloon dilatation can be employed independently or in conjunction with stent placement, if necessary. The use of tirofiban, alteplase, or other medications was determined at the discretion of the physician based on available clinical, imaging, and procedural information. The usage and dosage of rtPA and tirofiban were in accordance with guidelines and expert consensus recommendations. Before EVT, anteroposterior and lateral imaging was performed in a standard manner to assess vascular occlusion. After EVT, standard anteroposterior and lateral imaging were performed to evaluate reperfusion. In general, the number of passes did not exceed five.



2.2.3 Outcome measures

The primary outcome was the rate of functional independence at 90 days (mRS score ≤ 2; mRS scores range from 0 to 6, with higher scores indicating more severe disability). Safety outcomes included: (1) symptomatic intracranial hemorrhage (sICH), defined according to the Heidelberg bleeding classification (13) (an increase in the NIHSS score by 4 points or an increase in the score within a specific NIHSS subcategory by 2 points in conjunction with any intracranial hemorrhage found on imaging); (2) 90-day mortality. Professionals who were unaware of the imaging grouping conducted structured telephone interviews using standardized forms during follow-up.



2.2.4 Statistical analysis

Statistical analysis was performed using SAS software (version 9.4). Categorical variables were presented as frequencies and proportion (%), while the mean ± SD or median ± interquartile range was applied to describe continuous variables. The concordance and discordance between FVH-DWI mismatch and the perfusion imaging profiles were assessed using Cohen κ. The functional independence rates were compared between groups using logistic regression models. Univariate comparisons were made for dichotomized outcomes (mRS 0–2, mTICI, and sICH). The p-values that were reported were two-sided, with values less than 0.05 being deemed statistically significant.





3 Results

A total of 1,188 cases from the TRACK-LVO cohort were assessed for eligibility, of which 532 had ICA or MCA-M1/M2 occlusion and a baseline mRS score of 0–2. In the end, 130 cases had a time from stroke onset of 6–24 h, with a NIHSS score of ≥6 points and an ASPECT score of ≥6 points (Figure 2). The median age of the patients was 63 years (interquartile range, 52–68 years). Among the patients, 54.6% were male. The median NIHSS score was 11 (interquartile range, 8–15), while the median CT ASPECTS was 8 (interquartile range, 7–9). The infarction core volume was 9 mL (interquartile range, 0–24.95) and the ischemic penumbra volume was 118 mL (interquartile range, 80–178; Table 1).

[image: Flowchart displaying patient selection and categorization in a medical study. Initially, 1,188 were assessed for eligibility. Of these, 656 were excluded based on criteria like failure to complete both MRI and perfusion simultaneously, missing mRS scores, and specific occlusions. From the remaining 532, another 402 were excluded due to criteria involving NIHSS scores, ASPECTS, and the timing of last seen well. Ultimately, 130 were included and divided into EVT-Eligible groups based on MRI and perfusion-based triage, leading to subgroups of EVT and No EVT.]

FIGURE 2
 Study flow diagram. ICA, internal carotid artery; MCA, middle cerebral artery; mRS, modified Rankin Scale; NIHSS, National Institutes of Health Stroke Scale; ASPECT, Alberta Stroke Program Early Computed Tomography Score.




TABLE 1 Baseline characteristics and outcomes of total patients and EVT-eligible groups on MRI- and perfusion-based triages.
[image: A table presents characteristics of study participants, divided into total, and EVT-applicable groups based on MRI and perfusion-based triage. Metrics include age, gender, CT/DWI/FVH ASPECTS, NIHSS scores, infarction core and penumbra volumes, time from stroke onset to puncture, puncture to recanalization, ASITN/SIR scores, functional independence, and mortality rates, with interquartile ranges and p-values for comparisons between EVT and non-EVT groups.]

Of the 130 patients screened using the MRI findings, 114 (87.7%) were eligible for EVT, among which EVT was performed in 96 (84.2%). Based on perfusion screening, 110 patients (84.6%) were considered eligible for EVT. Subsequently, EVT was performed in 92 of these patients (83.6%). A total of 103 patients were applicable for EVT both by MRI and perfusion screening. Eleven patients were applicable for EVT based on MRI but not based on perfusion, while seven patients were applicable for EVT based on perfusion but not based on MRI. Nine patients were EVT-inapplicable both based on MRI and perfusion. The consistency of identifying EVT indication was moderate between the two methods (κ = 0.42, 95% CI, 0.17–0.67).

Among the EVT-applicable groups based on the MRI findings, the functional independence rate of patients with EVT was significantly higher than that of patients without EVT (55.2% vs. 22.2%, p = 0.019; Table 1). Among the EVT-applicable groups based on perfusion, patients who underwent EVT had a significantly higher rate of functional independence than those who did not (53.2% vs. 22.2%, p = 0.02; Table 1). The functional independence rates were comparable among EVT patients in two EVT-applicable groups screened through MRI and perfusion, respectively (55.2% vs. 53.2%, p = 0.789; Table 2; Figure 3). No significant differences were observed in the safety outcomes for sICH (5.2% vs. 4.3%, p = 0.783; Table 2) and mortality (5.2% vs. 7.6%, p = 0.503; Table 2).



TABLE 2 Clinical and imaging outcomes in thrombectomy-treated patients by imaging profiles.
[image: A detailed table comparing various outcomes across groups defined by different mismatch criteria in a medical study. Outcomes include 90-day modified Rankin Scale scores, mRS score ≤ 2, symptomatic intracranial hemorrhage (sICH), and mTICI scores. The groups are FVH-DWI Mismatch, Perfusion Mismatch, and combinations of these with or without mismatches, numbered A to D. Statistical significance is indicated by p-values, particularly highlighting a value less than 0.001 for a specific comparison (B vs. C).]

[image: Stacked bar chart showing Modified Rankin Scale Scores for two groups: FVH-DWI Mismatch (n=96) and Perfusion Mismatch (n=92). Scores range from 0 to 6, with darker shades indicating higher scores. FVH-DWI has higher percentages of scores 0 and 1. Perfusion Mismatch shows higher percentages at scores 3 and 6. Both groups have a similar distribution for scores 2 and 4. Percentages are shown along the bar for each score.]

FIGURE 3
 Distribution of functional outcomes at 90 days in patients selected by the presence of FVH-DWI mismatch compared to perfusion mismatch. Functional independence rates were comparable among EVT patients in two EVT-applicable groups which screening through MRI and perfusion, respectively (55.2% vs. 53.2%, p = 0.789).


Of the 130 patients, 106 underwent EVT, among which 80% (85/106) had concordant indications for EVT in both profiles, with a 90-day functional independence rate of 55.3% after thrombectomy (47/85 patients; Table 2). The conditions of 18 (14%) patients were discordant, and the functional independence rate was 44% (8/18). 3% of the patients had no indication for EVT based on either method and did not achieve functional independence after EVT. On further analysis of these discordant profiles, six out of 11 (54.5%) patients with FVH-DWI mismatch and without perfusion mismatch achieved functional independence after EVT. In contrast, among patients with perfusion mismatch and without FVH-DWI mismatch, two out of seven (28.6%) achieved functional independence; however, the sample size for this inconsistency was very small.



4 Discussion

Our study showed that in the imaging evaluation of patients presenting in the 6–24 h time window, MRI-based triage (based on FVH-DWI mismatch) demonstrated moderate consistency in decision-making for EVT compared to perfusion-based triage. Moreover, no significant difference was observed in the 90-day functional independence rate and safety outcomes in EVT patients when screening based on either MRI or perfusion criteria. These results suggest that both MRI based on FVH-DWI mismatch and perfusion are efficient and equal in efficacy in preoperative imaging evaluation of endovascular thrombectomy in a 6–24 h time window.

According to the stringent image screening criteria of the DAWN and DEFUSE 3 trials, the thrombectomy time window was extended to 24 h (1, 2), shifting the perception from the traditional time window of acute stroke treatment to the concept of “mismatch” based on physiology to salvage penumbral brain tissue. Both the DAWN and DEFUSE 3 studies screened for “slow progression” individuals with small infarct cores and greater penumbra through the concept of “penumbra-core mismatch.” Researchers have noted that the stringent inclusion criteria of the DAWN and DEFUSE 3 trials constrained the selection of patients (14). During a single-center retrospective study, it was found that 70% of patients with acute ischemic stroke and anterior circulation large-vessel occlusion did not qualify for the inclusion criteria of the DAWN and DEFUSE 3 trials because of factors such as a large infarct core, a high mRS score, and no significant mismatch. Among them, 1/4 patients achieved a 30% functional independence rate after EVT (15). An additional multicenter retrospective study involved 21 patients who met the DAWN study’s inclusion criteria but underwent thrombectomy more than 24 h after onset. Of these, 81% achieved reperfusion and had a functional independence rate of 43% (16). In a multicenter multinational study, patients who were selected for EVT in the late time window based on non-contrast CT (NCCT) had outcomes similar to those of patients who were selected using CTP or MRI after adjusted analyses (17, 18). In the present study, FVH-DWI mismatch and perfusion screening showed moderate consistency (κ = 0.42, 95% CI, 0.17–0.67) in the preoperative evaluation for thrombectomy in patients with ischemic stroke and anterior circulation occlusion. Of the 130 patients, 87.7% (114/130) had an FVH-DWI mismatch, similar to a previous study (19). Despite this high level of concordance, 14% (18/130) of patients had discordant MRI and perfusion profiles. These results suggest that the image-screening method alone could lead to the exclusion of patients who may benefit from EVT.

Although the precise pathophysiological mechanism of FVH syndrome remains unclear, it can be divided into distal FVH syndrome (i.e., M3 and/or distal MCA, representing slow retrograde collateral circulation) and proximal FVH syndrome (i.e., stable and slow anterograde blood flow in the M1 and/or M2 regions) based on its location. Among these, distal FVH syndrome has more important clinical significance (20, 21). The correlations between FVH syndrome and acute arterial occlusion, chronic arterial stenosis, and ischemic collateral circulation are widely accepted. The FVH sign has a good diagnostic efficacy in identifying large-vessel occlusions, especially in MCA and ICA occlusions. An FVH exceeding the boundary of cortical injury in the DWI territory is considered to indicate an FVH-DWI mismatch. Recent studies have confirmed the predictive value of FVH-DWI mismatches in demonstrating a good clinical prognosis (22, 23). FVH-DWI mismatch can be used to quickly identify patients with anterior circulation large-vessel occlusion, good collateral circulation, and potential benefits from recanalization, and may become a reliable alternative to PWI-DWI mismatch (19). Our study showed that FVH-DWI mismatch had functional outcomes comparable with those of MRI and perfusion screening in the late time window (55.2% vs. 53.2%; p = 0.789).

In a further analysis of 18 discordant cases, six out of 11 (54.5%) patients with FVH-DWI mismatch and without perfusion mismatch achieved functional independence after EVT, with a mortality rate of 0. Surprisingly, only two out of seven (28.6%) patients had functional independence among those with perfusion mismatch and without FVH-DWI mismatch, with a mortality rate of 28.6%. In this group of patients, MRI demonstrated advantages over perfusion in terms of effectiveness and safety. In a further in-depth study of seven patients with perfusion mismatch but without FVH-DWI mismatch, the patients had a larger ischemic penumbra and a poorer NIHSS score improvement during hospitalization than those with FVH-DWI mismatch and no perfusion mismatch. More importantly, these patients had lower American Society of Interventional and Therapeutic Neuroradiology/Society of Interventional Radiology (ASITN/SIR) scores, indicating poorer collateral circulation. Numerous studies have verified that good collaterals are associated with a smaller core infarct upon presentation, slower infarct progression, and increased chances of achieving functional independence after 90 days in patients with acute ischemic stroke treated with EVT in the late time window (8). In addition, the perfusion examination cannot dynamically reflect the changes in the brain during acute ischemic stroke (24). At the same time, factors such as poor cardiac output, atrial fibrillation, severe proximal arterial stenosis or poor placement of arterial and venous density regions of interest can all affect perfusion results (25). Misjudgment of the core-to-penumbra ratio may result in misclassification of patients. In contrast, the FVH-DWI mismatch does not pose these limitations, in addition it integrates information about collateral status, which is a crucial determinant of infarct progression and functional outcome. Therefore, FVH-DWI may provide more accurate results in predicting functional outcomes and potentially reduce cases of futile recanalization compared to perfusion imaging alone. Recent studies have confirmed the advantages of magnetic resonance imaging (MRI) over perfusion-based imaging. A study on image-screening methods for the proportion of futile recanalization showed that MRI was linked to a lower risk of futile recanalization compared to CTP (26). Research on the Highly Effective Reperfusion evaluated in Multiple Endovascular Stroke Trials (HERMES) cohort showed that CTP was associated with a lower functional independence rate than MRI (27).

Previous trials have largely excluded patients with large infarct volumes on CTP or low CT ASPECTS (1, 2). In the present study, although two patients with infarct cores exceeding 70 mL did not meet the perfusion mismatch criteria, there was an FVH-DWI mismatch. All patients achieved functional independence after EVT without sICH or neurological worsening. In a recent HERMES meta-analysis, patients with ASPECTS scores of 3–5 and an infarct core greater than 70 mL showed improved prognosis with EVT, but the risk of symptomatic ICH increased (27). In the ANGEL-ASPECT trial, endovascular treatment was superior to medical management alone; however, more cases of intracranial hemorrhage (28). Therefore, FVH-DWI mismatch may be a more inclusive criterion, allowing for intervention in more patients.

As a retrospective analysis, this study has some limitations, including susceptibility to selection bias. Furthermore, our sample size was relatively small, with certain subgroups, particularly those with unfavorable MRI and perfusion profiles, having smaller sample sizes. Therefore, the estimation of the event occurrence rate may have been inaccurate. As such, accurate conclusions could not be drawn for these subgroups. MRI may not be readily available at many centers for stroke triage. Hence, the use of NCCT may be of interest for triage in centers with limited resources (4). Considering the large positive ischemic core data for EVT (29), it is not known how triage based on FVH-DWI mismatch will be compared in the selection of patients with large ischemic core infarctions. Prospective, multicenter, large-sample, homogeneous, randomized controlled trials will be needed to confirm the results of this study.



5 Conclusion

This study demonstrated that in the imaging evaluation of patients who underwent thrombectomy in the 6–24 h time window, MRI-based triage using FVH-DWI mismatch showed moderate consistency in decision-making for EVT compared with perfusion-based triage. In fact, no significant difference was observed in the 90-day functional independence rate and safety endpoints between selection based on MRI and perfusion after EVT. Therefore, MRI imaging based triaging by FVH-DWI mismatches may be an effective and reliable approach for selecting patients for endovascular thrombectomy in a late time window.
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Background and purpose: Despite the ongoing advancements in mechanical thrombectomy for large vessel occlusions causing acute ischemic stroke, successful recanalization is not achieved in all patients. One contributing factor is the presence of fibrin-rich hard clots. We proposed a new technique called the PREMIER technique, which aims to retrieve fibrin-rich clots. This study evaluated the efficacy of the PREMIER technique on fibrin-rich and erythrocyte-rich clots by comparing it with the simple use of EmboTrap III in an in vitro vessel model.
Methods: The PREMIER technique involves partially resheathing a fully deployed EmboTrap III (CERENOVUS, Johnson & Johnson Medical Devices, Irvine, California, USA) using a microcatheter to capture and retrieve a hard clot between the inner channel and outer cages of EmboTrap III. We compared recanalization rate of the PREMIER technique with the simple use of EmboTrap III in an in vitro vessel model, occluding the M1 segment with fibrin-rich hard clots (0% erythrocyte composition) and erythrocyte-rich clots (50% erythrocyte composition).
Results: Among the 40 procedures (10 each for the PREMIER technique and the simple use of EmboTrap III for two different clots) for fibrin-rich clots, the PREMIER technique achieved successful recanalization in all 10 cases, with a significantly higher recanalization rate than the EmboTrap III (100% vs. 50%, p = 0.03). For erythrocyte-rich clots, the recanalization rate was not significantly different in the PREMIER technique compared with the simple use of EmboTrap III (80% vs. 70%, p = 1.00).
Conclusion: The PREMIER technique is a novel technique for acute large-vessel occlusions caused by fibrin-rich hard clots that hinders successful recanalization during mechanical thrombectomy.
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 mechanical thrombectomy; large vessel occlusion; stroke; hard clots; in vitro vessel model


Introduction

Mechanical thrombectomy (MT) with a stent retriever or aspiration catheter for acute large-vessel occlusion has become the standard therapy. Many methods have been proposed for MT, including the combined use of a stent retriever and an aspiration catheter (1–4). Moreover, several randomized clinical trials have been conducted to compare the efficacy of stent retrievers alone with aspiration catheters or combination techniques (5–7). However, the most effective method remains undetermined. Additionally, the methods used have shown a high successful recanalization rate; however, approximately 8–17% of the patients do not achieve successful recanalization.

Despite advances in thrombectomy methods and devices, the occlusion of vessels caused by fibrin-rich hard clots remains a potential factor contributing to the lack of successful recanalization. Fibrin-rich clots are associated with lower recanalization rates and require a higher number of passes compared to erythrocyte-rich clots (8–10).

Therefore, we proposed a new method to retrieve fibrin-rich hard clots called the Partial Resheathing of EmboTrap III (CERENOVUS, Johnson & Johnson Medical Devices, Irvine, California, USA) using the MIcrocathetER (PREMIER) technique.

In this study, we evaluated the efficacy of the PREMIER technique on hard and soft clots by comparing the PREMIER technique with the simple use of EmboTrap III in an in vitro vessel model in which the M1 segment of the middle cerebral artery was occluded by fibrin-rich hard and erythrocyte-rich soft clots.



Materials and methods


Device description

All procedures were performed using an 8Fr guiding catheter (Asahi-Intec, Aichi, Japan), a 0.021-inch microcatheter (Medtronic, Tolochenaz, Switzerland), a 0.014-inch microguidewire (Asahi-Intec), and EmboTrap III (Cerenovus, Johnson & Johnson, New Brunswick, NJ, USA). There are open regions between its outer and the distal outer cages (Figure 1A). EmboTrap III has an inner channel and outer cages (Figure 1B).
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FIGURE 1
 Visualization of the open regions, outer cage, and inner channel of EmboTrap III with markers. (A) Open regions are between EmboTrap III’s outer cage and the distal outer cage. (B) EmboTrap III’s inner channel and outer cage.




Vascular model and clot description

The vascular silicone model was made following an original design to faithfully reproduce a unilateral cerebral vascular flow (Elastrat Sàrl, Geneva, Switzerland). This model included the right internal carotid artery (ICA), right middle cerebral artery (MCA; including the M1 and M2 segments), right anterior cerebral artery (ACA; including the A1 segment, bilateral A2 segment and anterior communicating artery), right vertebral artery, basilar artery, and right posterior communicating artery. Additionally, the petrous portion of the ICA is 5.5–6.0 mm, the cavernous portion of the ICA is 6.0 mm, the top of ICA is 4.0 mm, and the M1 and A1 segments have a diameter of 3.0 mm. The model was connected to a pulsatile pump system (FlowTek 125; United Biologics Inc., Santa Ana, CA, USA). The circulating water temperature and pressure were maintained at 37°C and approximately 150 mmHg, respectively, and they were frequently monitored (M-382, As-one, Osaka, Japan).

Fibrin-rich hard and erythrocyte-rich soft clots were produced using porcine blood according to the previously reported method by Duffy et al. (11) Furthermore, fibrin-rich hard clots, with 0% erythrocyte composition, and erythrocyte-rich soft clots, with 50% erythrocyte composition, were obtained. These clots were cut into 5 ± 0.5 mm × 10 ± 0.5 mm × 17 mm in size to create an occluded vessel model in the M1 segment.



Description of the procedures

An 8Fr guiding catheter was placed in the cervical ICA. The microcatheter is navigated over a microguidewire distal to the clot. Moreover, EmboTrap III was deployed to cover the distal and proximal ends of the clot. When thrombectomy was performed with the simple use of EmboTrap III, EmboTrap III was maintained in this position for 2 min (Figure 2A) and retrieved into the guiding catheter at a rate of 2 cm/s. When the PREMIER technique was performed, EmboTrap III was pulled slightly after deployment to trap the clot core in the open region (Figure 2B). Subsequently, EmboTrap III was partially resheathed with the microcatheter until resistance was experienced (Figure 2C). Therefore, a clot was trapped between the inner channel and outer cages of EmboTrap III. While maintaining this position, EmboTrap III and the microcatheter were withdrawn together as units into the proximal guiding catheter at 2 cm/s for clot retrieval (Figure 2D).

[image: Diagram showing a four-step medical procedure for removing a blood clot from an artery. In step A, a clot is trapped within a stent retriever. Step B illustrates the retriever being pulled back, capturing the clot. Step C shows the clot being fully caught as the retrieval continues. In step D, the clot is entirely removed, leaving the artery clear.]

FIGURE 2
 Partial resheathing of EmboTrap III with the microcatheter (PREMIER) technique. Diagram of the in vitro experiment and a corresponding illustration example. (A) EmboTrap III is fully deployed in the clot. (B) EmboTrap III is pulled slightly. (C) EmboTrap III is partially resheathed using the microcatheter until resistance is experienced. (D) EmboTrap III and the microcatheter are withdrawn together as units.


To avoid arbitrary manipulation of either procedure, both procedures were performed without observing the vascular model after EmboTrap III was deployed. Moreover, two neurointerventionalists performed mechanical thrombectomy. Each neurointerventionalists performed five each of the PREMIER technique and the simple use of EmboTrap III, on the vessel model of the M1 segment occlusion with two clot types. If occlusion by a fibrin-rich hard clot failed to recanalize with the simple EmboTrap, a rescue treatment was performed to retrieve the clot using the PREMIER technique (rescue cases).



Measurements and outcomes

Successful reperfusion was defined when the M1 occlusion was recanalized and there was no obvious occlusion in the distal vessel, as seen by naked eye; otherwise, it was defined as a failed recanalization. Distal emboli were collected, including procedures that failed to recanalize. A cell strainer attached to a Thrombuster III (Kaneka medix, Osaka, Japan) was placed at the entrance of the tank where water circulating through the vessel model was returned by a pulsatile pump system, which could collect emboli greater than 70 μL. The cell strainer was checked for distal embolization at the end of each procedure. The primary outcome of this study was successful recanalization rate. In one case, in which a fibrin-rich hard clot was retrieved by the PREMIER technique, non-contrast computed tomography (CT) (Canon, Otawara, Tochigi, Japan) was performed using a 320-section multidetector scanner to confirm the location of the outer cage, the inner channel of EmboTrap III, and the fibrin-rich hard clot. This was done while EmboTrap III was partially resheathed in a clot retrieval state.



Analysis

We compared the frequency of successful recanalization between thrombectomy with the PREMIER technique and thrombectomy with EmboTrap III using Fisher’s exact test. Statistical significance was set at p < 0.05. Statistical analyses were performed using the JMP 10.1 (SAS Institute Inc., Cary, NC, USA).




Results


Successful revascularization and distal emboli in vitro vessel model

Forty procedures were performed (10 each) using the PREMIER technique and EmboTrap III in an in vitro vessel model, occluding the M1 segment with fibrin-rich hard clots (0% erythrocyte composition) and erythrocyte-rich clots (50% erythrocyte composition). In cases where the vessel model was occluded by fibrin-rich hard clots, all 10 cases using the PREMIER technique were successfully recanalized, whereas only 5 of 10 cases achieved successful recanalization with the simple use of EmboTrap III (100% vs. 50%, p = 0.03) (Table 1). In the five cases where the simple use of EmboTrap III failed and the PREMIER technique was used as a rescue treatment, successful recanalization was achieved in all cases (p = 0.10). Conversely, in cases where the vascular model was occluded by erythrocyte-rich soft clots, recanalization was achieved in eight cases with the PREMIER technique and in seven cases with the simple use of EmboTrap III, with no statistically significant difference in the recanalization rates (p = 1.00).



TABLE 1 Comparison of outcomes by the PREMIER technique and the simple use of EmboTrap III.
[image: A table comparing the effectiveness of the Simple use of EmboTrap III, PREMIER technique, and Rescue case on fibrin-rich and erythrocyte-rich clots. For fibrin-rich hard clots, Simple use has 50% success, PREMIER has 100% with a p-value of 0.03, and Rescue has 100% with a p-value of 0.10. No distal emboli were reported. For erythrocyte-rich soft clots, Simple use has 70% success, PREMIER has 80% with a p-value of 1.00, while distal emboli occur in 20% with Simple use and 10% with PREMIER, both with a p-value of 1.00.]

Distal emboli did not occur in fibrin-rich hard clots using either the PREMIER technique or the simple use of EmboTrap III. In erythrocyte-rich soft clots, distal emboli occurred in only one case with the PREMIER technique and in two cases with the simple use of EmboTrap III, but the difference was not statistically significant.



Observation of the devices after retrieval of the hard clot using the PREMIER technique

Upon observing the devices after a fibrin-rich hard clot retrieval using the PREMIER technique, a part of the fibrin-rich hard clot was located between the microcatheter and EmboTrap III (Figure 3A). Furthermore, computed tomography after clot retrieval in a randomly selected case, it showed that the inner channel and outer cages of EmboTrap III (Figure 3B) and a part of the hard clot was pinched between the inner channel and outer cage, which was closed by the microcatheter (Figure 3C).

[image: Panel A shows a medical device with a mesh stent holding a piece of tissue. Panel B displays a grayscale medical scan with arrows indicating specific areas. Panel C highlights a similar scan with a yellow overlay and a blue arrow, marking a feature.]

FIGURE 3
 A case of thrombectomy with the PREMIER technique. (A) Actual fibrin-rich hard clot retrieved with the PREMIER technique. (B) Plain computed tomography image of fibrin-rich hard clot and EmboTrap III following the PREMIER technique. The big arrows point to the outer cage and small arrow points to the inner channel of EmboTrap III. (C) Colored version of the figure (B). The hard clot is colored yellow. The blue arrows indicate the section where the clot is pinched between the inner channel and the outer cage of EmboTrap III.





Discussion

We propose a new technique called the PREMIER technique, which is effective for fibrin-rich hard clots in thrombectomy. This technique involves resheathing EmboTrap III with a microcatheter, pinching the hard clots between the inner channel and outer cages of EmboTrap III. Computed tomography also revealed that the hard clot was trapped between the inner channel and outer cage of the resheathed EmboTrap III.

Thrombectomy for high density clots on no-contrast CT, indicating erythrocyte richness, has reported the efficacy of stent retrievers, while low density clots (<50 Hounsfield Units) is reported to achieve relatively higher reperfusion rates with contact aspiration (12, 13). Mohammaden et al. (13) reported that erythrocyte-rich clots are more easily deformable than fibrin-rich clots, allowing the stent retriever struts to penetrate more easily in erythrocyte-rich clots. Conversely, fibrin-rich clots were less deformable. In such cases, contact aspiration minimalized the attenuation of device-clot interaction forces by concentrating the retrieval force along the clot’s shorter axis and closely aligning it with the direction of movement. As a result, contact aspiration effectively captures the clot like a cork and harder clots can be retrieved more effectively.

On the other hand, there are negative aspects associated with contact aspiration. it has been reported that an aspiration catheter causes distal embolism more frequently in a procedure than a stent retriever or during the combined use of a stent retriever and an aspiration catheter (14, 15). Furthermore, Bala et al. reported that contact aspiration was associated with a decreased likehood of first pass effect with higher vessel tortuosity, and an increasing number of passes with longer clots (16). They suggested that this result was associated with the bending or collapse of the lumen of the aspiration catheter in tortuous arterial segments, significant reduction in suction force, and misalignment between the aspiration catheter and the clot axis.

The PREMIER technique is optimal for retrieving fibrin-rich hard clots, which are difficult to remove using conventional stent retriever techniques. Additionally, this technique is thought to have a smaller impact from vessel tortuosity compared to contact aspiration. In such cases, as long as the microcatheter can guide to the distal part of the clot, it is capable of strongly trapping the fibrin-rich hard clot. Hard clots can be trapped distally to the open region of EmboTrap III. In cases with vessel tortuosity, intentionally shortening the deployed length of EmboTrap III may reduce vessel shift and bleeding complications.

To overcome the aforementioned weaknesses of stent retrievers and aspiration catheters, new devices and methods for retrieving hard clots have been developed. For example, a new stent retriever called Nimbus (Cerenovus) has been designed to retrieve fibrin-rich hard clots (17). Moreover, Lehnen NC et al. (18) reported a good recanalization rate with Nimbus in patients in whom recanalization with conventional techniques had failed. However, that study suggested that Nimbus could be used as a second-line device because it was not designed to retrieve erythrocyte-rich soft clots and was more expensive than other stent retrievers. Therefore, Nimbus was used as a second-line device after two failed attempts using standard stent retrievers.

Some reports suggested a hyperdense artery sign on non-contrast CT or a susceptibility vessel sign on magnetic resonance imaging can be used to identify erythrocyte-rich clots (19, 20). However, it is not easy to distinguish reliably fibrin-rich clots from erythrocyte-rich clots in actual clinical setting.

In this in vitro study, the PREMIER technique showed distal embolization in erythrocyte-rich clots. When resheathing EmboTrap III with the microcatheter, there is a risk of oversheathing it without experiencing resistance, potentially causing fragmentation of fragile erythrocyte-rich clots. Therefore, the PREMIER technique may be recommended when mechanical thrombectomy by the conventional technique fail to achieve successful recanalization and presence of hard clots is suspected. However, the PREMIER technique allows additional procedure using only EmboTrap III without additional new devices, that is considered superior to Nimbus and the combined technique in this regard.

This study has some limitations. First, it was performed using an original unilateral in vitro vascular model without the Willis arterial circle. This did not allow complete reproduction of normal cerebral circulation. Second, this study was not performed under digital subtraction angiography, but was performed under visual observation until EmboTrap III was deployed in a clot. Feasibility, required time, or other potential challenges of the procedures in the clinical angiography system should be verified. Third, aspiration catheters and the combined use of stent retrievers and aspiration catheters were not compared. Further studies that compare these techniques are required. Finally, this study on the PREMIER technique was conducted using a small number of in vivo cases. Further research is required to evaluate its efficacy and safety in a clinical setting.



Conclusion

Our in vitro vessel model assessment suggested that the PREMIER technique is effective for acute large-vessel occlusions caused by fibrin-rich hard clots which can hinder successful recanalization during mechanical thrombectomy.
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Background: After carotid artery angioplasty with stenting (CAS), it is unclear which risk factors are related to long-term outcomes, including in-stent restenosis (ISR). This study aimed to assess the factors associated with restenosis after CAS with a median follow-up of 35.7 months.
Materials and methods: Patients who underwent CAS from January 2013 to December 2018 were included if they had symptomatic or asymptomatic carotid artery stenosis. The carotid Doppler ultrasonography (CDU) was followed up after the procedure. We defined at least 50% restenosis using the criteria that the internal carotid artery (ICA) peak systolic velocity (PSV) was greater than 224 cm/s or the ICA to common carotid artery PSV ratio was higher than 3.4. The risk factors for ISR were also assessed.
Results: Of the 189 patients, 122 had symptomatic carotid artery stenosis, and 67 had asymptomatic carotid artery stenosis. Patients were evaluated by CDU for a median of 35.7 months (interquartile range 19.5 to 70.0). Kaplan–Meier analysis showed that the longest time to ISR was 39 months, and ISR-free was better in the asymptomatic CAS group. In all groups, ISR was independently associated with current smoker [adjusted odds ratio (aOR), 3.425; 95% confidence interval (CI), 1.086 to 10.801] and elevated ICA PSV at baseline (aOR, 1.004; 95% CI, 1.001 to 1.007).
Conclusion: Independent risk factors for ISR in the CAS group included current smoking and elevated ICA PSV at baseline. In the symptomatic CAS group, alcohol was independently associated with the ISR. ISR did not occur after 39 months from the CAS procedure in our study patients. Future studies with extended follow-up are necessary to fully understand the long-term outcomes of CAS.
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Introduction

Cerebrovascular disease was a major cause of death and disability (1). Approximately 8% to 25% of ischemic strokes are related to carotid artery stenosis (2). To prevent ischemic stroke, treatments such as carotid angioplasty and stenting (CAS) insertion are recommended for significant carotid stenosis (3). In addition to preventing stroke, reopening carotid stenosis enhances the quality of life by reducing vertigo and improving cognition (4). Therefore, stent insertion has effects beyond stroke prevention over time.

According to previous reports, ischemic stroke in asymptomatic patients with carotid stenosis of more than 50% is reported in 10%–15% of the cases (5). According to guidelines published by the American College of Cardiology (ACC) and American Heart Association (AHA), CAS is recommended for symptomatic patients with stenosis greater than 50% identified by catheter angiography (6). The AHA and American Stroke Association (ASA) advise preventive CAS as the primary stroke prevention method if there is 70% asymptomatic carotid stenosis on carotid Doppler ultrasonography (CDU) (7). In a recent systematic study, CAS did not significantly enhance the risk of perioperative death or stroke in patients with asymptomatic carotid artery stenosis compared to those with carotid endarterectomy (CEA) (8). However, owing to a lack of available data at the time, an investigation of long-term efficacy was not possible (9). Unfortunately, there is always controversy regarding the optimal treatment strategy for patients with carotid disease (10).

Recent advancements in engineering tools have significantly impacted the field of medical image processing and simulations, particularly in predicting blood hemodynamics (11). These tools enable precise and non-invasive assessments of cardiovascular conditions, facilitating early diagnosis and better treatment planning (12). However, clinical studies involving stroke prevention and results reported more than 3 years after CAS are uncommon. Age, female sex, smoking, diabetes, dyslipidemia, hypertension, radiation to the head and neck, and hemodynamic conditions are all identified risk factors for in-stent restenosis (ISR); however, they vary according to the study (13). Most previous studies did not specify the processes or patient characteristics, imaging modalities used for ISR diagnosis, or universal ultrasonography criteria for ISR identification. Furthermore, few studies have used CDU in South Korea on factors related to restenosis following symptomatic and asymptomatic CAS (14). Therefore, this retrospective study aimed to assess the associated factors of significant restenosis after CAS with a median follow-up of 35.7 months.



Materials and methods


Participants

This retrospective study included patients who underwent CAS at Kyung Hee university hospital between January 2013 and December 2018. A total of 269 consecutive CAS was performed. Due to insufficient procedure date, pre- and post-CDU, and pre-digital subtraction angiography (DSA), 80 patients were excluded. We removed all personal identifiers from the dataset to ensure the privacy and confidentiality of the study participants. We included a total of 189 patients (age range: 49–90 years, mean age: 71 years).

We included the patients who underwent CAS for symptomatic or asymptomatic carotid stenosis. Symptomatic carotid stenosis was defined as stenosis of the internal carotid artery (ICA) causing ischemic stroke, transient ischemic attacks, or amaurosis fugax ipsilateral to the lesion in the past 6 months, with moderate ipsilateral carotid stenosis greater than 50% as determined by digital subtraction angiography (15). Asymptomatic carotid stenosis was defined as having at least 70% stenosis as identified by CDU, or at least 60% stenosis as determined by angiography (16).

Patients were excluded if DSA was not performed before CAS and if CDU was not performed at least once before and after CAS. Furthermore, patients with severe comorbidities (e.g., end-stage disease, severe renal failure, or liver failure) that could significantly impact study outcomes were also excluded.

Finally, 189 patients were enrolled for analysis; 122 had symptomatic stenosis, and 67 had asymptomatic stenosis (Figure 1). Missing values were addressed using the last observation carried forward (LOCF) method. For patients lost to follow-up, the last available data point was utilized. Additionally, regular clinic visits were scheduled at 6-month intervals. CDU assessments were conducted at each visit to monitor for in-stent restenosis and other relevant outcomes.

[image: Flowchart detailing CAS cases from January 2013 to December 2018. Total is 269 cases, with 80 excluded due to missing procedures. Analyzed cases are 189, divided into 67 asymptomatic with two ISR cases, and 122 symptomatic with 13 ISR cases.]

FIGURE 1
 Flow diagram of patient enrollment Study flow chart depicting all patients enrolled in the study as well as the events precluding patients from this analysis. CAS, carotid artery angioplasty with stenting; CDU, carotid Doppler ultrasonography; DSA, digital subtraction angiography; ISR, in-stent restenosis.




Baseline risk factors and imaging parameters

Hospital records were used to gather information on patient demographics, CAS indications, and peri- and post-procedural results, including demographics (age, sex), medical history [diabetes mellitus, hypertension, dyslipidemia, prior stroke, chronic heart disease, history of active cancer, peripheral artery disease, atrial fibrillation, previous head and neck radiation therapy, current smoking (an adult who currently smokes cigarettes and has smoked 100 cigarettes during their lifetime), and moderate alcohol consumption (up to one drink per day for women and up to two for males is considered moderate drinking), imaging data, and procedural data].

DSA and CDU analyzed the most recent data before CAS. The pre- and peri-procedural image parameters included the location of the stenosis, presence of irregular or ulcerated plaque surfaces, plaque characteristics such as echogenic features, ICA peak systolic velocity (PSV), ICA end-diastolic velocity (EDV), ICA to common carotid artery (CCA) PSV ratio, residual stenosis rate (European carotid surgery trial (ECST) criteria), and presence of post-stent adjunctive balloon dilation. The North American symptomatic carotid endarterectomy trial (NASCET) criteria were used to estimate stenosis in the pre-procedure images.



Carotid artery stent implantation and pre- and post-procedural management

At least 5 days before the stent placement, participants took dual antiplatelet agents such as aspirin (100 mg once daily), clopidogrel (75 mg once daily), or ticlopidine (250 mg twice daily). The CAS was performed under local anesthesia, and pre-stent balloon dilation was determined using DSA data on the degree of stenosis and the location of the stenotic artery. Neurointerventionists selected the stent in consideration of the length and composition of the lesion, vascular morphology, vessel diameter, and plaque characteristics. Only an inappropriate group of patients with more than 30% residual stenosis after stent expansion received adjunctive balloon dilation (17). All patients were administered dual antiplatelet medications (aspirin 100 mg/day, clopidogrel 75 mg/day, ticlopidine 500 mg/day, cilostazol 200 mg/day, or dipyridamole 400 mg/day) and moderate-to-high doses of statins according to the 2018 AHA guidelines for at least 3 months following CAS (18). Antiplatelet and statin were evaluated over the observation period, and statin intensity was classified as high, moderate, or low in accordance with the 2018 AHA guidelines. Low-density lipoprotein cholesterol (LDL) levels were assessed on the last day of the CDU examination.



Carotid Doppler ultrasonography and in-stent restenosis

CDU evaluation was based on the guidelines for vascular ultrasonography published by the Korean Society of Neurosonology (19). Philips Affiniti 70 ultrasonography devices were adopted, and ultra-wideband probes of 5.0 to 12.0 MHz and micro-convex probes of 2.0 to 9.0 MHz were selected. The CDU was followed up after CAS, and the patients were recommended for follow-up at 6-month intervals after CAS. All ultrasonographic examinations were performed by a specialist at the cerebrovascular ultrasonography laboratory. The degree of stenosis and Doppler velocity were measured in the region with the greatest lumen reduction (Supplementary Figure 1). Although there is no accepted international standard for CDU-based ISR (20), we adopted modified criteria for diagnosis of ISR after CAS (if the ratio of PSV of the ICA to CCA is 3.4 or higher or PSV of ICA is 224 cm/s or higher in the CDU, stenosis degree is considered to be at least 50% or greater) (21). We investigated the factors that could increase the risk of ISR in the symptomatic and asymptomatic groups. All CDU examinations were performed by a specialist at the cerebrovascular ultrasonography laboratory.



Statistical analysis

For continuous variables, results were presented as mean ± standard deviation (SD) or median (interquartile range), whereas for categorical variables, results were expressed as the number of participants (%). Fisher’s exact test was used to compare categorical variables, and an independent Student’s t-test was used to compare continuous variables. Given the small sample size, variables with p < 0.2 from the univariate logistic regression analysis were included in the multivariable logistic regression model using the backward elimination technique to evaluate independent risk factors for ISR (22). We also incorporated variables that are well-established in the literature as potential risk factors for ISR, even if they did not meet the statistical threshold in our univariate analysis. Prior to inclusion in the multivariable logistic regression analysis, multicollinearity was assessed using the variance inflation factor (VIF), and variables with high VIFs were excluded to ensure model stability and interpretability. The odds ratios (OR) and 95% confidence intervals (CI) were obtained. Kaplan–Meier analysis of the symptomatic and asymptomatic CAS groups was used to assess cumulative ISR-free time. All tests were conducted on both sides, and p < 0.05 was considered statistically significant. Statistical Package for the Social Sciences software (version 23.0; IBM Corp., Armonk) was used for the statistical analysis.




Results


Patients’ characteristics

A total of 67 asymptomatic patients underwent CAS, with a mean age of 70.4 ± 7.9 years (mean ± standard deviation), and 59 (88.1%) were males. There were 30 (44.8%) patients with diabetes, 58 (86.6%) with hypertension, 45 (67.2%) with dyslipidemia, and 15 (22.4%) were current smokers, with mean stenosis of 80.0% ± 9.5%, mean ICA PSV of 315.9 ± 153.2 cm/s, and ICA/CCA PSV ratio of 4.5% ± 2.5 (Tables 1, 2).



TABLE 1 Baseline characteristics of all patients undergoing carotid artery stenting.
[image: A table presenting the demographic, vascular risk factors, follow-up period, and laboratory parameters of 189 individuals, categorized into asymptomatic and symptomatic carotid artery stenosis (CAS) groups, along with ISR (in-stent restenosis) group analysis. Variables include age, sex, diabetes, hypertension, dyslipidemia, previous stroke, chronic heart disease, cancer, and peripheral artery disease, among others. Laboratory parameters include white blood cell count, hemoglobin, platelet count, creatinine, cholesterol levels, and HbA1c. Bold values indicate statistically significant results with a p-value less than 0.05.]



TABLE 2 Baseline imaging characteristics of the total number of patients.
[image: Table presenting data on carotid artery angioplasty with stenting, comparing overall, asymptomatic, and symptomatic groups. Variables include stenosis site, pre-procedure degree of stenosis, stenosis location, irregular plaque surfaces, and calcification. Additional factors cover Doppler ultrasound measurements like ICA and CCA velocities, and procedural factors such as post-stent balloon dilation. Statistical significance is marked for certain variables with p-values less than 0.05, indicated in bold. The table includes mean values, standard deviations, and patient counts.]

On the other hand, 122 symptomatic patients underwent CAS, with a mean age of 70.4 ± 7.6 years, and 107 (87.7%) were males. There were 56 (45.9%) patients with diabetes, 104 (85.2%) with hypertension, 94 (77.0%) with dyslipidemia, and 32 (26.2%) were current smokers, with mean stenosis of 79.4 ± 10.7%, 9 (7.4%) with post-stent adjunctive balloon dilation, mean ICA PSV of 343.4 ± 172.1 cm/s, and ICA/CCA PSV ratio of 5.6 ± 4.0 (Tables 1, 2).



In-stent restenosis

Patients were followed up by ultrasonography for a median of 35.7 months [interquartile range (IQR), 19.5 to 70.0], and 15 (7.9%) had ISR. The rates of ISR were not significantly different in patients with asymptomatic and symptomatic CAS groups (3.0% vs. 10.7%, p = 0.062). In the asymptomatic CAS group, the rates of head and neck radiation therapy (7.5% vs. 1.6%, p = 0.043) were significantly higher, and baseline hemoglobin (12.9 ± 2.2 vs. 13.6 ± 1.7, p = 0.024) was significantly lower. In the ISR group, the rates of current smokers (23.0% vs. 46.7%, p = 0.042) and ICA PSV at baseline were significantly increased (326.0 ± 165.2 cm/s vs. 422.5 ± 151.3 cm/s, p = 0.030). Furthermore, the rates of post-stent adjunctive balloon dilation were significantly lower in the symptomatic CAS group (20.9% vs. 7.4%, p = 0.007; Tables 1, 2).

At least one antiplatelet medication was maintained by the patient 3 months after the procedure, and the ISR group had a high rate of dual antiplatelet medication use (64.4% vs. 80.0%, p = 0.221). The symptomatic CAS group had administered more high-intensity statins (22.4% vs. 41.8%, p = 0.019), while the final LDL level of the ISR group was significantly lower (74.5 ± 25.6 vs. 60.1 ± 19.4, p = 0.034; Table 3).



TABLE 3 Comparison of maintenance therapy for patients with or without restenosis of all patients undergoing CAS.
[image: A table comparing lipid levels and treatments in patients with carotid artery angioplasty, split into categories: Overall, Asymptomatic CAS, Symptomatic CAS, ISR (-) group, and ISR (+) group. Variables include baseline and final LDL-C levels, antiplatelet treatment choices, type of statins, and intensity of lipid-lowering treatment. Significant values include a decrease in LDL-C in the ISR (+) group and variations in low-intensity statin use, which are highlighted in bold.]

In the overall CAS group, current smoking (OR, 2.931; 95% CI, 1.001 to 8.581) and elevated ICA PSV at baseline (OR, 1.004; 95% CI, 1.001 to 1.007) were associated with ISR using univariate logistic regression analysis (Supplementary Table 1). In multivariable logistic regression analysis, current smoking (adjusted odds ratio (aOR), 3.425; 95% CI, 1.086 to 10.801) and elevated ICA PSV at baseline (aOR, 1.004; 95% CI, 1.001 to 1.007) were independently associated with the ISR (Table 4).



TABLE 4 Multivariable logistic regression analysis of clinical variables for carotid restenosis after CAS.
[image: Table showing variables affecting a medical outcome with their adjusted odds ratios and p-values. Significant results are bolded: ICA PSV has odds ratio 1.004 (p=0.037), current smoking 3.425 (p=0.036). Baseline LDL-C and symptomatic CAS are not statistically significant.]

In the symptomatic CAS group, elevated ICA PSV at baseline (OR, 1.004; 95% CI, 1.001 to 1.007) was associated with ISR using univariate logistic regression analysis (Supplementary Table 1). In multivariable logistic regression analysis, alcohol (aOR, 4.239; 95% CI, 1.090 to 16.484) was independently associated with the ISR (Supplementary Table 2).

Kaplan–Meier analysis showed ISR-free time between the symptomatic and asymptomatic CAS groups (Figure 2). In patients with asymptomatic CAS, the mean time of ISR-free time was 135.2 ± 3.3 months (mean ± SD), and the longest time to ISR noted was 39 months. In patients with symptomatic CAS, the mean time of ISR-free was 127.8 ± 4.7 months, and the longest time to ISR was 39 months. Compared with the symptomatic CAS group, ISR-free was better in the asymptomatic CAS group (p = 0.043).

[image: Kaplan-Meier survival plot showing survival probability over time for asymptomatic and symptomatic groups. Asymptomatic group (blue line) has higher survival probability than symptomatic group (green line). Censored data points are marked with crosses. Log-rank test indicates a significant difference (P < 0.05) between groups. The x-axis represents time in months, and the y-axis represents survival probability. A table below lists numbers at risk at different time points.]

FIGURE 2
 Kaplan–Meier analysis showed a significant difference in stent restenosis-free time between symptomatic and asymptomatic carotid artery angioplasty with stenting groups (log-rank test p = 0.043).





Discussion


Findings of our study

This study demonstrated that ISR was significantly associated with current smoking and elevated ICA PSV in the CAS group. Additionally, alcohol consumption was an independent risk factor for ISR in the symptomatic CAS group. According to the Kaplan–Meier analysis, ISR occurred in all CAS groups within 39 months of follow-up, and the ISR-free time was longer in the asymptomatic CAS group than that in the symptomatic CAS group. Even after 3 months, the patients continued to take antiplatelet drugs at least once, and the ISR group had a higher rate of dual antiplatelet medication use. The final LDL level in the ISR group was significantly lower than that in the symptomatic CAS group, which received high-intensity statins.



Plausible mechanism

Since a few decades ago, there has been an interest in the mechanism of extracranial carotid atherosclerosis (ECAS) incidence in smokers, which is not well known. Many studies have suggested that smoking is a major risk factor for carotid atherosclerosis (23). This research has consistently demonstrated that smoking increases the risk of ISR. It is estimated that smoking causes oxidative stress, vascular inflammation, platelet coagulation, vascular dysfunction, and impaired serum lipid profiles and has a detrimental effect on the cardiovascular system (24).

Previous studies have shown that ICA PSV is better associated with lumen stenosis and is less affected by distal ICA occlusive diseases, such as moyamoya disease (25). ICA PSV measurements show changes in physiological flow with increasing carotid stenosis levels (26). Endothelial cells surrounding artery walls are sensitive to the mechanical pressures generated by blood flow (27). It is possible that the mechanical sensitivity of the endothelial cell has increased after being exposed to elevated ICA PSV over a prolonged period of time.

The effects of alcohol on carotid atherosclerosis have been previously studied, but the outcomes of these studies have been inconsistent (28). An earlier study found that alcohol is substantially correlated with carotid intima-media thickness in young adults between the ages of 24 and 39 years, even after considering age, sex, and cardiovascular risk factors (29). This finding suggests that alcohol may promote atherosclerosis. It is assumed that because there were more alcohol drinkers in the symptomatic CAS group, alcohol may have had a more significant impact on ISR.

Statins have anti-inflammatory effects that stabilize carotid artery damage and may even slow or stop plaque growth over time (30). Interestingly, after the procedure, high-intensity statins were provided to the high-risk group to lower LDL levels, but the final LDL level was significantly lower in the ISR group. This suggests that the causes of ISR are complex.



Comparison with previous studies and clinical implications

Recent investigations have shown that CAS is a successful treatment option for patients with carotid atherosclerotic stenosis (31). In the carotid revascularization endarterectomy vs. stenting trial, the incidence of an ipsilateral stroke was four times higher in participants with restenosis or occlusion within 2 years than in those without restenosis or occlusion (32). A critical problem with CAS is the formation of in-stent neointimal proliferation, which may result in restenosis of the stented vessel (33). ISR was likely to occur after more than 12 months (34). Rates of ISR in other studies with extensive follow-up ranged from 1.7% to 21%, and the incidence of ISR was 6% after 2 years (32). Our study found that the last ISR occurred at 39 months, and the prevalence of ISR (>50%) over the entire period was 7.9% in the overall groups, 3.0% in the asymptomatic group, and 10.7% in the symptomatic group, which was similar to the those of a previous study. The Society for Vascular Surgery recommends that CDU be performed at baseline, every 6 months for 2 years, and annually thereafter if the stent insertion site does not demonstrate stenosis (35). Considering the occurrence of ISR for up to 39 months, we propose to perform regular CDU for the first 3 years.

The ISR has been investigated in previous studies. However, most studies have been conducted in America or Europe (36, 37). In previous research, age, female sex, diabetes, angina, a higher degree of stenosis in the opposite carotid artery, hypertension, dyslipidemia, and smoking were considered independent predictors of ISR (38). Except for current smoking, elevated ICA PSV, and alcohol consumption, our study showed no other parameters to be substantially correlated with ISR. According to the Korea National Health and Nutrition Examination Survey for 2008–2017, decreased sodium intake and metabolic syndrome prevalence were stabilized (39). Therefore, it is possible that better control of diseases, including diabetes, hypertension, dyslipidemia, and smoking, has resulted in a decrease in ISR.

The cumulative 5-year risk of ISR (>50%) was 40.7% based on the second analysis of the international carotid stenting study (38). In our study, Kaplan–Meier analysis showed that the cumulative ISR-free over the median follow-up period of 35.7 months. Was 95.6% in the asymptomatic CAS group and 85.1% in the symptomatic CAS group. The reason the cumulative ISR-free over the median follow-up period of 35.7 months was higher than that in previous studies may be that our stroke center was a certified training center, and interventionists had more than 10 years of experience. The ACC/AHA and the European Society for Vascular Surgery guidelines suggest that patients undergo carotid artery stenting performed in a hospital with a periprocedural complication rate of less than 6% (40). The incidence of complications during the procedure in this study was 2.1%, and the ability of the interventionists likely had an impact on the reduction in ISR.

Most prior studies have demonstrated that antiplatelet therapy does not influence ISR, a finding that aligns with the results of our investigation (41). Conversely, there are studies indicating that statin use does affect ISR, which contrasts with our findings (42). This discrepancy is likely attributable to variations in baseline demographics, such as initial LDL levels, symptom status, and ICA PSV levels.

The findings of our study have several important practical implications for the management of carotid artery stenosis. Our information can be used to enhance screening and monitoring protocols for patients undergoing CAS, allowing for more personalized follow-up schedules and interventions. Furthermore, this could improve patient outcomes by selecting those who are less likely to experience restenosis and by considering alternative treatments for higher-risk individuals.



Limitations

This study has some limitations. First, it used a small sample size and a non-randomized design in a single center. Therefore, this result is vulnerable to selection bias, provides restricted power for logistic regression analysis, and cannot be generalized to the global population. Second, the interval between the two rounds of CDU was irregular. This may have underestimated the prevalence of ISR. Third, follow-up imaging, including magnetic resonance angiography, computed tomography angiography, and DSA after CAS, were not included in this study, as only CDU was followed. It is impossible to rule out false-positive results when predicting ISR through the PSV of CDU because the opposite carotid stenosis or occlusion may increase the blood flow velocity in-stent lesions. Fourth, the presence of residual confounding factors could not be completely eliminated, even after adjusting for primary risk factors and they may still have clinical relevance and warrant further investigation in future studies with larger sample sizes. Fifth, the rate of ISR may have differed because there are no universally accepted ultrasonography criteria for detecting it. The outcome may change depending on the adopted ISR criteria. Finally, the duration of smoking and drinking was not considered. Previous research has shown that alcohol use and atherosclerosis have a J-shaped relationship and that smoking increases the risk of developing ECAS (43). Additional research focusing on the duration of drinking and smoking is required.




Conclusion

Independent risk factors for ISR in the CAS group included elevated ICA PSV and current smoking at baseline. In the symptomatic CAS group, alcohol was independently associated with the ISR. ISR is often present within 39 months after the CAS procedure based on our median follow-up of 35.7 months. However, we recognize that a longer follow-up period could provide additional insights into the timing and frequency of ISR development. Future studies with extended follow-up are necessary to fully understand the long-term outcomes of CAS.
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Aim: To explore the association of Hemoglobin-to-Red Cell Distribution Width Ratio (HRR) with the risk of three-month unfavorable outcomes in acute ischemic stroke (AIS).
Methods: A secondary analysis was conducted based on a prospective cohort study. A total of 1,889 patients with AIS treated in South Korea from January 2010 to December 2016 were enrolled. Multivariable logistic regression was conducted to investigated the independent relationship between HRR and risk of three-month unfavorable outcomes in AIS. Fitted smoothing curves were used to determine non-linear correlations. The recursive method was employed to explore the turning point and build a two-piece linear regression model. In addition, a set of subgroup analyses were carried out to evaluate the relationship between HRR and risk of three-month unfavorable outcomes.
Results: Multivariate analysis in which potential confounders were adjusted for indicated that the risk of unfavorable outcomes was reduced by 10% for each unit increased of HRR [OR = 0.90, 95% CI: 0.84–0.96, p = 0.0024]. In addition, a non-linear relationship was observed between HRR and risk of three-month unfavorable outcomes, which had an inflection point of HRR was 10.57. The effect sizes and the confidence intervals on the left side of the inflection point were 0.83 (0.75, 0.91), p = 0.0001. On the right side of the inflection point, no association was found between HRR and the risk of three-month unfavorable outcomes.
Conclusion: This study demonstrates a negative association between HRR and risk of three-month unfavorable outcomes. The relationship between HRR and risk of three-month unfavorable outcomes is non-linear. The correlation is negative for HRR values less than 10.57. For, HRR higher than 10.57, HRR is not associated with the risk of three-month unfavorable outcomes.
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Introduction

Stroke is the second leading cause of death worldwide, with acute ischemic stroke (AIS) accounting for approximately 80% of all stroke cases (1). Although it has high mortality and recurrence rates, AIS can be prevented. Early screening and implementation of effective interventions can slow down the progression of AIS and early neurological deterioration, thereby improve patient outcomes.

The ratio of hemoglobin to red blood cell distribution width (HRR) is a simple and robust biomarker of inflammation calculated from hemoglobin and red blood cell distribution width (RDW).

Several studies have demonstrated that HRR contribute to the occurrence, development and prognosis of various diseases (2–7). Qin et al. reported a relationship between HRR and mortality in AIS patients with atrial fibrillation (8). Eyiol and Ertekin have shown that a low HRR measured upon hospital admission is a valuable marker for predicting stroke mortality and determining stroke severity (9). For stroke outcome assessment, several guidelines recommend using the modified Rankin Scale (mRS) score at 3 months as the preferred endpoint due to its strengths in evaluating functional status (10). Accurate prediction of functional outcomes in stroke patients can improve treatment interventions, guide patient and family education, and optimize rehabilitation and discharge planning (11). However, to our knowledge, none study conducted statistical analysis to determine the association of HRR with the risk of three-month unfavorable outcomes in AIS patients. Hence, we conducted a secondary analysis of data from a cohort of 1906 study to generate evidence to guide future application of HRR in prognostic evaluation of AIS patients.



Materials and methods


Study population

This was a second analysis based on data from a prospective cohort study (12). The original study examined 2,084 patients with acute ischemic stroke who were admitted within 7 days of symptom onset using the single-center prospective registry method. In the study, participants who lacked laboratory information or dysphagia test within 24 h of admission, and the modified 3-month mRS score data after hospitalization were excluded. In our study, extreme outliers greater or less than 3-fold standard deviations from the mean were excluded.



Variables

The general characteristics of the study cohort including age, sex, body mass index (BMI), white blood cells (WBC), platelet (PLT), total serum cholesterol (TC), serum triglyceride (TG), serum high-density lipoprotein cholesterol (HDL-c), serum low-density lipoproteins cholesterol (LDL-c), serum creatinine (Scr), Blood urea nitrogen (BUN), aspartate aminotransferase (AST), alanine aminotransferase (ALT), hemoglobin concentration (HGB), Red cell distribution width (RDW), diabetes mellitus (DM), Hyperlipidemia, atrial fibrillation (AF), Coronary heart disease(CHD), hypertension, Smoking, and National Institutes of Health Stroke Scale (NIHSS) scores were recorded.

We selected the HRR as the independent variable while the dependent variable was the 3-month function outcome in patients with AIS (dichotomous variable: unfavorable outcome, favorable outcome).

Three-month outcomes after AIS onset were determined based on the mRS score. Participants were divided into two groups: favorable outcomes and unfavorable outcomes. The unfavorable outcomes was defined as mRS score ≥ 3; the favorable outcomes was defined as the mRS score < 3.



Statistical analyses

For continuous variables, we reported the mean values plus the standard deviations (SD) to show variability. To identify any significant differences in three-month outcomes among AIS patients, we employed statistical tests appropriate for the data distribution: one-way ANOVA for normally distributed data, Kruskal-Wallis H test for skewed data, and the chi-square test for categorical variables. Univariate and multivariate logistic regression models were utilized to estimate the correlation between HRR and the risk of three-month outcomes. Besides, we analyzed the effect of confounding factors on the model and provided three adjusted models. The results are presented as hazard ratio (HR) with 95% confidence intervals (CI). In model I, no covariates were adjusted. In model II, only age and sex were adjusted. In model III, all possible confounders were adjusted. We assessed potential confounding factors by looking for changes in the effect estimate greater than 10%. Moreover, we statistically adjusted for the influence of some major complications, including such as hyperlipidemia; CHD; AF; DM; and hypertension.

We further analyzed the nonlinearity between the HRR and risk of three-month outcomes using smooth curve fitting. If nonlinearity was detected, we first conducted the saturation effect to find the inflection point. Finally, we performed a subgroup analysis to investigate whether HRR could affect different subgroups, including gender, hyperlipidemia, CHD, AF, DM, and hypertension. In addition, we explored the potential for unmeasured confounding between HRR and risk of three-month outcomes by calculating E-values. Data indicated that the influence of unknown or unmeasured variables on the observed correlation between HRR and risk of three-month outcomes in AIS patients may have been likely minimal. This is because the E-value (1.29) is greater than the relative risk of HRR and potential confounding factors (1.14) (13).




Results


Population

In total, 1,889 patients were enrolled in this study, among whom 1,168(61.28%) were female. The age distribution was as follows: 436(22.88%) patients were under the ages of 60, 505(26.5%) between the ages of 60 and 70, 670(35.15%) patients were between the ages of 70 and 80, and 295(15.48%) patients were over the age of 80. The baseline characteristics grouped according to tertiles of the HRR are presented in Table 1. Patients in the high tertile of HRR had the highest BMI, WBC, PLT, TC, TG, LDL-c, Scr, ALT, and lowest prevalence of comorbidities such as DM, CHD, and AF. Low tertile of HRR value accounted for the highest proportion of low NIHSS and was more likely to smoke (Figure 1).



TABLE 1 Baseline characteristics of participants.
[image: A table summarizing health and demographic data across different Heart Rate Recovery (HRR) tertiles: Low, Middle, and High. It includes participant numbers, age distribution, sex, BMI, and various blood measurements like WBC, PLT, TC, TG, HDL-c, LDL-c, as well as Scr, BUN, AST, ALT, HGB, RDW. The table also lists comorbidities (DM, CHD, AF, hyperlipidemia, hypertension, smoking) and NIHSS scores. p-values indicate statistical significance for each parameter between tertiles.]

[image: Flowchart detailing patient selection for a study. Initially, 2,084 patients with acute ischemic stroke are noted, narrowing to 1,906 after excluding 178 for specific criteria. The final study includes 1,889 participants after excluding 17 with abnormal and extreme RAR.]

FIGURE 1
 Flow diagram of the patient selection process.




Univariate analysis

Our univariate analysis indicated the risk of unfavorable three-month outcomes was decreased in line with rising HRR (Table 2). Specifically, each unit increase in HRR corresponded to a 10% rise in the risk of unfavorable three-month outcomes [OR 0.81, 95% CI 0.81–0.77, p < 0.0001]. In addition, age, sex, WBC, Scr, AST, DM, AF, hyperlipidemia, and NIHSS were positively correlated with the risk of unfavorable three-month outcomes. BMI, HDL-c, ALT, hypertension, and smoking were negatively correlated with risk of unfavorable three-month outcomes.



TABLE 2 Univariate analysis.
[image: Table presenting variables, statistics, odds ratios (OR) with confidence intervals (CI), and p-values. Key variables include age, sex, BMI, white blood cell count, and cholesterol levels, evaluating their association with outcomes. Conditions like diabetes, heart disease, and hypertension are assessed. The table also notes odds ratios for variables like age and sex, with statistical significance indicated by p-values.]



Association between HRR and 3-month unfavorable outcomes in patients with AIS

Univariate and multivariate logistic regression models were constructed to evaluate the associations between the HRR and three-month outcomes in patients with AIS. Meanwhile, the non-adjusted and adjusted models are presented in Table 3. When HRR was treated as a continuous variable, the increase in HRR value was associated with a significant decrease in the unfavorable three-month outcomes [OR 0.90, 95% CI 0.84–0.96, P 0.0024]. In addition, the total HRR was converted to a categorical variable (tertile). No changes were observed in the trends, and p values in all of the models were < 0.05.



TABLE 3 Univariate and multivariate logistic regression analysis.
[image: Table comparing odds ratios (OR), confidence intervals (CI), and p-values for HRR across three models: Non-adjusted, Adjust I, and Adjust II. HRR non-adjusted OR is 0.81, Adjust I OR is 0.85, Adjust II OR is 0.90. Trisections of HRR show descending odds from Low to High with respective ORs for Adjust I and II. P for trend is significant in all models. Model I adjusts for sex and age; Model II adjusts for multiple factors including BMI, DM, and hypertension.]



Nonlinear relationship between the HRR and 3-month unfavorable outcomes in patients with AIS

Analysis of the data showed an L-shaped relationship between HRR and the three-month unfavorable outcomes in AIS patients after the smoothing spline fitting was applied and covariates were adjusted for Figure 2. Using a two-segment linear regression model, the inflection point was found at 10.57 (Table 4). When the HRR was≤10.57, the unfavorable three-month outcomes risk decreased by 17% per unit increase in HRR (OR = 0.83, p = 0.0001). However, when HRR >10.57, this negative correlation was not detected (OR = 1.10, p = 0.2891) (Table 4).

[image: Line plot showing the relationship between HRR (horizontal axis) and the risk of unfavorable outcomes (vertical axis). The red line indicates the trend, while the blue dotted lines represent confidence intervals. The risk decreases initially with higher HRR then stabilizes. A rug plot at the base marks individual data points distribution along the HRR axis.]

FIGURE 2
 Nonlinearity addressing of HRR and risk of unfavorable outcomes at three-month.




TABLE 4 Two-segment linear regression analysis.
[image: A table comparing standard linear regression and two-piecewise linear regression models. The standard model shows an odds ratio of 0.90 with a 95% confidence interval of 0.84 to 0.96 and a p-value of 0.0024. The two-piecewise model has an inflection point at 10.57, with odds ratios of 0.83 for values less than or equal to 10.57 (95% CI: 0.75 to 0.91, p-value: 0.0001) and 1.10 for values greater than 10.57 (95% CI: 0.93 to 1.30, p-value: 0.2891). The log likelihood ratio test p-value is 0.015. Adjusted factors include sex, age, BMI, DM, CHD, AF, hyperlipidemia, hypertension, and NIHSS.]



Subgroup analysis

To validate the stability of our results, subgroup analyses were conducted while considering several confounding variables (Table 5) The interaction test was not statistically significant for sex, age, BMI, DM, CHD, AF, hyperlipidemia, hypertension, and NIHSS (p for interaction = 0.8669, 0.7529, 0.1345, 0.3020, 0.3824, 0.0653, 0.7923, 0.0689, 0.4078, respectively).



TABLE 5 Subgroup analysis of the relationship between HRR and the three-month function outcomes.
[image: Table showing characteristics with odds ratios (OR), 95% confidence intervals (CI), P-values, and P for interaction. Characteristics include age, gender, BMI, hypertension (HT), diabetes mellitus (DM), hyperlipidemia, coronary heart disease (CHD), atrial fibrillation (AF), and NIHSS. OR ranges from 0.82 to 0.95. P-values and P for interaction vary, with some significant values below 0.05. The model is adjusted for several factors but not for stratification variables.]




Discussion

Considering the direct association between the central nervous system, blood flow, and tissue oxygen delivery, anemia is postulated to be closely associated with the development and progression of stroke (14). Besides, anemia can up-regulated the levels of inflammatory mediators, thereby lead to poor prognosis of stroke patients (15). In a meta-analysis conducted by Li et al., 13 cohort studies comprising 10,009 stroke patients were included. The study found that anemia increased the risk of death in stroke patients (16). However, Liu et al. found that both low hemoglobin values and high hemoglobin values were associated with adverse stroke outcomes, exhibiting a U-shaped association (17). Some factors influence hemoglobin levels, such as the source of the blood sample, body position, time of day (18), which cause instability when hemoglobin is employed to predict the prognosis of AIS.

RDW is a parameter that reflects heterogeneity of red blood cell size with the potential to influence the prognosis of many diseases, including sepsis, cancer, cardiovascular and cerebrovascular diseases (19–23). After multivariate Cox regression analysis, Xue et al. found that when RDW < 16.7%, it was positively correlated with poor prognosis of stroke (24). He et al. (25) also observed a correlation between higher RDW values measured during different stages of peripheral thrombolysis and an increased risk of hemorrhagic transformation and recurrent strokes. However, the exact mechanisms by which RDW contributes to a poor stroke prognosis remain unclear. Inflammation and oxidative stress are potential underlying factors that warrant further investigation. Inflammatory cytokines can prevent erythropoietin-induced erythrocyte maturation by inhibiting the bone marrow, which is reflected in increased RDW (24). In addition, oxidative stress can disrupt erythropoiesis and alter blood cell membrane deformability and the half-life of RBC in circulation, resulting in high heterogeneity in RBC size (26).

HRR (Hb/RDW) is a new inflammatory marker which stably reflect the degree of oxidative stress and systemic inflammatory response in the body (27). Accumulating evidence has indicated that HRR is a new prognostic indicator of patients with diseases. For example, Liu et al. explored the relationship between patients with non-traumatic subarachnoid hemorrhage HRR values (28). Yılmaz et al. found that HRR is an independent prognostic parameter that predict the progression and survival of patients with metastatic renal cancer (29). Song et al. found that Hb/RDW-SD was negatively linked to the 3-month readmission in elderly heart failure patients (30). In our study, HRR was associated with stroke outcomes at 3 months, with a lower HRR indicating a poorer functional outcome. A piecewise linear regression model was used to calculate the critical inflection point for HRR. We observed a non-linear relationship where, in AIS patients, there was a negative correlation between HRR ≤ 10.57 and the risk of unfavorable outcomes at 3 months, while HRR > 10.57 showed no association with the risk of unfavorable outcomes at 3 months. This non-linear relationship exhibited a saturation effect, indicating that the impact of HRR as an inflammatory factor on AIS prognosis is limited. Therefore, during clinical practice in order to improve patient prognosis we should keep HRR at a high level, but the contribution of increasing HRR to the improvement of AIS prognosis becomes insignificant after HRR exceeds 10.57.

This study has several strengths. Firstly, to the best of our knowledge, this is the first study to explore the association of the HRR with the three-month outcomes in patients with AIS. Secondly, we showed that HRR exhibited a specific non-linear relationship and saturation effect with unfavorable three-month outcomes, and calculated the point. Third, to increase the stability of our results, we conducted subgroup analyses. In addition, we calculated the E-value and confirmed that uncontrolled or unmeasured confounders could not explain our results.

Nevertheless, there are some limitations in this study. First, this is a secondary analysis derived from original data which lacked sufficient information regarding other details of the study population. Therefore, future prospective studies should resolve this problem. Second, since the HRR was only assessed once, it is unclear whether the HRR was altered after some treatment during the hospital stay. This is an important question that need to be further investigated.

The conclusions of this study are expected to guide the application of HRR as a convenient, rapid, and effective tool for predicting three-month outcomes of stroke in AIS patients.
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Objectives: Current guidelines do not support the use of computed tomography perfusion (CTP) in stroke, except when identifying the penumbra during an extended treatment window. Therefore, this study aimed to define the yield of CTP in diagnosing a stroke diagnosis beyond the imaging of the penumbra in the hyperacute phase (0–6 h) and an extended time window (6–24 h).
Materials and methods: All consecutive patients with acute onset of symptoms within a 24-h window underwent CTP imaging. The diagnostic value of CTP was calculated against the clinical and radiological diagnoses of stroke. A positive CTP result was determined by the presence of either a core or penumbra on the RAPID summary. Clinical diagnoses corresponded to discharge diagnoses of stroke. A radiological diagnosis was established if early ischemic changes [Alberta Stroke Program Early CT Score (ASPECTS) < 10] were observed on the baseline CT scan, acute infarction was confirmed on follow-up imaging, or symptomatic occlusion was evident on baseline CTA.
Results: Between November 2018 and November 2019, 585 consecutive patients with an acute neurological deficit underwent multimodal CT imaging. A total of 500 patients (85%) were included, where 274 (55%) were within the hyperacute phase, 153 (31%) had a radiological diagnosis of stroke, and 122 (24%) had a clinical diagnosis of stroke. CTP yielded positive results only in patients with a confirmed stroke (positive predictive value and specificity of 100%). When CTP results were negative, 43% of the cases turned out to stroke mimics. Patients with stroke mimics were younger (66 ± 17 vs. 73 ± 13) and had lower scores on the National Institutes of Health Stroke Scale [median 0; interquartile range (IQR) 0–2 vs. median 4; IQR 2–6] compared to patients with CTP-negative strokes.
Conclusion: In our study, CTP consistently indicated brain ischemia; therefore, in stroke management, CTP is most beneficial when it yields a positive result. A positive CTP result should prompt adequate stroke management actions without any delay. Conversely, a negative CTP result necessitates the consideration of both stroke and non-stroke diagnoses.
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Introduction

Computed tomography perfusion (CTP) has been established as a critical imaging technique for assessing the penumbra during interventions such as intravenous thrombolysis (IVT) and mechanical thrombectomy in an extended time window, i.e., ≥4h, 5h, or 6 h from symptom onset (1–4). CTP provides information not only about the presence of penumbra but also about specific types of brain ischemia. Such information could be helpful for stroke management, assisting not only in decision-making about acute treatments, such as intravenous thrombolysis (IVT), but also in overall patient care. At the time of admission, it is essential to know if a patient has experienced a stroke because such information is critical for patient management, which include decision-making about admission to the stroke unit, conducting dysphagia screening, managing blood pressure and temperature, among others. CTP might serve as an additional tool that can help in deciding whether a patient has a stroke or a stroke mimic.

The Czech Republic has one of the highest thrombolytic rates (with over 20% of ischemic stroke patients receive IVT) and one of the shortest door-to-needle times (DNT) for intravenous thrombolysis (with the median national door-to-needle times being approximately 20 min) (5). Although there are highly developed and effective stroke services and networks, many hospitals do not use CT perfusion imaging. The argument is that indications for mechanical thrombectomy are expanding, and patients in the later time window and with pervasive early ischemic changes are recommended for recanalization treatment (6, 7). However, the opinion from the centers that are using CTP is that CTP is changing clinical management not only because it provides penumbra imaging but also because it is increasing physicians' confidence in stroke diagnoses in general.

Therefore, this study aimed to explore the yield of CTP beyond the established and guidelines-supported recommendations. The primary goal of this study was to assess the accuracy of baseline CTP compared to a clinical stroke diagnosis in 0–6 h and 6–24 h time windows. To remove any subjectivity associated with a stroke diagnosis, we also compared CTP findings with radiological stroke diagnoses.



Methods

We conducted a cohort study that included patients with a suspected acute ischemic stroke within both the hyperacute phase (0–6 h) and the extended time window (6–24 h) admitted to the Neurology Department, with an acute neurological deficit at the time of admission between November 2018 and November 2019.


Patients

All patients who presented to the Neurology Department with an acute neurological deficit within 24 h of symptom onset underwent plain CT, CT angiography (CTA), and CTP as part of the routine protocol. Patients were referred to the CT facility either directly after the arrival of the ambulance at the hospital or from the outpatient unit of the Neurology Department, and less frequently, from the Emergency Department (5, 8). CTP was evaluated using RAPID software. Stroke onset was defined as the last time the patient was seen well, which also applied to wake-up strokes. Cases were identified through the RAPID software database and matched with patients in the hospital's electronic health record system using the variables such as date and time of CT perfusion, age, and sex. Another search utillized the ICD stroke code in the hospital's electronic health record system to identify all patients discharged with stroke diagnoses.



Imaging protocol

The imaging protocol always includes CT, CTA, and CTP for all patients suspected of having a stroke within 24 h of symptom onset. If thrombolysis and/or thrombectomy are performed, follow-up CT is always performed 24–36 h after the treatment. If no thrombolysis and/or thrombectomy are performed, follow-up CT is usually performed but may be omitted in cases with a lack of clinical doubts or if a stroke mimic is suspected and diagnosed by other means, such as magnetic resonance imaging (MRI), electroencephalography (EEG), etc.

A multidetector scanner (120 kV, 328 mAs [419 mAs/slice], Brilliance iCT 256; Philips Healthcare, Cleveland, OH) was used. For non-contrast brain CT, the section thickness was set at 4.5 mm. For CT angiography studies, 60 ml of contrast agent (Iomeron 300; Mallinckrodt Pharmaceuticals) was injected via an 18-gauge intravenous cannula. CTP covered 80 mm of the brain from the basal ganglia level. Scanning began with a 5-s delay after injecting 40 ml of the contrast agent (1 scan every 1.8 s for 75 s). Imaging postprocessing was performed using automatic software (RAPID, iSchemaView). Images of poor quality, primarily due to severe motion artifacts, difficulties with volume measuring, or errors with contrast injection timing, were excluded from the assessment.



Radiological and clinical diagnoses of stroke

The accuracy of baseline CTP in diagnosing brain infarction was primarily evaluated against the clinical diagnosis of stroke. A clinical diagnosis of stroke was established if a patient was discharged with a final diagnosis of stroke. The final diagnosis of stroke was determined based on the presence of neurological deficits, patient history, baseline and follow-up imaging findings, and other considerations, such as EEG if epileptic seizures are suspected, CSF analysis if needed, and other para-clinical methods. Then, the accuracy of baseline CTP was also compared to the radiological diagnosis of stroke to remove any potential subjectivity associated with a discharge stroke diagnosis. The radiological diagnosis of stroke was established if there were (a) early ischemic changes [Alberta Stroke Program Early CT Score (ASPECTS) <10] on baseline CT scan, (b) symptomatic large or peripheral vessel occlusion at baseline CTA, and/or (c) infarction on follow-up imaging. A radiologist evaluated all CT and MRI scans. CTP was considered positive if the core and/or penumbra was present on the RAPID summary; however, the positive CTP findings were considered artifacts, particularly those artificial findings located around the orbits and petrous bones, which do not align with vascular territories were not considered valid. Only default thresholds were used, indicating that the brain tissue with a cerebral blood flow under 30% was marked as the core, and the brain tissue with a Tmax over 6 s was considered critically hypoperfused. The penumbra was calculated as a mismatch volume between these two tissue volumes. The presence of infarction on follow-up imaging was regarded as new hypodensity on CT and/or diffusion restriction on MRI.



Demographic and baseline variables

In this study, the following demographic and baseline variables were collected: age, sex, scores from the National Institute of Health Stroke Scale (NIHSS) score, patient history, the time of symptom onset, and the time of CT scan, CT findings (including the Alberta Stroke Program Early CT Score = ASPECTS, presence of vessel occlusion, core and penumbra presence on the RAPID summary), interventions, such as intravenous thrombolysis, endovascular treatment, modified thrombolysis in cerebral infarction (mTICI), presence of infarction on follow-up imaging, stroke etiology (TOAST classification), and modified Rankin scale. All data were anonymized.




Statistics

Microsoft Excel version 2010 and SPSS statistics software were utilized for performing analyses. The results were expressed as means, medians, and percentages. The sensitivity, specificity, and positive and negative predictive values were calculated separately for clinical and radiological stroke diagnoses.



Results

From November 2018 to November 2019, 585 patients with acute neurological deficits underwent multimodal CT imaging. A total of 72 cases (12%) were excluded due to the CTP images were of poor quality or had severe motion artifacts. The study also excluded another six patients due to secondary transport to a comprehensive stroke center, and another seven patients were excluded due to incomplete data. The remaining 500 (85%) patients were included in the analysis: 232 (46%) patients in the 4 to 5-h thrombolytic window and 274 (55%) patients who had CTP in the 6-h window from the onset of symptoms. The average age was 71 ± 16 years, and 267 (53%) patients were female individuals. A flow diagram representing the excluded patients is shown in Figure 1. A total of 125 patients (25%) received intravenous thrombolysis, with a median door-to-needle time of 20 min. Table 1 shows all the baseline characteristics of the included patients.


[image: Flowchart illustrating patient selection. From 700 initial patients, exclusions include: no neurological deficit in TIA patients (115), secondary transport to KCC (6), artifacts (67), and incomplete data (7), resulting in 500 included patients.]
FIGURE 1
 Flow diagram representing excluded patients.



TABLE 1 Baseline characteristics of both CTP-positive and CTP-negative patients.

[image: A table presents clinical data comparing three groups: all patients (n=500), CTP positive (n=185), and CTP negative (n=315). Variables include age, sex, NIHSS scores, medical history, TOAST classification, treatment received, imaging findings, and final diagnosis. The age is similar across groups, with sex distribution slightly differing. Key findings include higher intravenous thrombolysis and endovascular thrombectomy in CTP positive patients. Toast classification varies, with atherothrombotic stroke more prevalent in CTP negative. Final diagnosis shows stroke in 73% of all patients. The table also notes confidence intervals and definitions for clinical terms and classifications.]

Out of 500 patients, 185 (37%) had a positive CT perfusion was found in 185 patients (37%). A typical CTP pattern observed in a stroke patient is shown in Figure 2. All of these patients (100%) were dismissed with a final clinical diagnosis of stroke. Among the remaining 315 patients (63%) who showed negative initial brain perfusion, 179 (57%) had a clinical diagnosis of stroke, while the remaining 135 (43%) patients were identified as having conditions that mimin stroke. The overall sensitivity, specificity, and positive and negative predictive values of baseline CT for the clinical diagnosis of stroke were 51% [confidence interval (CI) 46–56], 100% (CI 97–100), 100% (CI 98–100), and 43% (CI 41–46), respectively. In the hyperacute phase (0–6 h from symptom onset), the sensitivity, specificity, and positive and negative predictive values of baseline CT for the clinical diagnosis of stroke were 53% (CI 46–60), 100% (CI 95–100), 100 (CI 97–100), and 41% (CI 38–45), respectively. The diagnoses of stroke mimics and their frequencies are shown in Table 2. In addition, the patient characteristics with the CTP-negative results, distinguishing between those with stroke mimics and strokes, are presented in Table 3, and a comparison of the patients in the hyperacute phase and extended time window is shown in Table 4. CTP-negative patients with stroke mimics were younger (66 ± 17 years vs. 73 ± 13 years) and had lower NIHSS scores [median 0, interquartile range (IQR) 0–2 vs. median 4, IQR 2–6] compared to CTP-negative patients with strokes. A bar chart demonstrating the distribution of NIHSS scores in patients admitted under the suspicion of stroke is shown in Figure 3.


[image: Brain imaging scan comparing cerebral blood flow (CBF) and Tmax regions. The left column shows CBF with areas in pink, indicating a volume of ninety-seven milliliters. The right column shows Tmax with areas in green, indicating a volume of two hundred six milliliters. The mismatch volume is one hundred nine milliliters with a mismatch ratio of two point one.]
FIGURE 2
 Flow diagram showing CTP findings, follow-up imaging, and definite diagnoses distribution in all patients.



TABLE 2 The prevalence of stroke mimics in our cohort was similar to a previously published systematic review (9).

[image: Comparison table showing the percentage of various medical conditions in "Our cohort" versus a "Previously published systematic review." Notable data include stroke mimic, with 136 cases in our cohort versus 813 in the review, and vertigo of non-vascular cause at 23% compared to 3%. Conditions like epilepsy and metabolic causes show minor differences. Some entries, like unknown causes in the review, are marked NA.]


TABLE 3 Baseline characteristics of stroke vs. stroke mimic patients.

[image: Comparison table with patient data for all patients, CTP-negative stroke patients, and CTP-negative stroke mimic patients. Key demographics include age, sex, and NIHSS scores. Patient history covers diabetes, hypertension, hyperlipidemia, smoking, atrial fibrillation, and stroke history. Imaging findings include occlusions and infarction. Stroke localization details lacunar supratentorial, vertebrobasilar, and unknown territories. Treatment data includes intravenous thrombolysis and door-to-needle time.]


TABLE 4 Documenting the main differences between patients with CTP performed in the hyperacute phase (0–6 h) and patients with CTP performed in the extended time window (6–24 h).

[image: Table comparing characteristics and treatments of patients in the hyperacute phase (N=274) and extended time window (N=226). Categories include patient demographics, imaging findings, treatment, and final diagnosis. Hyperacute patients: age 70±15, 143 females, baseline NIHSS median 4, CTP positive 40%, intravenous thrombolysis 35%. Extended window patients: age 72±15, 124 females, baseline NIHSS median 4, CTP positive 34%, intravenous thrombolysis 13%. Stroke diagnosis higher in hyperacute phase, while stroke mimic rates are similar in both groups.]


[image: Bar chart depicting baseline NIHSS scores on the vertical axis against count on the horizontal axis. Bars are split into two colors, blue and green, representing different groups. Bars range from zero to eighteen on the NIHSS scale, with counts extending to about eighty.]
FIGURE 3
 Bar chart documenting the distribution of NIHSS in patients admitted with a stroke suspicion.


A clinical (discharge) diagnosis of stroke in CTP-negative patients was established based on their clinical presentation and patient history in accordance with follow-up neuroimaging findings (N = 51), symptomatic vessel occlusion (N = 6), and significant symptomatic stenosis (N = 7). A total of 18 patients underwent intravenous thrombolysis, resulting in the resolution of symptoms and no infarction evident on the follow-up CT scan.

In patients who had negative initial CT perfusion with no follow-up imaging (n = 65), a definitive discharge diagnosis of stroke was determined based on the presence of symptomatic vessel stenosis or occlusion (n = 20), or evidence of infarction on the initial non-contrast CT scan (n = 5). In 46 out of 65 patients with negative initial CTP and no follow-up imaging, a stroke diagnosis was confirmed after the exclusion of stroke mimics. Most of these patients presented with lacunar syndrome.

Follow-up imaging (brain CT/MRI) was performed in 314 cases (63%). In 180 out of 314 cases (57%), new hypodensity during the CT scan was confirmed, and in 10 (5%) cases, the infarction was localized outside the area of the brain covered by baseline CTP. In CTP-positive patients, a radiological diagnosis of stroke was confirmed in 129 patients (81%), while in CTP-negative patients, 51 patients (33%) had infarction on follow-up imaging. CTP findings, follow-up imaging, and definite diagnosis distribution in all patients are shown in Figure 4. The overall sensitivity, specificity, and positive and negative predictive values of baseline CTP for the radiological diagnosis of stroke were 74% (CI 68–79), 94% (CI 88–97), 97% (CI 93–98), and 61% (CI 65–66), respectively. For patients with CTP within the 6 h of symptom onset, the sensitivity, specificity, positive and negative predictive values of baseline CTP for the radiological diagnosis of stroke were 80% (CI 72–86), 95 % (CI 86–99), 97% (CI 92–99), and 69% (CI 61–76), respectively.


[image: Flowchart illustrating patient outcomes from a group of 500. It splits into two branches: CTP positive (185 patients) and CTP negative (315 patients). CTP positive group has 160 follow-up imagings leading to 129 with infarction evidence, all diagnosed as strokes, and 31 without infarction. CTP negative group has 154 follow-ups resulting in 51 with infarction evidence, 41 diagnosed as strokes, and 103 without infarction, with 40 being stroke mimics. Percentages indicate branching ratios.]
FIGURE 4
 Typical CTP pattern in a stroke patient.




Discussion

In our study, all patients with an acute neurological deficit underwent CTP and 25% of them received IVT with a door-to-needle time of 20 min. Therefore, in the first place, our study documents the feasibility of conducting CTP as part of routine clinical practice. Such a finding has important clinical implications because some previous studies have demonstrated that CTP prolongs the initiation of IVT and thus should not be used (10). Our study documents that despite adding a few minutes for CTP imaging (usually 4–5 min), typically conducted in our center alongside unenhanced CT and CTA, CTP, in principle, does not pose a barrier to achieving very short DNT. The main reason is that patients are directly transported to undergo a CT scan from an ambulance, and IVT is initiated in a CT scanner, as we have published previously (7, 11).

The primary aim of our study was to compare the accuracy of baseline CTP to a clinical diagnosis of stroke. Our first major finding was that once CTP was positive, regardless of the time window, all patients had a stroke, and none were diagnosed with stroke mimics. Such information is beneficial because it eliminates any diagnostic doubts that physicians might have. Most likely, the value of stroke confirmation will be increased even more in those hospitals and countries where patients are not managed by stroke experts. Patients with positive CTP results should receive complete stroke care, which includes not only IVT but also admission to a stroke unit, management of blood pressure, and screening for dysphagia, among others, as per guidelines.

We were unable to confirm the results of some previous studies that have documented that hypoperfusion (and even hyperperfusion) on CTP imaging can also be found in patients with conditions other than stroke, such as status epilepticus or post-paroxysmal deficit (11–14). In our cohort, 23 patients had epileptic seizures, and all had negative CTP findings. The different results can be explained by the fact that in previous studies, no automatic software was used, no thresholds were defined, and the number of patients was low. As our study did not find any false positives, our results are applicable to clinical practice as long as certified postprocessing tools such as RAPID are used to evaluate CTP.

Our second major finding was that when CTP was negative, 57% had a final clinical diagnosis of stroke. When a radiological definition of stroke was used, 26% of CTP-negative patients suffered a stroke. False negatives were due to lacunar supratentorial infarction (24 patients) or vertebrobasilar stroke (66 patients). In addition, 10 infarcts were located in the brain area outside the coverage of baseline CTP. Our findings reflect the known limitations of brain perfusion imaging (15, 16). The calculated specificity of CTP against a radiological diagnosis of stroke (94%) is comparable to that reported in the most extensive published meta-analysis (17). We observed a numerically lower sensitivity (74%) compared to the radiological diagnosis, as reported in the previous largest and most recent analyses (80%) (17). If CTP covers the entire brain instead of a width of 8 cm, as in our study, the accuracy of CTP will slightly improve because it allows for the detection of infarctions in any part of the brain.

The low sensitivity and negative predictive value of CTP in a stroke can be effectively addressed by using MRI diffusion-weighted images (DWIs) in the acute phase of a stroke. In recent years, there has been a noticeable shift toward replacing CT with short 6–8-min MRI protocols. MRI demonstrates remarkably high sensitivity over 97% even in the initial minutes of a stroke (18–21). One of the most significant advantages of using MRI in clinical practice is its ability to reduce the incidence of thrombolysis stroke mimics by 50% (19). However, this approach is not without its drawbacks. The main disadvantages include the inferiority of MR angiography in vessel occlusion detection, typically distal, and the overestimation of the stenosis degree (20). These drawbacks should be carefully considered when making treatment decisions. Other disadvantages include a door-to-imaging time delay (a few minutes), the need for a second acute imaging modality for diagnostic or therapeutic reasons, higher costs, and MRI contraindications (e.g., recent vascular stents and pacemakers) (19, 21).

However, the remaining 43% of the patients with negative CTP were diagnosed with stroke mimics, which is quite a substantial number. These patients were discharged with another diagnosis, such as vertigo of non-vascular cause (23%), epilepsy (18%), orthostatic collapse, or others, as described in Table 2. Negative CTP-patients with stroke mimics were younger (68 years vs. 73 years, p < 0.001) and had lower NIHSS scores (0 vs. 4, p < 0.001) compared to negative CTP-patients with a stroke. Patients with stroke mimics also had fewer cardiovascular risk factors, most likely, due to younger age. The prevalence of stroke mimics in our study was 27%, closely aligning with the findings from the meta-analysis of 29 studies documenting a 26% prevalence of stroke mimics (9, 10). In addition, the diagnoses of stroke mimics were similar to those reported in the published data, as shown in Table 2. Therefore, our study documented a similar number and causes of stroke mimics. None of the patients with stroke mimics received IVT. We suggest that this is mainly due to the low NIHSS score and minor non-disabling deficits (median NIHSS 0 IQR 0–2). We found that if CTP is negative, it should raise a red flag in younger patients with minor neurological deficits and fewer cardiovascular risk factors because they might have stroke mimics. In cases where a patients presents with lacunar syndrome or there is suspicion of a stroke in the vertebrobasilar territory, negative CTP should not prevent treatment with intravenous thrombolysis.

One of the significant limitations of our study is the retrospective design. In a prospectively conducted study, CTP could be compared to the clinician's interpretation of the patient in the acute situation and non-contrast CT to assess the real added value of brain perfusion as a part of the standard imaging protocol. The other major limitation is the missing follow-up imaging in 37% of the cases. Such missing cases could limit conclusions about CTP accuracy against radiological diagnosis but not clinical stroke diagnosis. In our clinical practice, follow-up CT is omitted only when stroke or stroke mimic diagnoses are established. In clinically uncertain cases, we always perform an MRI. Therefore, missing follow-up imaging should not limit the validity of our study, although the confirmation of our results by conducting future studies will be reassuring. Another limitation of our study is that we excluded 12% of the patients with poor-quality CTP; such patients were excluded because they could not be assigned to either group (CTP positive or CTP negative). This exclusion of patients may have altered the specificity calculations, although the number of excluded patients is similar to other previously published studies (22–24). As mentioned earlier, our calculated specificity is comparable to the biggest published meta-analyses (17). Finally, although our results support the use of CTP in stroke management, we did not consider the economic cost in our study.

For the generalizability of our results, especially regarding the high proportion of stroke mimics, it might be essential to consider the referral pattern applied in our hospital, as described in the Methods section. Hospitals with different referral patterns may have fewer stroke mimics, mainly if some triage criteria are applied before imaging, and these hospitals might only refer the most apparent stroke candidates for CT scans. Our results related to stroke mimics (negative predictive value) are thus generalizable to unselected patients with acute neurological deficits. Our results related to the 100% positive predictive value of a stroke should be, however, applicable to any hospital regardless of the referral pattern.

The major strength of our study is the consistency in the use of multimodal imaging, which is not limited to any patient subgroup. This is the advantage over previous studies that included only patients with a stroke in anterior circulation (25), patients in a short time window (23), or patients with MRI follow-up imaging alone (24). Another advantage of our study is the relatively large number of patients, which was much less (usually up to 120 cases only) in previous studies (25–28).



Conclusion

There are several new essential findings in our study. First, we documented the feasibility of using CTP in routine clinical practice without negatively impacting stroke logistics, measured as the door-to-needle time for intravenous thrombolysis. Second, we documented the benefit of CTP beyond the guidelines recommended application, which is currently penumbra imaging ≥4, 5, and 6 h from symptom onset. Our study revealed the usefulness of CTP as a diagnostic tool, even in the hyperacute phase of a stroke. Positive CTP results improve physicians' confidence in diagnosing a stroke and rules out stroke mimics. However, negative CTP results should raise concerns about non-stroke diagnoses, especially in younger patients with minor deficits and non-lacunar syndrome. Negative CTP results should not prevent the IVT treatment.
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Background: Thromboelastography (TEG) can objectively reflect the formation, development and rupture process of thrombosis in patients, but there are limited data on whether TEG can be used as a predictive tool for recurrence in patients with acute ischemic stroke.
Objective: To explore the TEG risk of recurrence in patients with acute ischemic stroke predictive value.
Methods: A total of 441 patients with acute ischemic stroke who met the research criteria in the First Affiliated Hospital of Henan University of Traditional Chinese Medicine from January 2020 to December 2021 were selected as the research objects. TEG was measured in all patients, and the main parameters of TEG (R value, indicating coagulation reaction time; K value and Angle, the rate of blood clot formation; MA value, indicating the maximum amplitude). The primary outcome of this study was ischemic stroke recurrence. Recurrent events included cerebral infarction, cerebral hemorrhage, TIA, and were determined by combining imaging events and clinical events. Logistic regression analysis was used to explore the influencing factors of recurrence in patients with acute ischemic stroke.
Results: Fifty-six patients (12.7%) had recurrence. Multivariate Logistic regression analysis showed that: Age [OR = 1.078, 95%CI(1.024, 1.135)], triglyceride [OR = 1.541, 95%CI(1.033, 2.298)], glycosylated hemoglobin [OR = 1.401, 95%CI(1.097, 1.790)], history of hypertension [OR = 16.046, p < 0.05], 95%CI(4.726, 54.489), R value [OR = 0.533, 95%CI(0.351, 0.809)], MA value [OR = 1.399, 95%CI(1.004, 1.949)] were independent influencing factors for hemorrhagic transformation in patients with acute ischemic stroke.
Conclusion: TEG has some value in predicting recurrence in patients with acute ischemic stroke, and the MA value in TEG [AUC = 0.806 (95%CI:0.747–0.867), with a sensitivity of 78.6% and a specificity of 70.4%], predicted the most significant efficiency of AIS recurrence.
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1 Introduction

Acute ischemic stroke (AIS) is one of the most common cerebrovascular diseases worldwide, and it is also one of the most important causes of disability and death worldwide, which has caused a significant burden on individual health, family and society (1). According to the World Health Organization, about 15 million people suffer from stroke every year, about one third of them will die, and another third will suffer severe disability (2). AIS has a high recurrence rate, and studies have shown that about a quarter of patients experience recurrence within 5 years after initial stroke (3). Despite significant progress in the acute management and preventive measures of AIS in recent years, the risk of AIS recurrence remains high, and the mortality and disability rates after recurrence are significantly increased. Therefore, effective prediction of the recurrence of AIS is essential to implement preventive measures and improve patient outcomes.

Numerous scientific studies have established that the recurrence of ischemic stroke is associated with risk factors such as age, gender, hypertension, diabetes, coronary heart disease, family history, unhealthy lifestyle habits, serum protein levels, total cholesterol, high-density lipoprotein cholesterol, and coagulation function (4–6). These studies have formed a solid foundation for predicting the risk of recurrent ischemic stroke. Currently in clinical practice, various scales are primarily used to predict the risk of recurrent ischemic stroke; examples include the Essen scale (7) and SP-IIscale (8). Despite achieving some degree of effectiveness in predicting the risk of recurrent ischemic stroke based on current domestic and international research status using these scales and predictive factors adopted thus far; most variables utilized in these studies are predominantly traditional indicators such as personal history and past records. As a result their predictive accuracy is relatively low and they are unable to explain or verify potential relationships between variables. In recent years with advancements in medical technology however thromboelastography (TEG) has seen increasing clinical application across multiple fields including surgery, liver disease cardiovascular disease, and trauma. This demonstrates its potential value in predicting and managing patients’ coagulation function (9). The unique feature of TEG lies in its ability to comprehensively assess a patient’s coagulation status including parameters such as coagulation time, clot formation speed, clot strength, and fibrinolysis etc. (10), which holds particular significance for stroke patients given that their coagulation function is related to recurrence risks (11). Traditional coagulation indicators like PT, TI, and APTT fail to effectively reflect overall clotting function or thrombus strength information. Moreover they are easily influenced by anticoagulant drugs thereby limiting their predictive value for thrombus formation and prognosis after strokes (12). Despite demonstrating potential applications within these areas, TGE’s role efficacy remains insufficiently researched when it comes to predicting AIS recurrences.

Therefore, the aim of this study was to explore the potential value and application of TEG in predicting AIS recurrence. By detecting TEG in AIS patients and tracking their recurrence, we hope to identify the TEG parameters associated with the risk of recurrence, and then provide more personalized risk assessment and prevention strategies for AIS patients.



2 Materials and methods


2.1 General data

The case data in this study were derived from 441 AIS patients who were treated in the First Affiliated Hospital of Henan University of Traditional Chinese Medicine from January 2020 to December 2021. All the enrolled patients had undergone TEG measurement. Inclusion criteria: ① Conform to the guidelines of diagnosis and treatment of acute ischemic stroke in China 2018 (13) midbrain stroke related diagnostic criteria; ② Diagnosis of acute ischemic stroke according to medical history and CT/MRI; ③ no hepatitis B, hepatitis C, AIDS, syphilis and other infectious diseases; ④ age ≥ 18 years old; Patients or their legal guardians provided written informed consent. Exclusion criteria: ① Transient ischemic attack (TIA), hemorrhagic stroke and mixed stroke diagnosed by western medicine; ② Ischemic stroke diagnosed by western medicine but with disturbance of consciousness (including coma, lethargy, drowsiness, confusion and delirium), TCM diagnosis belongs to the viscera of stroke; ③ Severe liver and kidney failure, malignant tumor, gastrointestinal bleeding; ④ unable to cooperate with clinical data collection; ⑤ pregnant and lactating women; ⑥ patients with serious missing clinical data (data missing rate > 20%). TEG and related examinations were performed after admission, and the patients were followed up by outpatient examination, telephone and other methods for 1 year. Patients with recurrence were enrolled as observation group, and patients without recurrence were enrolled as control group. The follow-up time was 1 year. The study was approved by the ethics committee of the investigator’s hospital (approval number: 2022HL-088-01).



2.2 Methods

This study was a prospective clinical registry study. According to literature research and expert consultation in the early stage of the project, we developed a clinical data collection table. The relevant data of the selected patients included: General demographic data (age, gender), personal history (continuous smoking history, continuous drinking history, exercise), condition at onset (BMI index, systolic blood pressure at admission, diastolic blood pressure at admission), past history (TIA, hypertension, diabetes, coronary heart disease, hyperlipidemia, hyperhomocysteinemia), laboratory biochemical indicators (red blood cell count, white blood cell count) number, platelet count, hemoglobin concentration, total cholesterol, triglyceride, low density lipoprotein, high density lipoprotein, apolipoprotein A1, apolipoprotein B, plasma prothrombin time, fibrinogen content, activated partial thromboplastin time, thrombin time measurement, glycosylated hemoglobin, creatinine, uric acid, homocysteine, TOAST classification (large artery porgrage) Arteriosclerosis type, arteriole type (including lacunar), cardiac origin, other causes), related scales (mRS Total score, NIHSS total score).

After AIS patients were admitted to hospital, the median cubital vein blood was taken by the nurses in the Department of encephalopathy, placed in the sodium citrate anticoagulant tube, and sent to the test within 2 h. The test was performed by the laboratory physician in the thrombelastography laboratory of our hospital. The test process is fully automated. The specific parameters of TEG in patients: reaction time (R value), coagulation time (K value), coagulation Angle (Angle), maximum amplitude of thrombus (MA value) level.

The general demographic data, personal history, conditions at onset, past history, laboratory biochemical indexes, TOAST classification, NIHSS scale score, mRS Scale score and main parameters of TEG were compared between patients with and without recurrence after stroke, and the influencing factors of recurrence in patients with acute ischemic stroke were analyzed.



2.3 Study variables


2.3.1 Outcome indicators

The outcome indicators in this study included primary outcome indicators and secondary outcome indicators. The primary outcome was recurrent events during the ischemic stroke follow-up period, and the secondary outcome was neurological deterioration.


2.3.1.1 Primary outcome measure

Recurrent events include cerebral infarction, cerebral hemorrhage, and TIA (14, 15). The determination of recurrent events should be based on reliable imaging indicators and doctors’ clinical evaluation, combined with imaging events and clinical events.



2.3.1.2 Secondary outcome measure

Neurological function deterioration was demonstrated by experts according to CHANCE criteria (16).




2.3.2 Time of measurement

The study used three times of on-site follow-up and five times of telephone. On-site follow-up was required for each patient at 12, 24, and 48 weeks after enrollment, and telephone follow-up at 8, 20, 28, 36, and 44 weeks and at the end of follow-up. Predictors of relapse were measured and recorded at baseline enrollment and on-site follow-up. Outcomes are captured and recorded during follow-up and need to be supported by objective and valid clinical evidence (imaging reports or medical records).



2.3.3 Outcome evaluation

The end event evaluation expert group is composed of one group leader and four members, a total of five people. The evaluation method is as follows: The detailed clinical records and image data of recurrent ischemic stroke events are sorted out, and the information of the patient and the receiving doctor (including the information reflected in the image examination and physical and chemical examination) is hidden, and the final judgment and evaluation is made by the expert group of the end event.




2.4 Statistical methods

In the study, SPSS 25.0 statistical software was used for univariate analysis of general data, including t test or Mann–Whitney U test for quantitative data and two test for qualitative data. In this study, p < 0.05 was taken as the criterion to indicate a statistically significant difference.




3 Results


3.1 General situation

The results of this study showed that a total of 441 AIS patients were included. According to the recurrence within 1 year after discharge, the subjects were divided into two groups, including 56 cases in the recurrence group and 385 cases in the non-recurrence group, with a recurrence rate of 13.7%. The oldest patient was 88 years old and the youngest was 33 years old, with an average age of 63.97. There were 263 males (59.6%) and 178 females (40.3%).



3.2 Comparison of baseline data (general demographic data, past history, laboratory biochemical indexes, TOAST classification, exercise or not, mRS Scale score, NIHSS scale score) between recurrence and non-recurrence patients

The age, BMI index, history of hypertension and hyperhomocysteinemia in recurrent AIS patients were higher than those in non-recurrent AIS patients. The proportion of male patients with recurrence was higher than that of female patients. The proportion of non-recurrence in patients who adhered to exercise was higher than that in recurrent AIS patients. The proportion of recurrent patients with small arterial occlusive according to TOAST classification was higher than that of non-recurrent patients; The results showed that age, BMI index, history of hypertension, history of hyperhomocysteinemia, exercise, triglyceride, activated partial thromboplastin time, glycated hemoglobin A1c, TOAST classification of small artery occlusion were the risk factors of recurrence in AIS patients (p < 0.05).If AIS patients relapse factors: Gender, systolic blood pressure at onset, diastolic blood pressure at onset, TIA history, hyperlipidemia history, coronary heart disease history, continuous smoking history, continuous drinking history, NIHSS score, mRS Score, red blood cell count, white blood cell count, platelet count, hemoglobin concentration, total cholesterol, low density lipoprotein, high density lipoprotein, apolipoprotein A1, apolipoprotein B, plasma Prothrombin time, thrombin time, fibrinogen content determination, creatinine, uric acid, homocysteine, TOAST classification for the proportion of cardiac and other reasons, there was no statistically significant difference(p > 0.05), as presented in Table 1.



TABLE 1 The baseline data (general demographic data, past history, laboratory biochemical indexes, TOAST classification, exercise or not, mRS Scale score, NIHSS scale score) of patients with recurrence and without recurrence were compared.
[image: Statistical table comparing variables between groups with and without recurrence. Variables include age, gender, BMI index, blood pressure, medical history, lifestyle factors, scale scores, biochemical indicators, and TOAST classification. Key differences marked by statistical significance include age, BMI, hypertension, exercise, hypertension incidents, and triglyceride levels. Other listed variables do not show significant differences. Asterisks indicate statistical significance at p < 0.05.]



3.3 Comparison of TEG parameters between patients with and without recurrence

The R value of recurrent AIS patients was shorter than that of non-recurrent AIS patients, and the Angle Angle and MA value of recurrent AIS patients were higher than those of non-recurrent AIS patients, and the differences were statistically significant (p < 0.05). There was no significant difference in K value between recurrent and non-recurrent AIS patients (p > 0.05), as shown in Table 2.



TABLE 2 Comparison of TEG parameters between patients with and without recurrence.
[image: Table showing variables of interest comparing two groups: no recurrence and recurrence. Variables include R, K, Angle, and MA with respective values. Significant test statistics are noted with p-values below 0.001, except K, which is 0.163. Footnotes explain Z and t values, and the meaning of each variable.]



3.4 Univariate and multivariate logistic analysis of influencing factors of recurrence in AIS patients

With the presence or absence of AIS recurrence as the dependent variable (assignment: Yes =1, no =0) The variables with statistical differences in Tables 1, 2 were independent variables, and univariate Logistic regression analysis was performed. The results showed that age, triglyceride, glycosylated hemoglobin, history of diabetes, history of hypertension, history of hyperhomocysteinemia, exercise, TOAST classification of large artery atherosclerosis type and small artery occlusion type, R value, Angle Angle, MA value may be the influencing factors of AIS recurrence (p < 0.05), see Table 3.



TABLE 3 Univariate logistic regression analysis of the influencing factors of recurrence in AIS patients.
[image: A table displaying various health-related variables with their statistical analysis results. Columns include assignment of value, B, SE, Wald chi-square, p-value, and Exp(B). Variables listed are age, BMI index, triglycerides, activated partial thromboplastin time, glycosylated hemoglobin, diabetes, hypertension, hyperhomocysteinemia, exercise, large artery atherosclerosis, small arterial type, of cardiac origin, other reasons, value of R, angle of view, and value of MA. Each variable has corresponding measured values or binary values, along with statistical metrics.]

The recurrence of AIS patients was taken as the dependent variable, and the variables with statistical differences in the univariate Logistic regression analysis were taken as independent variables to conduct multivariate Logistic regression analysis.The results showed that age, triglyceride, glycosylated hemoglobin, hypertension history, R value and MA value were independent risk factors for relapse in AIS patients (p < 0.05), as shown in Table 4.



TABLE 4 Multivariate logistic regression analysis of factors influencing recurrence in AIS patients.
[image: Table showing statistical results for various factors. Each row lists a factor with values for B, SE, Wald chi-square, p-value, odds ratio (OR), and 95% confidence interval (CI). Notable results include hypertension with OR 16.046 and glycosylated hemoglobin with OR 1.401. Hypertension and age are significant predictors with low p-values.]



3.5 Evaluation of the clinical validity of the predictors

The receiver operating characteristic (ROC) curves were used to evaluate the independent risk factors of AIS recurrence as follows: Based on the multivariate Logistic regression analysis, the ROC curve analysis results of age, triglycerides, HbA1c, hypertension history, R value, and MA value showed p < 0.05, indicating that the above 5 independent risk factors have a significant ability to predict AIS recurrence. The AUC of MA value was 0.806 (95%CI: 0.747–0.867), the AUC of hypertension history was 0.749 (95%CI: 0.693–0.806), and the AUC of HbA1c was 0.690 (95%CI, 0.607–0.772) were the top three, indicating that the above three independent risk factors have a more significant ability to predict AIS recurrence. The results are shown in Table 5 and Figure 1.



TABLE 5 Area below the ROC curve for independent risk factors.
[image: Table displaying test outcome variables with columns for region, standard error, asymptotic significance, and asymptotic ninety-five percent confidence interval. Variables include glycerin trilaurate, glycosylated hemoglobin, hypertension, R price, and MA price. Regions range from 0.191 to 0.807. Asymptotic significance is 0.000 or 0.002. Confidence intervals provide lower and superior limits for each variable.]

[image: ROC curve graph depicting sensitivity versus 1-specificity for various factors: MA value, age, triglyceride, glycosylated hemoglobin, history of hypertension, and R value. A reference line is included for comparison.]

FIGURE 1
 ROC curves of independent risk factors.


The detection results show that the MA value has the most significant ability to predict AIS recurrence, and the critical value for predicting AIS with the MA value is 61.25, with a sensitivity of 78.6% and a specificity of 70.4%.




4 Discussion

Acute ischemic stroke (AIS) is a common neurological disease, and its etiology is related to the formation of atherosclerotic plaques, hemodynamic abnormalities, and coagulation/anticoagulation disorders. Its recurrence rate is relatively high, which seriously affects the quality of life and prognosis of patients (17). Abnormal coagulation function detected by conventional coagulation tests is associated with an increased risk of recurrent stroke (18). MAINO et al. found that increased thrombophilia was significantly associated with the risk of recurrent ischemic stroke (19). TEG can continuously, dynamically and quantitatively record the process of blood clot formation, comprehensively reflect the interaction of coagulation factors, platelets and FIB, and has important value in predicting bleeding tendency and thrombosis in patients (20). Studies have shown that TEG parameters are closely related to the coagulation status of patients with ischemic stroke in the acute phase, and may be associated with long-term prognosis (21).

Our findings are consistent with previous studies, which showed that specific TEG parameters, especially the maximum thrombus intensity (MA), were independent risk factors for AIS recurrence. MA mainly evaluates when blood clots reach their maximum intensity, which increases hypercoagulability and reduces platelet dysfunction, thrombocytopenia, or hypofibrinogenemia (22). Through TEG testing in 44 patients with acute ischemic stroke treated with thrombolysis, some scholars found that MA was associated with poor clinical score, that is, the lower the MA score with the progress of anticoagulation therapy, the better the clinical prognosis of patients (23).The positive association of MA and the risk of cardiovascular and cerebrovascular events was also reported in the study by Shi et al. (24). While our study strengthened the clinical relevance of this finding with a larger sample size and a longer follow-up period, further confirming the effectiveness of using TEG as a more dynamic and comprehensive assessment tool. Furthermore, the use of TEG may also help identify high-risk patient populations that are not detectable by conventional coagulation tests, providing a basis for personalized preventive treatment. For example, for patients with high thrombosis tendency indicated by TEG markers, physicians may choose a more aggressive anticoagulation strategy. This is in line with the study by Paciaroni et al., who found that a personalized anticoagulation regimen was effective in reducing the risk of recurrence in stroke patients (25).

However, there are some limitations to our study. First, as an observational study, we could not identify a direct link between TEG parameters and stroke recurrence from causality. Second, despite our relatively large sample size, the study remained limited to a single center, possibly limiting the general applicability of the results. Future studies will need to be conducted in multiple centers to validate our findings.

In conclusion, this study confirmed the potential value of TEG parameters, especially MA values, in predicting the risk of recurrent ischemic stroke. These findings provide a scientific basis for the clinical use of TEG as a risk assessment and management tool for patients with ischemic stroke. In the future, on the basis of previous studies, relevant imaging omics data and biomarker information of AIS patients should be further collected, and more studies on ischemic lesions should be conducted, such as studies on the identification of ischemic penumbral band in AIS patients by OEF map generated by quantitative magnetic resonance susceptibility mapping (QSM) (26). Further explore the application of TEG in different stroke subtypes, while considering individual patient differences, and build a recurrence risk assessment model based on machine learning to reduce the recurrence risk of ischemic stroke patients, and ultimately improve the prognosis and quality of life of patients.
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Background: Observational researches have suggested a connection between iron deficiency anemia (IDA) and an increased likelihood of ischemic stroke (IS), yet establishing causality is challenging owing to the inherent limitations of such studies, including their vulnerability to confounding factors and the potential for reverse causation. This study employs a bidirectional two-sample Mendelian randomization (MR) approach to assess the causal linkage between IDA and IS and its subtypes.
Methods: Identifiable single nucleotide polymorphisms (SNPs) with significant links to either IDA or IS and its subtypes were employed as instrumental variables (IVs). The relationship between IDA and any IS, small vessel stroke (SVS), cardioembolic stroke (CES), and large artery stroke (LAS), was quantified using the inverse variance weighted (IVW) method. Complementary analyses utilizing MR-Egger and weighted median methods further supplemented the IVW findings. Moreover, the leave-one-out analysis, MR-Egger intercept test, MR-PRESSO global test, and Cochrane’s Q test were conducted for sensitivity analyses.
Results: This study revealed no correlation between IDA and any IS (IVW method: OR [95% CI] = 0.977 [0.863–1.106]; p = 0.716), LAS (OR [95% CI] = 1.158 [0.771–1.740]; p = 0.479), CES (OR [95% CI] = 1.065 [0.882–1.285]; p = 0.512), or SVS (OR [95% CI] = 1.138 [0.865–1.498]; p = 0.357). Conducting a reverse MR analysis, it was determined that there is no causal connection between any IS, LAS, CES, SVS, and IDA (all p > 0.05). Sensitivity analysis indicated that heterogeneity was not significant and no evidence of horizontal pleiotropy was detected.
Conclusion: This MR study suggested no causal effect of IDA on IS, LAS, CES, and SVS. Through reverse MR analyses, it was determined that IS and its subtypes did not exert a causal impact on IDA.
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1 Introduction

Stroke represents a major global health challenge and a leading cause of mortality, affecting approximately 80 million people worldwide and representing the second greatest burden of disease globally (1). Of all stroke types, ischemic stroke (IS) accounts for approximately 87% (2), with the major causative categories being small vessel stroke (SVS), cardioembolic stroke (CES), and large artery stroke (LAS) (3). Characterized by high rates of mortality and disability, IS is a principal contributor to human disability and death, causing neurological impairments such as hemiplegia and aphasia that profoundly diminish individuals’ quality of life (4). Despite substantial progress in managing traditional contributing factors-including diabetes mellitus, hyperlipidemia, and high blood pressure-through medical interventions, the incidence of IS continues to be a paramount public health issue worldwide (5). Given complex etiology of IS and the involvement of multiple risk factors (6), the early detection and management of these risks are critical (7).

Anemia, designated as the fifth cardinal cardiovascular risk factor (8), exhibits a global prevalence of 32.9%, making it one of the most widespread medical conditions (9). It is typified by diminished levels of hemoglobin or hematocrit, leading to reduced oxygen transport capability of the red blood cells, with potential systemic effects (10). Among the various causes of anemia, iron deficiency anemia (IDA) emerges as a predominant factor worldwide (11). IDA has been documented as an infrequent etiological factor for IS. In certain case reports, instances of thrombosis in the carotid arteries have been documented, with aortic thrombosis being a rarer occurrence, in patients suffering from IDA (12, 13). Findings from case–control investigations suggested a notable correlation between IDA and the increased incidence of stroke, specifically IS (14, 15). An observational study revealed that the incidence of IS in patients with IDA was 24.4% (782/3199) (14). Several mechanisms may elucidate the potential link between IDA and increased IS risk. The reduction in hemoglobin levels associated with IDA compromises oxygen transport, potentially leading to tissue hypoxia, including in cerebral regions, thereby elevating stroke risk (16). Additionally, the body’s compensatory response to anemia may involve enhanced erythropoiesis, resulting in increased red blood cell production and higher blood viscosity, which could contribute to thrombotic events (17). However, observational research, while indicating a relationship of IDA and ischemic IS risk, may be subject to biases from potential confounding factors and reverse causality. This underscores the limitations of these studies in conclusively establishing a causal association between IDA and IS risk.

Mendelian randomization (MR) serves as a statistical approach leveraging genetic variations as instrumental variables (IVs) for elucidating causative associations of exposure factors and outcomes (18). This model leverages the random allocation of genetic variants at conception, mitigating the influence of environmental confounders and the risk of reverse causation (19). Consequently, MR offers a robust alternative to traditional epidemiologic approaches (20). To date, the potential causal link between IDA and IS, along with its subtypes, has not been investigated through MR analysis. This study aimed to explore the causal relationship between IDA and IS and its subtype risk based on large-sample genome-wide association study (GWAS) databases through a bidirectional two-sample MR analysis.



2 Methods


2.1 Study design

In this research, we used a two-sample bidirectional MR approach to thoroughly evaluate the two-way causative link between IDA and IS and its subtypes. The research employed IVs, derived from genetic variances, particularly single nucleotide polymorphisms (SNPs), which show strong associations with IDA or IS and its subtypes. For the MR analysis to be deemed credible, it was imperative to satisfy three essential conditions: (1) A strong association existed between the IVs and exposure variables; (2) The selected SNPs had no links to any underlying confounders; (3) The IVs exclusively influenced the outcomes via the exposure mechanism (21). A brief overview of the bidirectional MR analysis was presented in Figure 1. Our methodology adhered to the guidelines outlined in the STROBE-MR for documenting our findings (22). Given that the data for our analysis were secondary data sourced from an existing study with prior ethical approval, the necessity for additional ethics approval and informed consent was circumvented in this case.

[image: Flowchart illustrating relationships between instrumental variables (SNPs), exposures, outcomes, and confounders. Assumptions include SNPs associated with exposures (Assumption 1), not with confounders (Assumption 2), and SNPs influencing outcomes only via exposures (Assumption 3). Exposures include iron deficiency anemia and stroke types; outcomes include ischemic, small vessel, large artery, and cardioembolic stroke. Confounders are linked to exposures and outcomes.]

FIGURE 1
 Study design diagram and three assumptions of Mendelian randomization. SNPs, single nucleotide polymorphisms.




2.2 Data sources

Data from GWAS pertaining to IDA and SNPs were acquired from the FinnGen consortium,1 encompassing publicly accessible summary statistics for IDA and 21,306,290 SNPs from 408,837 European descent individuals. IS-related information was derived from the MEGASTROKE consortium’s European cohort (23, 24), involving European ancestry participants. The principal endpoint analyzed was IS, contrasting 34,217 cases and 406,111 control subjects. Distinct subcategories of IS explored included LAS, with an analysis of 6,399 cases; CES, involving 7,193 cases; and SVS, assessing 5,386 cases, against a control cohort of 1,234,808 for LAS, 192,662 for SVS and 406,111 for CES. Details of the GWAS are encapsulated in Table 1.



TABLE 1 Detailed information of the GWAS included in Mendelian randomization analysis.
[image: Table showing studies related to various strokes and iron deficiency anemia. It includes details like consortium name, number of cases and controls, number of SNPs, ethnicity, PMID, data source, population, and year. FinnGen and MEGASTROKE are the consortia mentioned, with all studies involving European ethnicity and adults. Data spans from 2018 to 2023.]



2.3 Instrumental variable selection

In the selection process for genetic variants related to exposures and outcomes, a standardized criterion was employed. Acknowledging the potential limitation in the number of SNPs reaching comprehensive genome-wide significance, we moderated the significance threshold to a p-value of less than 5 × 10−7 for LAS and SVS. Independent IVs were distinguished through a process of linkage disequilibrium (LD) clumping, applying an r2 threshold at 0.001 with a clumping distance of 10,000 kb, based on the LD reference derived from the 1,000 Genomes Project. Variants presenting the lowest p-values were selected as independent instruments (25). Further, SNPs demonstrating significant associations with the exposure variables were evaluated using the F-statistic, identifying strong IVs by the criterion F > 10 (26). The GWAS catalog2 was then used to assess potential correlations between selected SNPs and confounding factors. SNPs associated with exposures and directly linked to outcomes (p < 5 × 10−8) were excluded. Finally, the gathered data from exposure and outcome databases were merged, ensuring the elimination of palindromic sequences to maintain uniformity in effector alleles.



2.4 MR analysis

The primary method for estimating the causal effect between IDA and IS was the inverse variance weighted (IVW) approach, which derives weighted summaries based on the inverse of the variance, presuming the validity of all instrumental variables. As a pivotal method within MR research, IVW synthesizes Wald ratios from individual SNPs to generate an overall causal estimate (27). To assess the robustness of the results and examine the presence of pleiotropy, additional analyses were conducted using the MR-Egger regression and weighted median method. The MR-Egger method is capable of identifying pleiotropic effects via its intercept, offering adjustments for pleiotropy in its estimates, albeit with reduced statistical power (28). The weighted median method integrates data across numerous genetic variants, providing a consolidated causal estimate (29). The findings reached statistical significance with the p-value below 0.0125 (0.05/4) following the application of the Bonferroni correction for multiple tests. A p-value within the range of 0.0125 to 0.05 are considered indicative of potential statistical significance.



2.5 Sensitivity analysis

To assess the heterogeneity across individual genetic variance estimates, Cochran’s Q test was employed. A p-value from Cochran’s Q test less than 0.05 prompted the adoption of the random effects model for subsequent MR analysis, while a higher p-value warranted the use of a fixed-effects model (30). Assessment of horizontal pleiotropy relied on the Egger intercept, considering the absence of pleiotropy when p > 0.05 (28). To identify and mitigate the impact of outliers on causal inference, the MR pleiotropy residual sum and outlier (MR-PRESSO) approach was employed (31). The leave-one-out strategy was applied to identify IVs potentially impacting causal effect estimates, sequentially excluding each SNP to determine the meta-effect of the remaining SNPs. Visual representation of our findings was achieved through scatter and forest plots, elucidating the linkage between IDA and IS. Funnel plot analysis was conducted to verify the results’ stability. All statistical analyses were performed using R software (v4.3.1) with the TwoSampleMR and MRPRESSO packages (v0.5.7).




3 Results


3.1 Selection of instrumental variables

Using IDA as the exposure variable, we screened 7 SNPs as IVs, none of which were excluded because of their non-significant association with confounding variables. Consequently, 7 SNPs were used as IVs for causal effect analysis of IDA on IS, LAS, CES, and SVS. In the scenario where IDA served as the outcome variable, our research identified a total of 29 SNPs, segmented as 10 associated with IS, 9 with LAS, 4 with CES, and 6 with SVS. Among them, rs3184504 was excluded due to its significant correlation with IS as well as red blood cell count and hemoglobin levels. We also eliminated any SNPs that were palindromic and held a moderate allele frequency. The robustness of our instruments was supported by F-statistics exceeding 10 for all included SNPs, suggesting no weak instrument bias. Details about these SNPs was provided in Supplementary Tables S1–S13.



3.2 Causal effects of IDA on IS and its subtypes

The correlation of IDA with IS and its various types was depicted in Figure 2. Utilizing the IVW approach, we observed no causal relationships between IDA with the incidence of IS (OR [95% CI] = 0.977 [0.863–1.106]; p = 0.716), LAS (OR [95% CI] = 1.158 [0.771–1.740]; p = 0.479), CES (OR [95% CI] = 1.065 [0.882–1.285]; p = 0.512), and SVS (OR [95% CI] = 1.138 [0.865–1.498]; p = 0.357). This observation was supported by both MR-Egger and weighted median analyses, with both of them showing no statistical significance (all p > 0.05). Forest plots in Figure 3 presented the estimates of causal effects between IDA and IS and its subtypes. Additionally, Figure 4 displayed scatter plots with MR intercepts approaching zero, suggesting a minimal presence of horizontal pleiotropy across the analyses.

[image: Forest plot showing odds ratios (OR) with ninety-five percent confidence intervals (CI) for four different exposure-outcomes and methods: IDA-IS, IDA-LAS, IDA-CES, and IDA-SVS. Methods include inverse variance weighted, MR-Egger, and weighted median. The x-axis represents the OR ranging from 0.5 to 2. Each line corresponds to an OR and CI, with a p-value provided.]

FIGURE 2
 MR analysis of the causal effect of iron deficiency anemia on ischemic stroke and its subtypes. IDA, iron deficiency anemia; IS, ischemic stroke; LAS, large artery stroke; CES, cardioembolic stroke; SVS, small vessel stroke.


[image: Four forest plots (A, B, C, D) displaying MR effect sizes for iron deficiency anemia on various types of stroke. Each plot lists SNPs (e.g., rs6025) with horizontal lines representing confidence intervals. Subplot A shows ischemic stroke effects, B shows large artery stroke effects, C shows cardioembolic stroke effects, and D shows small vessel stroke effects. Key results are highlighted in red using MR Egger and inverse variance weighted methods.]

FIGURE 3
 Forest plots of iron deficiency anemia on ischemic stroke and its subtypes. (A) Ischemic stroke; (B) large artery stroke; (C) cardioembolic stroke; (D) small vessel stroke.


[image: Four scatter plots labeled A, B, C, and D display the SNP effect on iron deficiency anemia versus different types of strokes: ischemic stroke (A), large artery stroke (B), cardioembolic stroke (C), and small vessel stroke (D). Each plot includes three lines representing inverse variance weighted, weighted median, and MR Egger methods. Data points with error bars are shown, indicating varying relationships in each chart.]

FIGURE 4
 MR analysis scatter plots of iron deficiency anemia on ischemic stroke and its subtypes. (A) Ischemic stroke; (B) large artery stroke; (C) cardioembolic stroke; (D) small vessel stroke.




3.3 Causal effects of IS and its subtypes on IDA

In the analysis conducted through the IVW approach, our study found no causal relationships of IS (OR [95% CI] = 0.952 [0.835–1.086]; p = 0.465), LAS (OR [95% CI] = 1.052 [0.975–1.134]; p = 0.191), CES (OR [95% CI] = 1.021 [0.950–1.098]; p = 0.564), and SVS (OR [95% CI] = 1.010 [0.926–1.103]; p = 0.815) with IDA (Figure 5). However, the MR-Egger method suggested that LAS may potentially increase the risk of IDA (OR [95% CI] = 1.391 [1.062–1.821]; p = 0.048). Additionally, no causal association between IS, CES, SVS, and IDA was found through MR-Egger and weighted median methods (all p > 0.05). The forest plots and scatter plots were shown in Supplementary Figures S1, S2.

[image: Forest plot showing odds ratios (OR) and 95% confidence intervals (CI) for four exposure-outcome methods: IS-IDA, LAS-IDA, CES-IDA, and SVS-IDA. Each method includes three statistical tests: Inverse variance weighted, MR-Egger, and Weighted median. The plot indicates OR estimates and CIs with different shapes, such as squares, along a dashed line at OR=1. p-values are listed adjacent to each CI, with significant results indicated by values like 0.048 for LAS-IDA MR-Egger.]

FIGURE 5
 MR analysis of the causal effect of ischemic stroke and its subtypes on iron deficiency anemia. IS, ischemic stroke; IDA, iron deficiency anemia; LAS, large artery stroke; CES, cardioembolic stroke; SVS, small vessel stroke.




3.4 Sensitivity analyses

The MR sensitivity analysis results are presented in Table 2. Upon conducting a heterogeneity test, all p-values derived from Cochrane’s Q statistics were found to be greater than 0.05, suggesting a lack of heterogeneity among the SNPs. Additionally, the MR-Egger regression intercept, used to assess horizontal pleiotropy, did not provide substantial evidence for the presence of pleiotropy. This lack of significant horizontal pleiotropy outliers was also corroborated by the MR-PRESSO results. The leave-one-out analysis did not indicate any significant influence of individual SNPs on the overall findings. The detailed outcomes of the leave-one-out analysis can be found in Supplementary Figures S3, S4. The funnel plots, depicted in Supplementary Figures S5, S6, did not reveal any significant bias, further corroborating the robustness of our results.



TABLE 2 Sensitivity analysis of the MR analysis results of iron deficiency anemia and ischemic stroke and its subtypes.
[image: Table showing various statistical test results for associations between exposures and outcomes. It includes heterogeneity test results (Cochran's Q and p-values), pleiotropy test results (Egger Intercept and p-values), and MR-PRESSO Global Test p-values. Exposures are iron deficiency anemia and types of strokes, with corresponding outcomes. Some values are marked as not available (NA).]




4 Discussion

Employing available GWAS datasets and bidirectional two-sample MR methodologies, this research probed the causal connections between IDA and IS, as well as its specific subtypes. The MR analysis was executed through the IVW approach, MR-Egger, and the weighted median estimation technique, accompanied by rigorous sensitivity analyses to mitigate confounding influences and solidify result validity. The results revealed no causal correlation between IDA and any IS, or its LAS, CES, and SVS subtypes. Furthermore, the exploration of reverse causality did not uphold a causal influence of IS and its subtypes on IDA. This study stands as the first effort to elucidate a potential causal relationship between IDA and SVS.

Earlier research has predominantly focused on the link between anemia and IS. These studies, particularly long-term observational follow-ups, have demonstrated that individuals with anemia were at approximately a 1.5 times greater risk of developing IS (32, 33). Further investigation has found that within the span of one to two years, anemia could heighten the risk of IS by 1.6 and 1.35 times, respectively (34). Additionally, individuals with chronic kidney disease who also suffer from anemia have been identified as having a heightened risk for stroke (35). Despite these associations, a recent MR study examining anemia and cardiovascular disease has concluded that anemia did not causally impact IS (36). On this basis, the discoveries from our investigation contribute novel evidence supporting the non-causal associations between IDA and IS, inclusive of its various subtypes.

While the majority of preceding experimental and observational research pointed toward a possible association between IDA and IS, the precise mechanism through which IDA contributes to IS remains partially understood. Several hypotheses have been advanced, positing that IDA may lead to IS through the formation of a hypercoagulable state, a direct consequence of iron deficiency or anemia itself. Secondary thrombocytosis due to IDA and the resultant anemia-induced hypoxia can create a disparity between the supply and demand of oxygen in end-arteries, precipitating ischemia and infarction (15). Anemia is known to cause hyperdynamic circulation, which in turn increases molecular adhesion expression on vascular endothelial cells (37), triggering an inflammatory response that may result in thrombosis, akin to atherosclerotic processes (38). In the context of IDA, there is an increase in erythropoietin secretion, which not only augments red blood cell count but also stimulates platelet production, thereby inducing thrombocytosis and thrombus formation (39). On the cellular level, diminished hemoglobin levels impair oxygen delivery to tissues, potentially leading to hypoxia. Exposure of arteries to hypoxic conditions initiates signaling in monocytes/macrophages and T lymphocytes via endothelial cells, smooth muscle cells, and fibroblasts, which may hasten atheroma development (40, 41). Hypoxia can also disrupt the mitochondrial respiratory chain, severely affecting energy production. Given the high oxygen demands of neurons, they are particularly vulnerable to hypoxic conditions. Research by Akins et al. has indicated that turbulent blood flow, a common occurrence in severe anemia, can damage vascular endothelium and promote platelet aggregation and clot formation (12). Consequently, while our study did not substantiate a direct elevation in IS risk attributable to IDA, the possibility of anemia contributing to thrombosis warrants attention.

Additionally, the potential link between iron deficiency and IS was also a research focus that cannot be ignored. Sequential research following the First National Health and Nutrition Examination Survey (NHANES I) unveiled a pronounced U-shaped correlation between transferrin saturation levels and stroke incidence among Caucasian females aged 45–74 (42), indicating heightened stroke risks at both deficient and excessive iron levels in the bloodstream. Similarly, Ekblom et al. found an elevated risk of stroke within the highest quartile of total iron binding capacity-a metric that escalates with iron deficiency (43). The correlation between iron deficiency and thrombophilia has gained increasing recognition over recent years (44–46). Iron deficiency is linked to a spectrum of thrombotic conditions, including cerebral venous sinus thrombosis (47) and carotid artery thrombosis (12), as well as numerous cases of embolic stroke (48) and IS (14, 49). Epidemiological research also delineated a higher prevalence of IDA among individuals with cerebral venous thrombosis compared to a control group (50). Diverging from earlier research, our bidirectional MR analysis revealed no causal link between IDA and (IS), including its various subtypes. Nonetheless, prior investigations suggested that the combined impact of anemia and iron deficiency may have a higher propensity for promoting blood clot formation (51). Evidence suggests that IDA can precipitate IS through a triad of mechanisms: (i) Reduced hemoglobin levels precipitate a hypoxic condition; (ii) Hypoxia induces transferrin production via hypoxia-inducible factor-1, which then activates and interacts with thrombin/factor XIIa, impairing the activity of anticoagulant proteases, thus leading to a hypercoagulable state; (iii) IDA stimulates thrombin generation by platelets, resulting in thrombocytosis (51). These interconnected mechanisms collectively exacerbate cerebral ischemic damage, elevating the risk of IS in the context of IDA.

A recent two-sample bidirectional MR study has elucidated that IS increases the risk of anemia (36). Our findings further delineate that IS does not augment the risk for IDA, hinting at a potential causative linkage between IS and other anemia subtypes, warranting additional scrutiny. In addition, the relatively extensive 95% CI in our MR-Egger analysis signals instability in the causal effect of IS on IDA, possibly due to the scarce IVs employed in the analysis. Hence, the conclusions drawn regarding the causal effect of IS on IDA necessitate further empirical corroboration upon the refreshment of the GWAS database. Nonetheless, our study is distinguished by several strengths. First, MR analysis sidesteps issues like reverse causation and confounding variables common in observational research, offering a more time-and resource-efficient approach to dissecting complex disease etiologies. Second, the deployment of summary-level data from individuals of European ancestry, encompassing a vast array of IS subtype cases and controls, minimizes the risk of bias from population stratification. Third, leveraging publicly accessible GWAS summary statistics capitalizes on a broad sample size, ensuring more accurate estimates and stronger statistical power, thereby reducing research expenses, enhancing bioinformatics use, and bolstering the credibility of our findings.

Our study inevitably encounters certain limitations. First, the GWAS summary statistics utilized herein are exclusively sourced from European cohorts, casting uncertainty on the generalizability of our conclusions across diverse ethnicities. The necessity for future corroboration of our results with large-scale GWAS summary statistics encompassing varied populations is paramount. Second, the aggregate data used in our analysis restricts access to detailed individual-level information. Third, akin to all MR studies, our study is unable to completely exclude the influence of unobserved pleiotropy, potentially introducing bias into our results. This underscores the need for extensive further research to elucidate the relationship between IDA and IS. Fourth, the study failed to identify a causal effect of IDA on LAS, with the MR-Egger analysis displaying broad 95% CIs, indicating the potential instability of these outcomes and the necessity for further inquiry.



5 Conclusion

In summary, our research furnished evidence advocating for no causative influence of IDA on the susceptibility to IS, LAS, CES or SVS. Bidirectional MR analysis yielded no evidence of a causal relationship between IDA and any IS, LAS, CES and SVS. Future studies should employ well-conducted clinical trials, featuring robust methodologies and substantial numbers of participants, to delve deeper into the mechanisms connecting IDA to IS and its various subtypes.
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Background: The present study aimed to develop a reliable and straightforward Nomogram by integrating various parameters to accurately predict the likelihood of early neurological deterioration (END) in patients with acute ischemic stroke (AIS).
Methods: Acute ischemic stroke patients from Shaoxing People’s Hospital, Shanghai Yangpu District Shidong Hospital, and Shanghai Fifth People’s Hospital were recruited based on specific inclusion and exclusion criteria. The primary outcome was END. Using the LASSO logistic model, a predictive Nomogram was generated. The performance of the Nomogram was evaluated using the ROC curve, the Hosmer-Lemeshow test, and a calibration plot. Additionally, the decision curve analysis was conducted to assess the effectiveness of the Nomogram.
Results: It was found that the Nomogram generated in the present study showed strong discriminatory performance in both the training and the internal validation cohorts when their ROC-AUC values were 0.715 (95% CI 0.648–0.782) and 0.725 (95% CI 0.631–0.820), respectively. Similar results were observed in two external validation cohorts when their ROC-AUC values were 0.685 (95% CI 0.541–0.829) and 0.673 (95% CI 0.545–0.800), respectively. In addition, CAD, SBP, neutrophils, TBil, and LDL were found to be positively correlated with the occurrence of END post-stroke, while lymphocytes and UA were negatively correlated.
Conclusion: Our study developed a novel Nomogram that includes CAD, SBP, neutrophils, lymphocytes, TBil, UA, and LDL and it demonstrated strong discriminatory performance in identifying AIS patients who are likely to develop END.
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 outcome; early neurological deterioration; nomogram; ischemic stroke; predict


Introduction

Ischemic stroke (IS) represents the most common subtype of stroke and is a leading cause of mortality worldwide (1–3). Early neurological deterioration (END) refers to decline in neurological functions occurring within hours or days after acute ischemic stroke (AIS) onset. Previous studies have shown that the incidence of END varies from 5 to 40%, influenced by different inclusion criteria and assessment methods (4–6). Research has shown that END increases the risk of mortality and disability in AIS patients (7, 8). Due to the complex etiology and pathogenesis of END in AIS, there is still a lack of accurate and reliable early predictive markers, as well as effective prevention and treatment strategies. Consequently, it is imperative to investigate risk factors associated with END in AIS patients with an aim to minimize the occurrence of END.

Previous studies have tentatively used a number of predictors to identify END in AIS patients, such as hyperglycemia, baseline NIHSS score, and proximal artery occlusion (9, 10). Duan et al. found that elevated levels of HsCRP were independently correlated with END in AIS patients with atrial fibrillation (11). Furthermore, our previous study suggested that serum total bilirubin may be a potential biomarker for END in ischemic stroke patients (12). Despite these findings, an all-encompassing prognostic score that accurately predicts outcomes of AIS patient is still lacking.

Therefore, this study aimed to develop a Nomogram that integrated various parameters to accurately predict the likelihood of END in AIS patients.



Materials and methods


Subjects of the study

Acute ischemic stroke patients admitted to Shaoxing People’s Hospital from January 2018 to October 2023, Shanghai Yangpu District Shidong Hospital from January 2021 to October 2023, and Shanghai Fifth People’s Hospital from January 2018 to October 2020 were included in the present retrospective study. Inclusion criteria were: (1) aged ≥18 years; (2) completed brain computed tomography or magnetic resonance imaging scans during their hospitalization; (3) symptoms deteriorated within 48 h. Exclusion criteria were: (1) did not complete routine blood tests or were unable to obtain relevant parameters in the emergency department or on the day of admission; (2) history of stroke; (3) infections within the past 2 weeks; (4) patients with hematological diseases; (5) patients with immune system disorders; (6) patients with cancers; (7) patients with severe cardiac, hepatic, or renal diseases; (8) patients who received thrombolytic or endovascular therapy. Figure 1 showed the process of screening eligible participants. Participants in Shaoxing People’s Hospital were randomly allocated to the training and the internal validation cohorts in a 7:3 ratio (13, 14). Participants from Shanghai Yangpu District Shidong Hospital and Shanghai Fifth People’s Hospital were treated as external validation cohorts. They were referred to as the Shidong Hospital cohort and the Fifth Hospital cohort, respectively. This study was approved by the Ethics Committee of Shaoxing People’s Hospital (2021-KY-330-01), Shanghai Fifth People’s Hospital(2018 Ethics Approval NO.001), and Shanghai Yangpu District Shidong Hospital (2021-041-02).

[image: Flowchart showing the selection and analysis process for AIS patients at Shaoxing People's Hospital. Out of 2,035 patients, exclusions include missing data, stroke history, and other conditions, leaving 1,594 eligible patients. These are divided into a training cohort (1,155), a validation cohort (439), and an external validation cohort from two other hospitals. The training cohort undergoes LASSO regression and multivariate logistic regression, leading to nomogram construction. Validation involves ROC curves, calibration curves, and decision-curve analysis.]

FIGURE 1
 Flowchart for patient recruitment in the present study.




Data collection

Demographic information, physical examination, and laboratory findings were documented upon admission. Demographic information included age, gender, and smoking and drinking habits. Physical examination data included measurements of systolic blood pressure (SBP) and diastolic blood pressure (DBP). Laboratory findings included counts of white blood cells (WBC), neutrophils, lymphocytes, monocytes, platelets, levels of the C-reactive protein (CRP), total bilirubin (TBil), total cholesterol (TC), triglycerides (TG), low-density lipoprotein cholesterol (LDL), high-density lipoprotein cholesterol (HDL), apolipoprotein A (apoA), apolipoprotein B (apoB), uric acid (UA), creatinine, urea nitrogen (UN), fasting blood glucose (FBG), glycosylated hemoglobin (GHb), alanine aminotransferase (ALT), and the aspartate aminotransferase (AST). Additionally, information on the medication history (including anticoagulants, antihypertensives, antidiabetics, and statins) as well as comorbidities [such as history of coronary heart disease (CAD), hypertension, diabetes mellitus (DM), and atrial fibrillation (AF)] was collected. Neurological functions were assessed using the National Institutes of Health Stroke Scale (NIHSS) on the admission day and subsequently within the first 7 days by experienced clinicians. Ischemic stroke was classified into subtypes based on the criteria outlined in the Org 10,172 Acute Stroke Treatment Trial (15).



Outcome assessment

The severity of stroke was assessed upon admission and subsequently 2–3 times daily for 7 days using the NIHSS score. All neurologists at each center received standardized training in NIHSS scoring and were blinded to the present study. Each participant underwent assessment by two certified neurologists from their assigned medical team. In cases of disagreement in NIHSS scoring, a third neurologist from each center was consulted to reach a final decision. Early neurological deterioration (END) was defined as an increase of ≥2 points in the NIHSS total score within 7 days of admission.



Statistical analysis

The statistical analysis was performed using the R software version 3.6.2.1 Categorical variables were presented as counts and percentages [n (%)], whereas continuous variables were presented as medians with interquartile ranges (IQR). The independent sample t-test or Mann–Whitney U test was applied to compare continuous variables, and the Chi-square test or Fisher’s exact test was used to compare categorical variables. The LASSO regression analysis was conducted using the “Glmnet” software package to select the optimal subset of features. Based on the results of the LASSO regression analysis, a Nomogram was developed utilizing seven characteristic variables (CAD, SBP, neutrophils, lymphocytes, TBil, UA, and LDL). The performance of the Nomogram was then tested using data from the training cohort, internal validation cohort, and the external cohort. The discriminative performance of the Nomogram was evaluated by calculating the area under the receiver operating characteristic curve (AUC-ROC). Calibration was conducted by generating a calibration plot with 1,000 bootstrap resamples to assess the agreement between the actual and predicted outcomes. The Decision curve analysis was utilized to evaluate the clinical utility of the Nomogram. Statistically significant differences were indicated when p < 0.05.




Results


Baseline characteristics of subjects

Patients in Shaoxing People’s Hospital were categorized into END and non-END groups. The Univariate analysis revealed that age, baseline NIHSS score, CAD, AF, SBP, WBC, neutrophil, lymphocyte, CRP, TBil, TC, LDL, apoA, and UA were potentially associated with END (p < 0.05). Compared to patients in the non-END group, patients in the END group were older and had higher levels of the baseline NIHSS score, SBP, WBC, neutrophil, CRP, TBil, TC, LDL, apoA, CAD, and AF. In contrast, patients in the END group exhibited a lower count of lymphocytes and a lower level of UA (Table 1).



TABLE 1 Baseline characteristics of included patients.
[image: Table comparing clinical characteristics between END (n=106) and Non-END (n=1,488) groups with p-values indicating statistical significance. Variables include age, gender, lifestyle factors, health conditions, blood pressure, and biochemical markers. Significant differences are noted in age, baseline NIHSS score, coronary artery disease, atrial fibrillation, systolic blood pressure, white blood cell count, neutrophil and lymphocyte count, monocyte levels, platelets, C-reactive protein, triglycerides, low density lipoprotein, uric acid, and fasting blood glucose, indicated by asterisks.]

Patients in Shanghai Yangpu District Shidong Hospital were also divided into the END group and the non-END group. The Univariate analysis demonstrated that age, smoking, and hypertension were statistically significant factors associated with the occurrence of END (p < 0.05). Furthermore, compared to the non-END group, the END group exhibited an older age and a greater proportion of hypertension (Supplementary Table 1).

Patients in Shanghai Fifth People’s Hospital were divided into the END group and the non-END group as well. The Univariate analysis demonstrated that hypertension and the use of anticoagulant drugs were statistically significant factors associated with the occurrence of END (p < 0.05). The END group had a higher proportion of patients with hypertension and anticoagulant drug use compared to the non-END group (Supplementary Table 2).



Baseline characteristics of the training and the validation cohorts

Patients in Shaoxing People’s Hospital were randomly assigned to the training and the internal validation cohorts in a ratio of 7:3. The training cohort consisted of 1,155 patients (median age: 70 years; 57.9% male), whereas the internal validation cohort consisted of 439 patients (median age: 69 years; 56.7% male). Table 2 displayed the demographic and clinical characteristics of the two cohorts. No significant difference in END was observed between the two cohorts (6.5 vs. 7.1%, p = 0.684). However, significant difference was found in the level of ApoB (p = 0.025) and the use of anticoagulant drugs (p = 0.028) between the cohorts, while no significant difference was observed in other variables.



TABLE 2 Baseline characteristics of the training and validation cohorts.
[image: Table comparing training and validation cohorts for various variables. It includes age, sex, drinking, smoking, and baseline NIHSS scores. Other variables include TOAST classification, hypertension, diabetes, coronary artery disease, atrial fibrillation, anticoagulant use, blood pressure, white blood cell counts, and biochemical markers like creatinine, uric acid, and cholesterol levels. P-values indicate statistical significance, noteworthy at less than 0.05.]

Additionally, detailed baseline characteristics of patients from Shanghai Yangpu District Shidong Hospital and Shanghai Fifth People’s Hospital can be found in Supplementary Table 3. The median age of patients enrolled in the study at Shanghai Yangpu District Shidong Hospital was 62 years, and male patients accounted for 73.4%. The most common vascular risk factor observed was hypertension (42.9%), followed by DM (27.3%). A total of 16 patients with END were documented, representing a prevalence of 10.4%. In Shanghai Fifth People’s Hospital, the median age of enrolled patients was 68 years, and 68.2% were males. The predominant vascular risk factor observed was hypertension (65.7%), followed by DM (36.3%). A total of 18 patients of END were recorded, indicating a prevalence of 7.3% (Supplementary Table 3).



The Univariate analysis of risk factors associated with END in the training cohort

The single-factor logistic regression analysis was conducted on risk factors associated with END within the training cohort. It was found that age (OR 1.02, 95% CI 1.002–1.042, p = 0.044), baseline NIHSS (OR 1.05, 95% CI 1.006–1.088, p = 0.027), CAD (OR 2.82, 95% CI 1.647–4.82, p < 0.001), AF (OR 1.93, 95% CI 1.025–3.622, p = 0.042), SBP (OR 1.02, 95% CI 1.006–1.026, p = 0.002), WBC (OR 1.11, 95% CI 1.012–1.212, p = 0.026), neutrophils (OR 1.17, 95% CI 1.069–1.275, p = 0.001), lymphocytes (OR 0.51, 95% CI 0.328–0.795, p = 0.003), TBil (OR 1.04, 95% CI 1.016–1.064, p = 0.001), LDL (OR 1.37, 95% CI 1.052–1.793, p = 0.02), and UA (OR 1, 95% CI 0.995–0.999, p = 0.038) were significantly associated with END (Table 3).



TABLE 3 Univariate analysis of risk factors associated with END in a training cohort.
[image: Table listing variables with corresponding statistical values: B, SE, OR, CI, Z, and p. Variables include age, sex, smoking, hypertension, CAD, AF, blood pressure, and more. Significant p-values are marked with asterisks. A note explains abbreviations like NIHSS for National Institute of Health Stroke Scale and CAD for Coronary Artery Disease.]



The LASSO regression analysis

To mitigate potential multicollinearity among variables, the LASSO regression analysis was utilized to identify key variables (Figure 2A). This employed 10-fold cross-validation to select the Lambda parameter that minimized the mean square error, which yielded the optimal model (Figure 2B). Seven significant variables were identified: CAD, SBP, neutrophils, lymphocytes, TBil, UA, and LDL, with a Lambda value of 0.01233904.

[image: Panel A shows a line graph of coefficients against Log(λ), with various colored lines. Panel B displays a plot of Mean-Squared Error versus Log(λ), with a dotted red line indicating the trend and vertical bars representing variability.]

FIGURE 2
 Factor selection using the least absolute shrinkage and selection operator (LASSO) logistic regression. (A) The LASSO coefficient profiles of the candidate variables. The binomial deviance is plotted versus log (λ). (B) Tuning parameter (λ) selection in the LASSO logistic regression performed using 10-fold cross-validation via the minimum criteria.


The Multivariable logistic regression analysis was performed on these seven characteristic variables obtained from the LASSO regression analysis (Table 4). After adjusting all potential confounders, CAD (OR 3.09, 95% CI 1.732–5.505, p < 0.001), SBP (OR 1.01, 95% CI 1–1.023, p = 0.038), lymphocytes (OR 0.63, 95% CI 0.402–0.976, p = 0.039), UA (OR 1, 95% CI 0.995–0.999, p = 0.034), and LDL (OR 1.51, 95% CI 1.132–2.022, p = 0.005) were identified as independent predictors of END in this model (Table 4).



TABLE 4 Multivariate logistic regression analysis.
[image: Table displaying logistic regression analysis results with variables: CAD, SBP, Neutrophil, Lymphocyte, TBil, UA, and LDL. Columns include B, SE, OR, CI, Z, and p-values, indicating statistical significance for some variables. CAD and LDL have significant p-values <0.001 and 0.005, respectively. SBP, Lymphocyte, and UA also show significance at 0.038, 0.039, and 0.034.]



Construction of the nomogram

A Nomogram was constructed based on the seven characteristic variables (CAD, SBP, neutrophils, lymphocytes, TBil, UA, and LDL) identified by the LASSO regression analysis. It predicted the probability of END by assigning scores to each independent predictor on a scale from 0 to 100. Higher cumulative scores on the Nomogram indicated an elevated risk of END, whereas lower scores indicated a reduced probability (Figure 3A). For example, when the values for neutrophils = 2.7*109, total bilirubin = 20 μmoL/L, SBP = 170 mmHg, uric acid = 320 μmoL/L, lymphocytes = 0.9*109, LDL = 2.9 mmoL/L, and no history of CAD were entered, the estimated risk of END was 7.25% (Figure 3B).

[image: Image A displays a nomogram with scales for points, CAD, SBP, neutrophil, lymphocyte, TBil, UA, and LDL, used to estimate diagnostic possibility. Image B shows another nomogram with data points on scales for points, neutrophil, TBil, SBP, UA, lymphocyte, LDL, and CAD, highlighting calculated probabilities for a diagnostic condition labeled Pr(END).]

FIGURE 3
 (A) A risk prediction model for poor outcomes. (B) An example of using the Nomogram.




Validation of the nomogram in the training and the validation cohorts

The training cohort demonstrated a Hosmer-Lemeshow χ2 of 8.14 (p = 0.519), with an area under the ROC curve of 0.715 (95% CI 0.648–0.782) (Figure 4A). In the internal validation cohort, the Hosmer-Lemeshow χ2 was 4.457 (p = 0.879), and the area under the ROC curve was 0.725 (95% CI 0.631–0.820) (Figure 4B). Furthermore, in the patient cohorts enrolled at Shanghai Yangpu District Shidong Hospital, the Hosmer-Lemeshow χ2 was 12.02 (p = 0.212), with an area under the ROC curve of 0.685 (95% CI 0.541–0.829) (Figure 4C). In the patient cohort enrolled in Shanghai Fifth People’s Hospital, the Hosmer-Lemeshow χ2 was 6.86 (p = 0.652), with an area under the ROC curve of 0.673 (95% CI 0.545–0.800) (Figure 4D). These findings further demonstrated strong calibration and discrimination. Calibration plots, comparing the predicted probability of END using the Nomogram to the observed probability of END, revealed a significant prediction accuracy in all the cohorts (Figure 5).

[image: Four ROC curves depict model performance across different cohorts. Panel A shows the training cohort with an AUC of 0.715. Panel B illustrates the internal validation cohort with an AUC of 0.725. Panel C represents the Shidong Hospital validation cohort with an AUC of 0.685. Panel D displays the Shanghai Fifth Hospital validation cohort with an AUC of 0.673. Each graph features specificity on the x-axis and sensitivity on the y-axis, with points marked for sensitivity and specificity values.]

FIGURE 4
 ROC curves were generated for the Nomogram in the training cohort (A), the internal validation cohort (B), the Shidong Hospital validation cohort (C), and the Shanghai Fifth Hospital validation cohort (D).


[image: Four calibration plots (A-D) comparing predicted and actual probabilities for different cohorts. Plot A: training cohort. Plot B: internal validation cohort. Plot C: Shidong Hospital validation cohort. Plot D: Shanghai Fifth Hospital validation cohort. Each plot includes metrics like Dxy, C (ROC), R2, and Brier, with lines representing ideal, logistic calibration, and nonparametric models. Scatter plots show data point distribution.]

FIGURE 5
 A calibration plot of the Nomogram in the training cohort (A), the internal validation cohort (B), the Shidong Hospital validation cohort (C), and the Shanghai Fifth Hospital validation cohort (D).


The Decision curve analysis was performed on the Nomogram to evaluate its predicability for END and to determine whether the model provides a greater net benefit. The Nomogram showed that when the risk thresholds ranged from 0 to 0.2 in the training cohort (Figure 6A), from 0 to 0.25 in the internal validation cohort (Figure 6B), from 0 to 0.55 in the Shanghai Yangpu District Shidong Hospital validation cohort (Figure 6C) and from 0 to 0.4 in the Shanghai Fifth People’s Hospital validation cohort (Figure 6D), adopting the strategy with the greatest net benefit ensured that all AIS patients would choose this strategy, thus ensuring that no AIS patient would miss out on it. At a risk threshold of 0.1 for AIS patients, net benefits of 2, 1.6, 2.5, and 1% in the training and validation cohorts, respectively, were yielded (Figure 6).

[image: Four graphs compare net benefit against high risk thresholds for different cohorts. Each graph includes curves for "Nomogram", "All", and "None" scenarios. Panel A shows the training cohort, Panel B the internal validation cohort, Panel C the Shidong Hospital validation cohort, and Panel D the Shanghai Fifth Hospital validation cohort. The x-axis represents the high risk threshold and cost-benefit ratio, while the y-axis shows net benefit. Red lines represent the nomogram, indicating its performance across varying thresholds, whereas grey and black lines indicate the "All" and "None" scenarios, respectively.]

FIGURE 6
 The decision curve analysis of the Nomogram of the training cohort (A), the internal validation cohort (B), the Shidong Hospital validation cohort (C), and the Shanghai Fifth Hospital validation cohort (D).




Comparison between different indicators in the nomogram

The ROC analysis was performed for each indicator in the Nomogram. The results demonstrated that the AUC of neutrophils was larger than that of other indicators in the internal validation cohort (AUC = 0.653, 95%CI 0.556–0.750) and Shanghai Yangpu District Shidong Hospital validation cohort (AUC = 0.658, 95%CI 0.561–0.754). Conversely, in the Shanghai Fifth People’s Hospital validation cohort, the total bilirubin AUC surpassed other indicators (AUC = 0.628, 95%CI 0.500–0.756) (Supplementary Figure 1).




Discussion

The present study introduced a novel Nomogram that included CAD, SBP, neutrophils, lymphocytes, TBil, UA, and LDL as predictors for END in AIS patients. These variables are routinely collected in the clinical setting; therefore, the Nomogram is practical for risk stratification. ROC curves and calibration plots were used in both the training and validation cohorts to evaluate the discrimination and calibration performance of the Nomogram. The results demonstrated ROC-AUC values of 0.715 (95% CI 0.648–0.782) and 0.725 (95% CI 0.631–0.820) in the training and the internal validation cohorts, respectively, signifying strong discriminatory performance. The external validation cohorts also exhibited ROC-AUC values of 0.685 (95% CI 0.541–0.829) and 0.673 (95% CI 0.545–0.800), indicating good discriminatory performance as well. Additionally, calibration curves provided further evidence on the model’s reliable calibration capacity. Importantly, CAD, SBP, neutrophil, TBil, and LDL were positively correlated with END occurrence post-stroke, while lymphocytes and UA were negatively correlated.

Previous studies have constructed other models to predict the risk of developing END in AIS patients. However, their scoring systems were limited in the ability to predict END using a small number of parameters. Wang et al. (16) developed a scoring system to predict END based on MRI-derived radiomics and clinical metrics. However, MRI examination is expensive and time-consuming, which may negatively impact the timing of diagnosis and therapy and increase the probability of END. Xie et al. (17) developed a prediction model consisting of the initial NIHSS score, middle cerebral artery stenosis, and carotid stenosis ≥50% to predict END in AIS patients. However, this study was conducted in a single center and included a relatively small number of patients. In contrast, our multi-center study effectively addressed these concerns by analyzing a larger patient cohort, which enhanced the reliability of the findings.

Coronary heart diseases, hypertension, and ischemic stroke often simultaneously occur and share common risk factors. Previous studies have shown that patients with ischemic stroke may experience clinical symptoms of coronary artery diseases, and effective management of coronary heart diseases might potentially reduce the risk of ischemic stroke (18). A substantial 10-year study conducted in China further substantiated the notion that coronary heart diseases may independently predict the recurrence of stroke (19). Our study further reinforces this concept by highlighting that coronary heart diseases independently predict END in AIS patients. Hypertension is a significant risk factor of AIS and can lead to more severe neurological deficits, worsening functional outcomes of AIS patients. This is likely attributed to the complex interplay between cerebrovascular autoregulation, neuronal activity, and brain bioenergetics (20). Turana et al. (21) reported a positive correlation between systolic blood pressure (SBP) and the incidence of stroke. In many Asian countries, adherence to hypertension treatment is crucial for stroke prevention. A cohort study by Zhou et al. (22) identified SBP as a risk factor for predicting the recurrence of ischemic stroke, which is consistent with our data demonstrating a strong correlation between SBP and END in patients with AIS. Therefore, effective management of coronary heart diseases and blood pressure has the potential to mitigate adverse outcomes in patients with AIS.

Oxidative stress, inflammatory response, and cholesterol accumulation collectively contribute to the progression of stroke (23). Studies have shown that ischemia–reperfusion injury generates a significant amount of oxygen free radicals, which result in neuronal oxidative stress and lead to compromised functions of cellular components including proteins, phospholipids, and nucleic acids. Such damage also impacts the structure of mitochondria and triggers the release of excitatory amino acids, ultimately accelerating neuronal necrosis (24). Post-ischemic brain injury activates the nuclear factor κB, which upregulates the expression of inflammatory factors, chemokines, and cell adhesion molecules. This cascade of events recruits inflammatory cells to the site of injury, resulting in microvascular occlusion, generation of oxygen free radicals, release of cytotoxic enzymes, and vasomotor changes that exacerbate post-ischemic brain injury (25, 26).

Uric acid, an essential endogenous antioxidant, plays a crucial role in protecting the brain from oxidative injury by inhibiting the accumulation of reactive oxygen species and the formation of nitrotyrosine (27). Animal studies have shown that high concentrations of uric acid can ameliorate brain tissue injury and the production of reactive oxygen species in a rat model of middle cerebral artery occlusion (28). Furthermore, a prospective study involving 881 AIS patients revealed an inverse relationship between neurological impairment, lesion volume on admission, and the level of uric acid (29). Our study supports these findings by demonstrating a negative association between the concentration of uric acid and the occurrence of END in AIS patients. Some researchers proposed that neutrophils may enhance the immune response in patients with ischemic stroke by producing pro-inflammatory cytokines (30) and triggering the expression of matrix metalloproteinase-9 (MMP-9), thereby contributing to the disruption of the blood–brain barrier and exacerbating brain damage (31). Conversely, lymphocytes are thought to have a protective role in inflammatory response to ischemic injury (32). A decrease in lymphocytes may indicate a stress response associated with cortisol, potentially increasing the production of pro-inflammatory cytokines (33). Our study demonstrated that neutrophils and lymphocytes were independent risk factors for END after AIS, with neutrophils positively correlated and lymphocytes negatively correlated with END occurrence. These findings are consistent with those of a previous study (34). Additionally, bilirubin can activate microglia and induce the release of inflammatory factors, such as tumor necrosis factor alpha (TNF-α), interleukin 1β, and interleukin 6, thus promoting neurotoxicity (35, 36). A study showed a positive correlation between the level of the serum bilirubin and the NIHSS, suggesting that higher concentrations of the serum bilirubin were associated with more severe stroke, which may be served as useful markers to reflect the severity of illness (37). Our findings also support this, showing a positive correlation between total bilirubin and the occurrence of END in AIS patients. Higher plasma levels of LDL result in increased adhesion of circulating monocytes to arterial endothelial cells, promoting LDL entry into the vascular intima (38). This process can cause damage to endothelial cells, formation of foam cells, activation of cell surface receptors on monocytes and vascular smooth muscle cells, initiation of inflammation, and promotion of AIS development (38, 39). A meta-analysis showed that for each 1 mmol/L decrease in LDL-C, there was a 17% decrease in the incidence of stroke (40, 41). A study by Amarenco et al. investigated the target level of LDL cholesterol for secondary prevention of cerebrovascular events. They found that maintaining the level of LDL below 1.8 mmol/L in patients with ischemic stroke or transient ischemic attack and evidence of atherosclerosis was associated with a lower risk of vascular events compared to those with their LDL between 2.3 and 2.8 mmol/L (42). Our study further confirmed that LDL is an independent predictor of END in AIS patients.

The Decision curve analysis (DCA) is a novel approach for evaluating the performance of predictive models, such as nomograms (43, 44). The results of the DCA in this study demonstrated the efficacy of nomograms in predicting END and illustrating the overall benefit of clinical outcomes at various threshold probabilities. A net benefit of zero in DCA indicates that no treatment would be required for AIS patients. AIS patients at a higher risk of END may benefit from additional interventions, including endovascular therapy, hematoma resection, cranial decompression, or specific medications. Results of the DCA supported the idea that the Nomogram can effectively identify high-risk patients who may develop END.

To the best of our knowledge, there is limited research conducted in a multicenter format exploring the predictive role of the Nomogram in assessing END in AIS patients. In this study, we developed a new Nomogram model specifically designed to predict END in AIS patients. The Nomogram model exhibited excellent predictive performance and accuracy. Furthermore, the Nomogram prediction model identified key clinical factors that can be utilized for early prediction of END in AIS patients, thereby maximizing clinical benefits.

However, this study has a number of limitations that should be acknowledged. Firstly, being a retrospective study, it is susceptible to selection and recall bias. Secondly, certain inflammatory biomarkers, such as interleukin 6 and tumor necrosis factor α, were not measured in this study and will be evaluated in future research. Furthermore, the participants were exclusively from East China, it is challenging to extrapolate our findings to other populations. Therefore, it is essential to test the Nomogram in other populations to ensure its generalizability beyond China.



Conclusion

Our study developed a novel Nomogram that included CAD, SBP, neutrophils, lymphocytes, TBil, UA, and LDL to predict the risk of developing END in AIS patients. The number of neutrophils and the level of total bilirubin were strong predictors of END. Future large-scale studies are needed to improve the accuracy of the Nomogram model in predicting END in AIS patients.
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Background: Insulin resistance (IR) can predict the prognosis of patients suffering from cerebrovascular disorders. The triglyceride–glucose (TyG) index and triglyceride-to-high-density lipoprotein cholesterol (TG/HDL-C) ratio have been confirmed to be easy and reliable indicators of IR. However, the relationships between the TyG index or TG/HDL-C ratio and early neurological deterioration (END) after thrombolysis in patients with acute ischemic stroke (AIS) are uncertain.
Methods: A retrospective analysis of 1,187 patients diagnosed with AIS who underwent intravenous thrombolysis between January 2018 and February 2024 was performed. Post-thrombolysis END was defined as an increase in the National Institutes of Health Stroke Scale (NIHSS) score of ≥4 within 24 h after thrombolysis. Logistic regression analysis was performed to explore the relationships of the TyG index and TG/HDL-C ratio with post-thrombolysis END. Receiver operating characteristic (ROC) analysis was used to assess the ability of the TyG index and TG/HDL-C ratio to discriminate post-thrombolysis END.
Results: Among the 1,187 recruited patients, 179 (15.08%) were diagnosed with post-thrombolysis END, and 1,008 (84.92%) were diagnosed with non-END. A binary logistic regression model indicated that the TyG index (odds ratio [OR], 2.015; 95% confidence interval [CI] 1.964–2.414, p = 0.015) and TG/HDL-C ratio (OR, 1.542; 95% CI, 1.160–2.049, p = 0.004) were independent factors for post-thrombolysis END. The area under the curve (AUC) values for the TyG index, TG/HDL-C ratio, and TyG index combined with the TG/HDL-C ratio for post-thrombolysis END were 0.704, 0.674, and 0.755, respectively.
Conclusion: This study indicates that the TyG index and TG/HDL-C ratio can be used as prognostic factors to predict post-thrombolysis END.
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 acute ischemic stroke; intravenous thrombolysis; triglyceride–glucose index; triglyceride-to-high-density lipoprotein cholesterol ratio; early neurological deterioration


Introduction

Acute ischemic stroke (AIS), which is caused by sudden arterial blockage and results in neuronal damage, is the most common type of stroke (1, 2). The preferred treatment for AIS is intravenous recombinant tissue plasminogen activator in the early phase (≤4.5 h) (3, 4). Nevertheless, a minority of patients continue to experience early neurological deterioration (END) in which neurological impairments and symptoms intensify within 24 h after thrombolysis (5). END is associated with an increased risk of mortality and morbidity, and previous studies have shown that END is relevant to unfavorable long-term outcomes in AIS patients (6, 7). Therefore, it is important to investigate the risk factors and measurable indicators of post-thrombolysis END in AIS patients.

Insulin resistance (IR) is considered the primary pathophysiology of metabolic syndrome (8), which is involved in the pathogenesis of cerebrovascular diseases, mainly through endogenous fibrinolytic dysfunction, thrombosis, elevated platelet activation, and inflammation (9). The hyperinsulinemic–euglycemic clamp test is the gold standard for assessing IR. However, the high cost of this measurement limits its wide-scale clinical applicability (10). In recent years, the triglyceride–glucose (TyG) index and triglyceride-to-high-density lipoprotein cholesterol (TG/HDL-C) ratio have been established as reliable, cost-effective, and easily accessible surrogate markers for IR (11–15). According to large cohort studies, the TyG index might be a useful IR biomarker for predicting the prognosis of stroke patients (16). A higher TyG index is associated with more severe END in AIS patients (11). Moreover, prior research has demonstrated that an elevated TyG index is associated with poor outcomes after thrombolysis (9, 17, 18). However, there are conflicting relationships between metabolic syndrome and outcomes after thrombolysis (19, 20). Therefore, the relationship between the TyG index and post-thrombolysis END deserves further investigation. The TG/HDL-C ratio is an easily accessible serum biomarker and may be utilized for assessing IR (13). Previous studies have shown significant associations between the TG/HDL-C ratio and incident cardiovascular disease (13, 21). Nevertheless, a recent large-scale cohort study revealed that there was no significant correlation between TG/HDL-C and worse cardiovascular disease outcomes (12). Furthermore, few studies have investigated the correlation between the TG/HDL-C ratio and post-thrombolysis END.

The early neurological outcome after thrombolysis is related to the long-term prognosis of patients (7, 22). The correlation between the TyG index or HDL-C ratio and post-thrombolysis END remains unclear. Therefore, we investigated the associations of the TyG index and TG/HDL-C ratio with the risk of post-thrombolysis END.



Materials and methods


Study design and participants

Patients with AIS who received intravenous thrombolysis within 4.5 h were selected from Changsha Central Hospital and Hunan Province Second People’s Hospital. AIS was diagnosed using head imaging techniques, including CT and MRI, based on the 2018 Chinese guidelines for the diagnosis and treatment of acute ischemic stroke. The diagnostic criteria were as follows: (1) acute onset; (2) focal neurological deficits (weakness or numbness of one side of the face or limb, language disorder, etc.), a few of which are global neurological deficits; (3) imaging liability lesions or symptoms/signs for more than 24 h; (4) exclusion of non-vascular causes; and (5) brain CT/MRI exclusion of cerebral hemorrhage (23). The inclusion criteria were as follows: (1) admission within 4.5 h after onset, (2) treatment with intravenous thrombolysis with r-tPA, and (3) age 18 years or older. The exclusion criteria for patients were as follows: (1) discharged within 24 h, (2) intravenous thrombolysis was interrupted due to serious side effects, (3) incomplete clinical data, and (4) cerebral vascular interventional therapy. This study was approved by the Ethics Committee of Changsha Central Hospital and Hunan Province Second People’s Hospital. Between January 2018 and February 2024, 1,187 AIS patients were recruited. Figure 1 shows a detailed flow diagram for patient enrollment.

[image: Flowchart depicting selection process of AIS patients with intravenous thrombolysis from January 2018 to February 2024. Initially, 1491 patients were considered. Exclusion criteria removed 304 patients due to interrupted thrombolysis (12), discharge within 24 hours (11), incomplete clinical data (84), and undergoing cerebral vascular interventional therapy (197). A total of 1187 patients were eligible, divided into END group (179) and Non-END group (1008).]

FIGURE 1
 Study flow diagram. AIS, acute ischemic stroke; END, early neurological deterioration.




Data collection

Expert neurologists conducted the clinical evaluations in a blinded manner. The following information was collected from each participant: age, sex, body mass index, risk factors for stroke (hypertension, diabetes mellitus, atrial fibrillation, coronary artery disease, and current drinking and smoking), and clinical features (admission stroke onset severity, admission systolic blood pressure (SBP), diastolic blood pressure (DBP), onset to treatment time (OTT), and stroke subtypes). Computed tomography, magnetic resonance, electrocardiography, echocardiography, carotid ultrasonography, and transcranial Doppler were used to determine the stroke subtype. The stroke subtype was classified according to the Trial of Org 10172 in Acute Stroke Treatment criteria (24). Using a standardized case report form, the demographic information, baseline clinical parameters, clinical diagnoses, and treatment plans were meticulously gathered. The physicians or other healthcare professionals who had been in charge were consulted if any information was unclear.

Blood samples from all patients were collected at 6–7 a.m. on the day after the patients had fasted for at least 8 h. In total, 2 mL of EDTA-anticoagulated whole blood was used for routine blood tests (automated hematology analyzer, BZ6800, China). In total, 5 mL of coagulant-containing blood was used for standard biochemical examination (automatic analyzer, HITACHI 7600, Japan). Blood samples were evaluated for triglycerides (TG), total cholesterol (TC), low-density lipoprotein cholesterol (LDL-C), high-density lipoprotein cholesterol (HDL-C), and fasting blood glucose (FBG) levels. The TG/HDL-C ratio was calculated. Each blood test was conducted three times. The following formula was used to define the TyG index: Ln [TG (mg/dL) × FBG (mg/dL) ÷ 2] (25).



Definition of post-thrombolysis early neurological deterioration and symptomatic intracranial hemorrhage

The two centers’ certified neurologists were blinded to our investigation and received unified training for evaluating NIHSS scores. Post-thrombolysis END was defined as an increase in the National Institutes of Health Stroke Scale (NIHSS) score by ≥4 points in the total score within 24 h after thrombolysis (26, 27). Symptomatic intracranial hemorrhage (sICH) was defined as clinical worsening of at least 4 points on the National Institutes of Health Stroke Scale (NIHSS) score within 24 h after thrombolysis, attributed to parenchymal hematoma, subarachnoid, or intraventricular hemorrhage (28).



Statistical analysis

SPSS 25.0 (IBM SPSS Statistics software, Version 25.0) was used for data analysis. The Kolmogorov–Smirnov test was used to determine if all the data had a normal distribution. If the continuous variables were regularly distributed, they are shown as the means ± SDs; if not, they are shown as medians (quartiles). For categorical factors, the results are shown as percentages. The chi-square test or Fisher’s exact test was used for categorical variables, and Student’s t-test or the Mann–Whitney U test was used to evaluate differences in the baseline characteristics of continuous variables across groups. Logistic regression analysis was used to detect risk factors for post-thrombolysis END. A MedCalc 15.6.0 (MedCalc Software Acacialaan 22, B-8400 Ostend, Belgium) packet program was used to obtain a receiver operating characteristic (ROC) curve to test the overall ability of the TyG index and TG/HDL-C ratio to discriminate post-thrombolysis END. A two-tailed value of p < 0.05 was considered significant.




Results


Clinical and demographic characteristics of AIS patients with post-thrombolysis END and non-END

Table 1 shows the clinical and demographic characteristics of the patients in detail. The baseline characteristics of the AIS patients from the two hospitals are shown in Supplementary Table S1. In our study, post-thrombolysis END was observed in 179 patients (15.08%), and post-thrombolysis non-END was observed in 1008 patients (84.92%). In the post-thrombolysis END group, the NIHSS score after rt-PA for 24 h (p < 0.001), DBP (p = 0.026), diabetes mellitus (p = 0.014), FBG (p < 0.001), TG (P = <0.001), TC (p = 0.003), TyG index (p < 0.001), and TG/HDL-C ratio (p < 0.001) were significantly greater than those in the post-thrombolysis non-END group, whereas HDL-C (p = 0.012) was significantly lower than those in the post-thrombolysis non-END group. In the post-thrombolysis END group, the percentage of patients with symptomatic intracranial hemorrhage (sICH) was 26.82% (48/179). In addition, stroke subtype (p = 0.011) was significantly different between the two groups. Figure 2 shows the TyG index, TG/HDL-C ratio, FBG, TG, TC, and HDL-C for the two groups.



TABLE 1 Characteristics of AIS patients with post-thrombolysis END and non-END patients.
[image: Table comparing END (n = 179) and Non-END (n = 1,008) groups based on demographic and clinical characteristics, risk factors, medication history, stroke subtypes, and lab data. Includes means with standard deviations, percentages, T/Z scores, and P-values for statistical significance. Notable findings are lower NIHSS scores after rt-PA in Non-END and significant differences in several lab values, such as FBG and TC, with corresponding P-values indicating statistical significance.]

[image: Box plots comparing metabolic indices between END and Non-END groups: (A) TyG index, (B) TG/HDL-C, (C) FBG, (D) TG, (E) TC, and (F) HDL-C. Significant differences indicated by asterisks: *** (p<0.001), ** (p<0.01), * (p<0.05). Red denotes END; blue denotes Non-END.]

FIGURE 2
 Comparisons of the TyG index (A), TG/HDL-C (B), FBG (C), TG (D), TC (E), and HDL-C (F) between the END and non-END groups. ***p < 0.001, **p < 0.01, *p < 0.05.




Logistic regression analysis for risk factors for post-thrombolysis END

The results of the crude models for post-thrombolysis END are displayed in Table 2. To identify independent risk factors for post-thrombolysis END, the binary logistic regression model included variables with statistical significance mentioned in Table 1. sICH, age, and the National Institutes of Health Stroke Scale (NIHSS) score are also important factors for post-thrombolysis END and should be included in multivariate analysis. There was no collinearity between the TyG index and the TG/HDL-C ratio. However, FBG, TG, and HDL-C were not included in the model because of collinearity with the TyG index and TG/HDL-C ratio. The TyG index (OR, 2.015; 95% CI 1.964–2.414, p = 0.015), TG/HDL-C ratio (OR, 1.542; 95% CI 1.160–2.049, p = 0.004), and sICH (OR, 1.815; 95% CI 1.515–2.231, p < 0.001) were identified as independent factors for post-thrombolysis END after adjustment for age, initial NIHSS score, DBP, stroke subtype, and TC (Figure 3). In addition, the TyG index (median = 7.17) and TG/HDL-C ratio (median = 1.26) were used as binary categorical variables. After adjusting for all confounding factors, the T2 subgroup was still significantly associated with post-thrombolysis END, compared to the T1 subgroup (Table 3).



TABLE 2 Logistic regression analysis for risk factors for post-thrombolysis END.
[image: Table displaying the odds ratios (OR) and adjusted odds ratios (Adjusted OR) with 95% confidence intervals (CI) and P-values for various health variables. Key variables include age, initial NIHSS score, sICH, DBP, diabetes mellitus, and others. sICH shows a notable OR of 2.885 with a P-value less than 0.001, while the TyG index has an OR of 3.879, also with a P-value less than 0.001. Adjusted OR values and P-values are listed alongside for comparison.]

[image: Forest plot showing odds ratios (OR) with confidence intervals for three variables: sICH, TG/HDL-C, and TyG index. sICH has an OR of 1.815 (95% CI: 1.515-2.231, p < 0.001). TG/HDL-C shows an OR of 1.542 (95% CI: 1.160-2.049, p = 0.004). TyG index presents an OR of 2.015 (95% CI: 1.964-2.414, p = 0.015). Horizontal axis represents OR, ranging from 0 to 4.]

FIGURE 3
 Binary logistic analysis of independent risk factors associated with post-thrombolysis END.




TABLE 3 Association of the TyG index and TG/HDL-C ratio with post-thrombolysis END.
[image: Table displaying odds ratios and p-values for binary classifications of TyG index and TG/HDL-C. For TyG index, T2 shows an OR of 2.650 (95% CI: 1.882–3.731, p < 0.001) and an adjusted OR of 2.32 (95% CI: 2.013–2.954, p = 0.004). For TG/HDL-C, T2 shows an OR of 2.570 (95% CI: 1.828–3.614, p < 0.001) and an adjusted OR of 2.085 (95% CI: 1.514–2.873, p = 0.02). TyG and TG/HDL-C indexes have defined cut-offs. Adjustments include DBP, stroke subtype, and TC.]



ROC curve analysis to determine the overall ability to discriminate post-thrombolysis END

We used ROC curves to assess the overall ability of the TyG index and TG/HDL-C ratio to discriminate post-thrombolysis END (Figure 4). The TyG index’s area under the curve (AUC) for determining post-thrombolysis END was 0.704 (95% CI, 0.678–0.730; p < 0.001), and the cut-off value was 7.78, with a sensitivity of 53.1% and a specificity of 85.3%. For the TG/HDL-C ratio, the AUC was 0.674 (95% CI, 0.647–0.701; p < 0.001), and the cut-off value was 2.94, with a sensitivity of 36.3% and a specificity of 93.9%. In addition, we conducted an ROC curve analysis to assess the discriminatory power of the TyG index and TG/HDL-C ratio combination in distinguishing between the END group and the non-END group. The AUC for the combination of the TyG index and TG/HDL-C ratio was 0.755 (95% CI: 0.730–0.780, p < 0.001), and the cut-off value was 0.18, with a sensitivity of 62.6% and a specificity of 81.6%.

[image: ROC curve graph showing sensitivity versus 100-specificity for TyG & TG/HDL-C, TG/HDL-C, and TyG index. Blue, green, and red lines represent each parameter respectively, with the x-axis labeled 0 to 100 for 100-specificity and the y-axis labeled 0 to 100 for sensitivity.]

FIGURE 4
 ROC analysis revealed that the TyG index, TG/HDL-C ratio, and TyG index and the TG/HDL-C ratio exhibited respectable post-thrombolysis END discriminating power, with AUC values of 0.704, 0.674, and 0.755, respectively.





Discussion

In our research, 179 patients (15.08%) experienced post-thrombolysis END, and the proportion was consistent with the results of previous studies (5, 9, 29). The results we obtained offer a number of fresh insights. First, we found that the TyG index and TG/HDL-C ratio in AIS patients with END were greater than those in AIS patients with non-END. Second, the binary logistic regression model indicated that the TyG index and TG/HDL-C ratio were independent factors for post-thrombolysis END. Finally, we employed ROC curves to test the overall ability of the TyG index and TG/HDL-C ratio to discriminate post-thrombolysis END. Together, these findings provide evidence that a higher TyG index and TG/HDL-C ratio are associated with post-thrombolysis END.

An increasing amount of research has demonstrated a relationship between the TyG index and the prognosis of AIS patients. The TyG index is related to arterial stiffness (30) and poor outcomes in cardiovascular and cerebrovascular diseases (31, 32). According to multicenter observational research, a higher TyG index was associated with 90-day unfavorable functional outcomes in AIS patients after thrombolysis (18). Additionally, the TyG index was related to a greater risk of in-hospital mortality in patients with severe stroke (33) and early stroke recurrence (34). In our study, the TyG index was significantly greater in the post-thrombolysis END group than in the non-END group. A binary logistic regression model indicated that the TyG index was an independent factor for post-thrombolysis END. In addition, when the TyG index was used as a categorical variable, after adjusting for confounding factors, our data revealed that a higher TyG index was associated with a greater probability of developing post-thrombolysis END, which is consistent with the findings of previous studies (9). These findings may indicate that the TyG index is a biomarker for END.

The associations between post-thrombolysis END and the TyG index can be explained by several mechanisms. First, IR may cause excessive platelet activation, exacerbate endothelial dysfunction, and cause biochemical imbalances (35, 36). Second, IR induces a variety of metabolic disorders, which promote atherosclerotic plaque rupture, leading to thrombosis (37). Third, IR can exacerbate oxidative stress, which can result in the accumulation of reactive oxygen species and mitochondrial dysfunction. Finally, IR can increase matrix metalloproteinase-9 activity, which exacerbates ischemia, reperfusion damage, and the inflammatory response (38, 39).

Based on a prior study, in the hypertensive population, an increased TG/HDL-C ratio was predictive of increased risk and advanced development of arterial stiffness (40). According to a longitudinal study, the TG/HDL-C ratio may be a significant and distinct biomarker for predicting cardiovascular disease outcomes and progression (41). Furthermore, data from the UK Biobank cohort revealed that an elevated TG/HDL-C ratio was associated with a greater risk of cardiovascular disease (13). However, the correlation between the TG/HDL-C ratio and post-thrombolysis END in patients with AIS remains unclear. In this study, in the post-thrombolysis END group, the TG/HDL-C ratio was significantly greater than that in the non-END group. Furthermore, the TG/HDL-C ratio was identified as an independent factor for post-thrombolysis END, after adjustment for potential confounders. Employing the TG/HDL-C ratio as a categorical variable, our results demonstrated that a higher TG/HDL-C ratio was related to an increased risk of post-thrombolysis END development. Our findings expand the understanding of the function of the TG/HDL-C ratio in cerebrovascular disease and provide fresh perspectives on therapeutic approaches.

In our study, the proportion of sICH in the END group was 26.82% (48/179), which is similar to the study by Yu et al. (27), and the overall percentage of patients with sICH was 4.04% (48/1,187) for all AIS patients after thrombolysis, which is consistent with earlier studies (1, 28). In this research, sICH was identified as an independent risk factor for post-thrombolysis END after adjustment for all potential confounders, which is similar to the earlier study (42). Age and the NIHSS score were also important factors for END (43). However, there was no significant correlation between age, the NIHSS score, and post-thrombolysis END in our research. We believe that the variances in the ethnicity of the research populations, the sample sizes, the medication status, and the severity of the condition may be the causes of the discrepancies between various studies.

We employed ROC curves to test the overall ability of the TyG index and TG/HDL-C ratio to discriminate post-thrombolysis END. Our research revealed that the TyG index and TG/HDL-C ratio had the ability to distinguish patients in the END group from those in the non-END group. The TyG index is more discriminative than the TG/HDL-C ratio, indicating that the TyG index might be a valuable instrument for predicting post-thrombolysis END. Moreover, our study revealed that the combination of the TyG index and TG/HDL-C ratio exhibited superior discriminatory power for post-thrombolysis END, with an AUC of 0.755. This value surpassed that of the individual markers, suggesting that the combination of these two indicators may be more beneficial in predicting post-thrombolysis END.

The limitations of this study are as follows: (1) This was a cross-sectional study with only Chinese patients receiving intravenous thrombolysis; thus, potential inherent biases exist. As a result, our findings need to be verified in non-Chinese populations, and future research may require larger-scale longitudinal cohort studies. (2) Owing to realistic limitations resulting from our clinical context, our research team did not employ a direct IR assessment tool. (3) Given that IR detection is reliant on time during the onset of AIS, early measurement may have overestimated the prevalence of IR. Future research needs to consider the effects of peripheral blood markers.



Conclusion

In conclusion, our study suggests that the TyG index and TG/HDL-C ratio can be used as prognostic factors to predict post-thrombolysis END. Additionally, the combination of the TyG index and TG/HDL-C ratio may provide greater predictive value. However, more research is needed to confirm these findings and clarify the pathophysiology of post-thrombolysis END.
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Objective: Symptomatic carotid artery disease is indicative of an elevated likelihood of experiencing a subsequent stroke, with the morphology of plaque and its specific features being closely linked to the risk of stroke occurrence. Our study based on the characteristics of carotid plaque assessed by optical coherence tomography (OCT), the plaque morphology evaluated by digital subtraction angiography (DSA) and clinical laboratory indicators were combined, develop a combined predictive model to identify symptomatic carotid plaque.
Methods: Patients diagnosed with carotid atherosclerotic stenosis who underwent whole-brain DSA and OCT examination at the Affiliated Hospital of Jining Medical University from January 2021 to November 2023 were evaluated. Clinical features, as well as DSA and OCT plaque characteristics, were analyzed for differences between symptomatic and asymptomatic cohorts. An analysis of logistic regression was carried out to identify factors associated with the presence of symptomatic carotid plaque. A multivariate binary logistic regression equation was established with the odds ratio (OR) serving as the risk assessment parameter. The receiver operating characteristic curve was utilized to assess the combined predictive model and independent influencing factors.
Results: A total of 52 patients were included in the study (symptomatic: 44.2%, asymptomatic: 55.8%). Symptomatic carotid stenosis was significantly linked to four main factors: low-density lipoprotein-cholesterol >3.36 mmol/L [OR, 6.400; 95% confidence interval (CI), 1.067–38.402; p = 0.042], irregular plaque (OR, 6.054; 95% CI, 1.016–36.083; p = 0.048), ruptured plaque (OR, 6.077; 95% CI, 1.046–35.298; p = 0.048), and thrombus (OR, 6.773; 95% CI, 1.194–38.433; p = 0.044). The combined predictive model generated using four indicators showed good discrimination (Area Under Curve, 0.924; 95% CI, 0.815–0. 979). The p value was <0.05 with 78.26% sensitivity and 93.10% specificity.
Conclusion: OCT is valuable in evaluating the plaque characteristics of carotid atherosclerotic stenosis. The combined predictive model comprising low-density lipoprotein-cholesterol >3.36 mmol/L, irregular plaque, ruptured plaque, and thrombus could help in the detection of symptomatic carotid plaque. Further research conducted on additional independent cohorts is necessary to confirm the clinical significance of the predictive model for symptomatic carotid plaque.
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1 Introduction

Carotid atherosclerotic stenosis is a significant factor in causing ischemic stroke (IS) and transient ischemic attack (1, 2). The development of carotid artery stenosis (CAS) or occlusion due to plaque formation is the primary mechanism underlying IS, leading to reduced blood flow (hypoperfusion) (3, 4). Additionally, plaque detachment can result in artery–artery embolism, further contributing to the risk of IS (3). Numerous studies have demonstrated a positive correlation between CAS severity and heightened risk of IS (5). For example, the risk of IS in patients with ≥50% carotid stenosis is about 2.5 times higher than that in patients with <50% stenosis (3). The incidence of symptomatic CAS escalates with advancing age and is believed to confer a greater propensity for recurrent stroke in contrast to asymptomatic CAS (6, 7). Research findings indicate that approximately two-thirds of individuals diagnosed with carotid atherosclerosis, a condition associated with stroke, do not exhibit any symptoms prior to its onset (8). Furthermore, there is no straightforward correlation between symptom severity and the extent of vascular stenosis (9). Therefore, the degree of CAS does not serve as a reliable indicator of the risk of experiencing a stroke. A growing body of clinical evidence suggests a relationship between the morphological features of plaque, its susceptibility to rupture, and the manifestation of patient symptoms as well as the risk of stroke (10, 11).

In addition to digital subtraction angiography (DSA), which is widely regarded as the benchmark technique for diagnosing carotid stenosis in numerous randomized trials, various frequently employed approaches exist for detecting carotid plaque (9, 12). Some of the imaging techniques used are ultrasound, computed tomography, and magnetic resonance imaging (13). However, their ability to accurately identify plaque morphology is limited due to the low resolution. Optical coherence tomography (OCT) is an emerging endovascular imaging modality that employs near-infrared light to produce high-resolution (15–20 μm) images of endovascular structures (14). This technique enables a comprehensive assessment of plaque composition in vivo and has been substantiated through histological controls (14, 15). However, prior research investigating the prognostic significance of plaque imaging in individuals with both symptomatic and asymptomatic plaques has not integrated clinical variables with multiple imaging biomarkers (16, 17).

The current research sought to assess plaque characteristics utilizing OCT and to develop a combined predictive model comprising clinical indicators, plaque surface morphology from DSA, and plaque features from OCT to enhance the identification of symptomatic carotid plaque.



2 Methods


2.1 Study population

A total of 59 non-consecutive patients diagnosed with CAS at the Affiliated Hospital of Jining Medical University (Jining, China) between January 2021 and November 2023 underwent a DSA examination and OCT study. Informed consent was obtained from all patients for the procedures conducted, and a retrospective case review was authorized by the Ethics Committee of the Affiliated Hospital of Jining Medical University. Indications for DSA examinations included patients who required further identification of the degree of vascular stenosis and/or carotid stent implantation. Indications for OCT studies included vascular stenosis in patients needing additional assessment of the nature of stenosis lesion and plaque characteristics.

Patients in the study were separated into two groups according to the presence or absence of prior symptoms, namely symptomatic and asymptomatic groups. Patients in the symptomatic cohort presented with a documented medical history of transient ischemic attack, amaurosis fugax, or stroke in the vascular territory supplied by the internal carotid artery (ICA) within the 6 months prior the examination (16). Patients who met the following criteria were excluded: (1) Complications of myocardial infarction, cardiogenic shock, contrast-media allergy, renal insufficiency, or cerebral tumor; (2) OCT imaging catheter could not pass through CAS or severe tortuosity segment (C-shaped or S-shaped segment of the internal carotid artery C1 is considered tortuous); (3) Inability to perform analysis due to incomplete baseline or imaging data; (4) Poor OCT image quality for interpretation due to non-ideal vascular blood clearance; (5) The imaging experts disagreed on the interpretation of the images and could not come to a consensus after discussing. Two cases had unsatisfactory blood clearance, the inability of the OCT catheter to navigate through the lesion in three cases due to vascular tortuosity, OCT images of two patients could not meet the diagnostic requirements. A total of 52 patients were enrolled in the study.



2.2 Data collection

Clinical information on demographic data (age, sex), vascular risk factors (hypertension, hyperlipidemia, diabetes, coronary heart disease, and smoking history), laboratory tests (glucose, total cholesterol (TC), triglycerides, high-density lipoprotein-cholesterol (HDL-C), low-density lipoprotein-cholesterol (LDL-C), very low-density lipoprotein-cholesterol (VLDL-C), and homocysteine), and previous medication history (antihypertensive, antiplatelet, lipid-lowing, and hypoglycemic drugs) were collected from clinical records. DSA and OCT imaging data were also recorded.



2.3 DSA image acquisition and analysis

All patients underwent standard whole-brain DSA interventional procedures via the femoral approach. Heparin (50,000 U) was used for anticoagulation before the operation. Angiographic images were transmitted to a CV-NET workstation (Beijing Sichuang Company, Beijing, China) for vascular stenosis analysis and stenosis length measurement, which were separately carried out and averaged by two professional technicians. DSA imaging findings, including the surface morphology of carotid plaques (smooth and irregular) and stenosis type (concentric and eccentric). Plaques were considered as irregular if there has irregular dilatation (18). Plaques were considered smooth if angiographic images did not show any significant surface irregularities (19).

The results were meticulously documented and individually assessed by three seasoned neuro-interventional specialists. In cases where differing interpretations arose, a thorough discussion ensued until a unanimous conclusion was reached. In instances where consensus could not be achieved, enrollment was canceled.



2.4 OCT image acquisition and analysis

OCT was based on the standard operation procedure recommended by China’s OCT technology experts. OCT equipment (OPTISTM Mobile, Abbott Medical Supplies Co, Shanghai, China) and OCT imaging catheters (DragonFly™ intravascular imaging catheter, Abbott Medical Supplies Co, Shanghai, China) were used for OCT evaluation. DSA was used to define the carotid artery lesions. Then, distal embolic protection device (Abbott Medical Supplies Co., Shanghai, China) was inserted over the distal cervical segment of the ICA in patients with moderate–severe stenosis. Transend™ microguidewire (Boston Scientific Corp., Natick, MA, United States) was inserted over the distal cervical segment of the ICA in patients with mild stenosis. Slowly, the OCT catheter was inserted over the guidewire and moved beyond the ICA lesion. An OCT image was obtained by injecting 18 mL of undiluted iodixanol 32 (GE Healthcare Ireland Limited, County Cork, Ireland) at a flow rate of 8 mL/s through the guiding catheter. Calibration of images was done through Z-offset adjustment. Automatic pullbacks covered 75 mm of the vessel at a velocity of 180 frames/s.

Three experienced observers conducted OCT image analysis while blinded to the clinical data. Established criteria for OCT plaque characterization were followed to ensure all observers unanimous results. If there were differing opinions, they discussed until reaching a unanimous conclusion. If consensus could not be reached, enrollment was canceled. The structure of the three membranes (intima, media, and adventitia) in the normal OCT images was clear, and vascular blood clearance was ideal. Pathological OCT images had the following characteristics: (1) Thin-cap fibroatheroma (TCFA) was characterized by a plaque exhibiting a maximal lipid arc exceeding 180° and a fibrous cap thickness of 65 μm or less; (2) Plaque rupture was identified as a discontinuous fibrous cap and (or) a ruptured cavity; (3) Lipid plaque: strong attenuation areas, low signal, blurred edge; (4) Calcified plaque: low signal or heterogeneous areas with sharp edges; (5) Red thrombus: manifested as weak signal, high back reflex with shadow image; (6) White thrombus: manifested as strong signal, low back reflection image with few shadows (Figure 1).

[image: Six-panel illustration of intravascular imaging labeled A to F, showing cross-sectional views of arteries. Panels A to F depict varying degrees of plaque and lumen changes, with arrows indicating areas of interest. Each image shows differences in the arterial structure or plaque distribution.]

FIGURE 1
 Normal and pathological OCT images of carotid arteries. (A) Normal OCT image intima (white arrow), tunica media (green arrow), adventitia (red arrow). (B) TCFA. (C) Calcified plaque (white arrow). (D) Lipid plaque (white arrow). (E) Plaque rupture (white arrow). (F) Thrombus white thrombus (white arrow), red thrombus (red arrow).




2.5 Statistical analysis

SPSS26.0 (IBM, Armonk, New York, United States) was used for data analysis in this experiment. The counting data were described in the form of frequency (percentage %), and Chi-square analysis (Fisher exact probability method) was used to analyze the counting data. The measurement data that follow normal or approximate normal distribution are described by means and standard deviation, and analyzed by independent sample t test. For the data that do not follow the normal distribution, the median (upper quartile, lower quartile) is used to describe, and the non-parametric test (U test) is used to analyze the difference. With OR without symptoms as the dependent variable (1 for symptomatic group and 0 for asymptomatic group), variables with p values less than 0.1 in the univariate analysis were included in the subsequent multivariate logistic regression analysis. The counting data (i.e., categorical variables) were selected and appropriate reference layers were used, and OR was used as the risk assessment parameter. Multivariate binary logistic regression equation was established, then a four-index joint prediction model was carried out, and the ROC curve was used to analyze the joint prediction model and independent influencing factors. In this study, p < 0.05 was considered to have statistical significance, and this study was conducted by bilateral tests.




3 Results


3.1 Patient characteristics in symptomatic and asymptomatic groups

Fifty two patients (36 males, 69.2%) with an average age of 63.38 years were included. Twenty-three patients (44.2%) were categorized into the symptomatic group and 29 patients (55.8%) into the asymptomatic group. When compared to asymptomatic group, symptomatic patients had elevated LDL-C levels (3.85 mmol/L vs. 2.03 mmol/L, p = 0.001). No notable variation was observed in additional clinical features among symptomatic and asymptomatic groups (p > 0.05) (Table 1).



TABLE 1 Demographic and clinical data of the study population.
[image: A table comparing clinical characteristics and lab test results between asymptomatic and symptomatic groups. It includes variables such as age, gender, clinical features like hypertension and diabetes, current medications including aspirin and statin use, and lab tests like glucose and cholesterol levels. Statistical values including t-values and p-values are provided to compare differences between groups, with the total sample size being fifty-two. Data presented as median or number with percentages.]



3.2 Contrasting carotid plaque features between symptomatic and asymptomatic groups

Comparison of carotid plaque features between symptomatic and asymptomatic groups was evaluated using DSA and OCT (Table 2). The symptomatic group showed more irregular plaque surface morphology compared to that in the asymptomatic group (78.3% vs. 31.0%, p = 0.001). Plaques were also more likely to be rupture in symptomatic patients than in asymptomatic patients (73.9% vs. 17.2%, p = 0.001). Symptomatic patients displayed higher rates of thrombus formation compared to asymptomatic group (78.3% vs. 17.2%, p = 0.001). No notable variation could be observed in other plaque features (p > 0.05).



TABLE 2 Plaque characteristics in the symptomatic and asymptomatic groups.
[image: Table comparing characteristics of asymptomatic and symptomatic groups for digital subtraction angiography (DSA) and optical coherence tomography (OCT). Includes measures like diameter stenosis rate, stenosis length, and occurrences of lipid plaque, fibrous plaque, calcified plaque, TCFA, macrophage accumulation, cholesterol crystals, plaque rupture, and thrombus. The table presents mean values and standard deviations, with statistical tests and p-values. Data count and percentages are provided for each characteristic.]



3.3 Prediction model combining clinical and imaging indicators to identify symptomatic CAS

A logistic regression analysis was conducted, and the presence/absence of symptoms as the dependent variable and p < 0.1 as the explanatory variable.

After controlling for potential collinearity and including all possible predictors in the logistic regression analysis, it was found that LDL-C > 3.36 mmol/L (OR, 6.400; 95% confidence interval (CI), 1.067–38.402; p = 0.042), irregular plaque (OR, 6.054; 95% CI, 1.016–36.083; p = 0.048), ruptured plaque (OR, 6.077; 95% CI, 1.046–35.298; p = 0.048), and thrombus (OR, 6.773; 95% CI, 1.194–38.433; p = 0.044) were significantly relevant to symptomatic carotid plaque (Table 3). The β-coefficients of the four variables were approximately 1:1:1 (Table 3). The combined predictive model of four independent factors (thrombus, irregular plaque, ruptured plaque, and LDL-C > 3.36 mmol/L) exhibited strong discriminatory ability (area under the curve of 0.924; 95% CI, 0.815–0.979), with a sensitivity of 78.26% and specificity of 93.1% (Figure 2; Table 4).



TABLE 3 Clinical and imaging indicators to identify symptomatic carotid plaque in the final multivariable regression model.
[image: A table presenting multivariable regression model results for clinical, DSA, and OCT indicators. It includes columns for β-coefficient, standard error (SE), Wald, p-value, odds ratio (OR), and 95% confidence interval for OR. Clinical indicator reporting is LDL-C > 3.36 mmol/L, DSA indicator is irregular, while OCT indicators include plaque rupture and thrombus. Constant values are also provided. Results show statistical significance in various indicators, with p-values below 0.05. The model was adjusted for potential collinearity. Abbreviations are explained at the bottom.]

[image: Two ROC curves are displayed. Panel A shows curves for different models: irregular plaque, ruptured plaque, LDL-C, thrombus, and a combined predictive model, with AUCs ranging from 0.736 to 0.924. Panel B focuses on the combined predictive model with an AUC of 0.924 and a p-value of less than 0.001. Both panels plot sensitivity against 1-specificity.]

FIGURE 2
 The four-item factor of symptomatic carotid plaque and the ROC curve. LDL-C, low density lipoprotein cholesterol; ROC, receiver operating characteristic; AUC, operating characteristic curve. (A) The four-item factor of symptomatic carotid plaque. (B) The ROC curve of the predictive model to identify the symptomatic carotid plaque.




TABLE 4 ROC curve analysis of combined predictive model and independent risk factors.
[image: Table comparing various models and factors related to symptomatic carotid plaque. Columns include AUC, SE, Z, p, 95% CI, sensitivity, and specificity. The combined predictive model shows the highest AUC of 0.924, sensitivity of 78.26%, and specificity of 93.10%. Other factors like thrombus, LDL, plaque rupture, and irregularities are also listed with their respective statistical values.]




4 Discussion

The present study describes a combined predictive model with four independent influencing factors, including clinical indicators, angiographical plaque surface morphology assessed by DSA, and plaque characteristics evaluated by OCT to predict the occurrence of symptomatic CAS. Utilizing of multimodality imaging techniques, including the traditional DSA and novel OCT, for carotid plaque assessment facilitates a comprehensive analysis of the risk of plaque. The present research suggests that the four factors, including LDL-C > 3.36 mmol/L, irregular plaque, ruptured plaque, and presence of thrombus, have a potential value when identifying the clinical manifestations of carotid plaque.

OCT is a relatively novel intravascular imaging technique that leverages optical principles with extremely high resolution. OCT has the capability to identify specific characteristics of plaque components, including lipid content, calcification, FCT, plaque rupture, and thrombus, and it can be used to evaluate plaque vulnerability, plaque progression, and drug treatment effects (20–22). It is increasingly becoming the first choice of clinicians due to the ease of image recognition needed to assess carotid artery plaque. Several studies have confirmed that specific characteristics of plaque, like plaque rupture and thrombus, are relevant to the risk of stroke (23, 24).

An OCT-based observational study has shown that vulnerable plaques are more prevalent in symptomatic patients due to their ease of rupture (24). Plaque rupture is characterized by the discontinuity of the fibrous cap and the formation of a clear cavity within the plaque (25). Fibrous cap rupture results in the release of necrotic debris and lipid components from the plaque into the vasculature, where suspension or attachment to the blood vessel wall leads to stroke in the maternal and/or distal vasculature. Plaque rupture was detected on an OCT examination in 17 (79.3%) of 23 patients with symptomatic CAS compared to 5 (17.2%) of 29 patients in the asymptomatic group. Plaque rupture was determined to be the indicator of symptomatic patients, consistent with previous research.

The evaluation of plaque irregularity through DSA has been identified as a significant independent indicator of IS (11). Specifically, carotid plaque surface irregularity, notably plaque ulcers, have been linked to a heightened susceptibility to IS (26). Irregular plaque morphology is considered to be an indicator of symptomatic carotid plaque in the present study. Irregular plaque shown on the DSA image was usually accompanied by plaque rupture, where the formed cavities quickly filled with the contrast agents. Thrombus was observed on a further OCT examination of these irregular plaques. Thrombus recognition on an OCT exam enables to identify mural thrombus that cannot be found using DSA. Red thrombus, white thrombus, and thrombus movement can also be clearly distinguished when the plaque ruptures (10, 27). The presence of a thrombus is a significant element within a complex American Heart Association-VI type plaque (28). There have also been reports suggesting that thrombus is an independent predictor of symptomatic patients (16). In the current investigation, thrombus was determined to be the imaging indicator obtained from OCT necessary for the identification of symptomatic carotid plaque (Figure 3).

[image: Composite image showing three sets of angiographic and optical coherence tomography scans. Images A, D, and G are angiographic views of blood vessels with yellow arrows highlighting focal areas. Images B, E, and H show cross-sectional views with white arrows indicating specific regions. Images C, F, and I provide detailed scans, with C and H including additional red arrows for emphasis. Each set corresponds to different stages or conditions of vascular examination.]

FIGURE 3
 DSA and OCT images of patients with symptomatic carotid atherosclerotic stenosis. (A,D,G) Irregular plaques (yellow arrow). (B) Plaque rupture of distal (white arrow). (C) Red thrombus (red arrow) and white thrombus (white arrow) of proximal. (E) White thrombus of distal (white arrow). (F) Plaque rupture of proximal (white arrow). (H) Plaque rupture (red arrow) and white thrombus (white arrow) of distal. (I) Attached white thrombus of proximal (white arrow).


Elevated blood cholesterol levels are widely acknowledged as a significant risk factor for the development of ischemic vascular diseases (29). LDL is crucial in the onset and progression of atherosclerotic cardiovascular disease (ASCVD) (30). Consistent association between LDL-C levels and ASCVD risk has been observed, with LDL being considered a conventional biomarker for LDL (31, 32). However, many patients who meet the recommended LDL-C target remain at risk for ASCVD (33). Recently published guidelines for lipid management in Europe and the United States advise to maintain very low LDL-C levels (1.8 mmol/L or less) among individuals with high and very high cardiovascular risk (34). The current study found that a baseline LDL-C level of >3.36 mmol/L was identified as an independent predictor of symptomatic carotid plaque. Previous observational research has demonstrated a significant inverse relationship between HDL-C levels and the risk of ischemic heart disease, with a baseline HDL-C level of <0.925 mmol/L also serving as an independent predictor of symptomatic carotid plaque (29, 35). Additionally, various lipid markers such as HDL-C, TG, TC, and lipoprotein have been linked to atherosclerosis risk, highlighting the critical importance of maintaining optimal blood lipid level (36).

A study of 90 patients with carotid OCT showed that irregular plaque, white thrombus and high-density lipoprotein were risk factors of symptomatic carotid plaque (35). Compared with this study, our study found two new risk factors: low density lipoprotein and plaque rupture, which is a better supplement to the evaluation of the characteristics of symptomatic carotid plaque. But we did not separate the analysis of white thrombus and red thrombus, which is the direction of our further research.

The present study had several advantages, such as utilizing high-resolution OCT imaging data to analyze intricate plaque composition and structure, as well as employing the DSA technique to evaluate plaque surface morphology. The integration of both imaging modalities, each offering unique advantages, results in a more precise and thorough evaluation of plaque characteristics. The present study enrolled patients with DSA-confirmed stenosis atherosclerotic disease (stenosis ≥ 50%). Further research is warranted to investigate the risk predictor markers associated with non-stenotic carotid plaques transitioning to symptomatic status, given their potential contribution to stroke etiology. Therefore, patients with DSA-confirmed non-stenosis atherosclerosis (stenosis < 50%) can be included in further analysis to illustrate clinical and imaging features of symptomatic non-stenosis carotid artery disease.

There were several potential limitations to the present study. Firstly, it was a retrospective single-center study with a relatively limited study population, necessitating further validation of outcomes in a broader cohort. Single-center studies with small sample size inevitably have defects such as selection bias and underrepresentation. As the application of OCT in the cerebrovascular field is still in the exploratory stage, cases are not readily available, especially high-quality OCT images, our model is based on the data currently available at our center. Although the number of cases is limited, the four risk factors identified were more comprehensive and accurate than similar studies. In addition, this is our exploratory study based on a small sample size, hope to share the conclusion with colleagues, also establishes the foundation for future multi-center research. With the increase of the sample size, we will verify and revise the stability and validity of the model by large sample size and multiple centers. Secondly, unavoidable selection bias may have been introduced by the exclusion of patients with tight stenosis, severe tortuosity, or suboptimal luminal blood clearance in the target carotid arteries. Thirdly, the potential underestimation of cholesterol crystals may be attributed to factors such as the substantial lipid pool, intraluminal thrombus, or restricted penetration of OCT. Fourth, qualitative plaque composition was not assessed using OCT. Finally, long-term follow-up data following the intervention were not provided, prompting the need for further analysis of stroke recurrence in patients with symptomatic carotid plaque and the initial occurrence of stroke in asymptomatic patients in future studies.



5 Conclusion

The integration of LDL-C, irregular plaque, ruptured plaque, and thrombus into a predictive model has the potential to identify symptomatic carotid plaque. The subsequent phase of this study will be to explore the utilization of the model to inform the development of personalized optimal treatment strategies (including optimal drug therapy, carotid stenting, carotid endarterectomy), and to validate its clinical utility through follow-up.
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The treatment time window for acute cerebral infarction in global guidelines is within 24 h. We report a patient who was admitted to the hospital and underwent endovascular treatment reaching 40 h. During vascular examination, the thrombus moved to distant segment, and then the surgeon quickly performed endovascular treatment. The patient ultimately achieved a good outcome. This case indicates that thrombus is moveable at any time, we expected to provide advice to clinical doctors that vascular examination should also be arranged as soon as possible to clarify the etiology in stroke patients especially with low NIHSS scores.
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Introduction

Acute basilar artery occlusion (BAO) is one of the causes of acute stroke, but it has a higher rate of disability and mortality (1). The clinical manifestations of posterior circulation stroke are diverse and often non-specific, which can easily lead to clinical misdiagnosis and delayed treatment (2). For the treatment of BAO, multiple pieces of evidence suggested that intravenous thrombolysis and mechanical thrombectomy should be performed within a certain time window to improve patient prognosis through blood flow reperfusion (3–6). We report a patient who was admitted to the hospital and underwent endovascular treatment reaching 40 h. During the vascular examination, the thrombus was displaced and mechanical thrombectomy was performed in a timely manner. The patient ultimately achieved a good prognosis. To our knowledge, few cases of thrombus displacement at 40 h of admission have been reported at present.



Case report

A 64-year-old man presented dizziness and vomit for 40 h, hospitalized in department of cardiology. Tricuspid valve replacement was performed in 2011 due to rheumatic heart disease. Warfarin was taken irregularly, and the latest INR value was 1.57. After consultation, neurologists suggested that symptomatic treatment and further skull examination should be arranged. 30+ h later, the dizziness symptoms of the patient improved slightly, but new symptoms including hoarseness and choking cough appeared. Emergency cranial MRI showed a new ischemic focus on the right part of the brainstem (Figure 1). Therefore, we confirmed that the vertigo symptom of the patient was caused by posterior circulation infarction, CT perfusion and angiography was arranged immediately (Figure 2). The patient was sent to the DSA operating room after CT perfusion and then cerebral angiography. The results showed that the intracranial segment of the right vertebral artery was occluded, and the blood flow of left vertebral artery and basilar artery was normal (Figures 3, 4).


[image: MRI scans compare two images labeled A and B. Image A shows a diffuse, darker view with minimal detail. Image B displays a clearer, high-contrast view, revealing distinct anatomical structures. Both images focus on the same region.]
FIGURE 1
 Axial diffusion-weighted image (A) and apparent diffusion coefficient map (B) show diffusion restriction on the right aspect of pons.



[image: A series of medical images in three panels labeled A, B, and C. Panels A and B show axial CT scans with color-coded maps indicating cerebral blood flow and volume, perfusion delay, and mean transit time. Panel C presents a 3D reconstructed angiographic image of cerebral arteries, highlighting vessel structures.]
FIGURE 2
 (A, B) CT perfusion show cerebellar infarction with small core infarction but large ischemic penumbra and (C) angiography (posterior-anterior view) show absence of right vertebral artery and normal basilar artery.



[image: X-ray angiography images labeled A and B showing vascular structures. Image A displays a complex network of blood vessels with a highlighted area in the center. Image B shows a similar pattern with the vessels more prominently outlined on the right side. Both images reveal fine details of the vascular pathways.]
FIGURE 3
 (A) Right vertebral artery was filling defect and (B) the blood flow of left vertebral artery and basilar artery was normal.



[image: Three medical angiographic images labeled A, B, and C. Image A shows tortuous blood vessels with a visible catheter. Image B displays a detailed view of vascular structures in a dense network. Image C highlights less prominent vessels with a faint catheter outline.]
FIGURE 4
 (A) No forward blood flow far from the middle of the basilar artery. (B) Fluoroscopic image of trevo stent after positioning and release. (C) Unobstructed basilar artery after mechanical thrombectomy.


Miraculously, we finished the surgery conversation and got the family member's signed consent for the surgery. 6F length sheath (Neuron Max, Punumbra, USA) was placed into vertebral artery. Diagnosic angiogram showed that the original occluded segment was unobstructed, but there was no forward blood flow far from the middle of the basilar artery, which was imaged normal supplied by left vertebral artery. A intermediate catheter (Catalyst 6, Stryker, USA) was advanced through the length sheath over a 0.014 inch microguidewire and 150 cm microcatheter, which was placed near the clot. Then thrombo-aspiration was performed. Diagnosic angiogram showed BA was recanalized and resulted in mTICI 3 flow.

One month after operation, the patient was admitted to be discharged from hospital with general clinical condition associated with cough. Last cranial MRI showed a new ischemic focus on the right part of the brainstem and left cerebellum. The National Institute of Health stroke scale (NIHSS) was 3 points (1 point for ataxia, 1 point for sensation, and 1 point for dysarthria) at discharge.



Discussion

Posterior circulation infarction accounts for a relatively low proportion of all acute ischemic strokes. However, even small infarcts could lead to severe disability and even life-threatening outcomes due to the relatively small area of the posterior circulation (1). Thus, delayed diagnosis and affected subsequent treatment usually occurred owing to its diverse clinical manifestations.

In this case, the patient experienced symptoms and underwent surgery over 30 h. During this process, the patient initially presented only with severe dizziness, which was misdiagnosed by the doctor as dizziness syndrome and treated accordingly. However, subsequent MRI and other examinations indicated that the patient possibly suffered from posterior circulation infarction, so we scheduled a routine cerebral angiography examination. In the process of improving cerebrovascular examination, the right vertebral artery V4 segment was initially occluded, and the left vertebral artery was normally supplied to the basilar artery. The operator team quickly discussed the nature of the lesion, including possible atherosclerotic occlusion, arterial dissection, and embolization. The surgeon planned to perform vascular opening surgery next. After the length sheath and intermediate catheter were in place, it was unexpectedly discovered that the thrombus had moved forward from the V4 segment of the vertebral artery to the tip of the basilar artery. At this moment, the nature of the lesion was determined to be embolism. The surgeon immediately completed mechanical thrombectomy treatment, and ultimately achieved a favorable prognosis (2).

Regarding the endovascular treatment of basilar artery occlusion, studies (ATTENTION and BAOCHE) have found that the proportion of 0–3 mRS scores at 90 days after endovascular treatment at 12 and 6–24 h of onset is significantly higher than that of optimal internal medicine treatment (7, 8). The guidelines in our country recommended endovascular treatment for patients with basilar artery occlusion within a time window of 24 h, when meeting the inclusion criteria of existing studies.

The key points for judging the nature of vascular lesions in ischemic stroke are as follows (9). Before surgery, a preliminary judgment can be made based on the onset form, underlying disease, consistency between blood vessels and symptoms, history of trauma, and other factors. During surgery, it can be reevaluated based on factors such as residual vascular morphology, distal compensation and reflux, tactile feedback from the surgeon when the microcatheter passes through the lesion segment, and the first pass effect of the microcatheter. The expected surgical approach of the surgeon varies depends on the nature of the lesion. In the pre-operative discussion of this patient, the operator initially considered the nature of the lesion according to the patient's onset form, symptoms and other reasons. According to the possibility, the order was: atherosclerotic occlusion, arterial dissection, and embolism. During the operation, it was accidentally found that the local lumen of the original lesion segment was normal, and the normal basilar artery tip was not developed during angiography. Based on this, the operator considered the thrombus to move forward, and then performed basilar artery thrombectomy according to the routine emergency thrombectomy operation, and rapidly opened the blood vessel.



Conclusion

In conclusion, the guidelines recommend that the time window for emergency endovascular treatment of posterior circulation stroke is 24 h. However, in this case, since the nature of vascular disease is embolism and the thrombus moves dynamically, it is not suitable for judging the treatment time according to the conventional onset time window. No matter the anterior circulation or posterior circulation, the author has encountered changes in the condition caused by multiple thrombus displacement, as well as the treatment mode from conservative treatment in internal medicine to emergency endovascular treatment. Therefore, we suggest that vascular examination should also be arranged as soon as possible to clarify the etiology in stroke patients with low NIHSS score.
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Background and purpose: The baseline glucose-to-potassium ratio (GPR) is associated with poor outcomes in patients with acute brain injury and intracranial hemorrhage. However, the impact of serum GPR on clinical outcomes after endovascular thrombectomy (EVT) is unclear. This study aimed to evaluate the association between the GPR at admission and functional outcomes at 90 days after EVT.
Methods: We retrospectively reviewed our database for patients with acute ischemic stroke involving an anterior circulation large-vessel occlusion who received EVT between October 2019 and December 2021. The baseline serum GPR was measured after admission. The primary outcome was a 90-day poor outcome, which was defined as a modified Rankin scale score of 3–6.
Results: A total of 273 patients (mean age, 70.9 ± 11.9 years; 161 men) were finally included for analyses. During the 90-day follow-up, 151 patients (55.3%) experienced an unfavorable outcome. After adjusting for demographic characteristics and other potential confounders, the increased GPR was significantly associated with a higher risk of a 90-day poor outcome (odds ratio, 1.852; 95% confidence interval, 1.276–2.688, p = 0.001). Similar results were observed when the GPR was analyzed as a categorical variable. In addition, the restricted cubic spline observed a positive and linear association between the GPR and poor outcomes at 90 days (p = 0.329 for linearity; p = 0.001 for linearity).
Conclusion: Our study found that ischemic stroke patients with the higher GPR at admission were more likely to have an unfavorable prognosis at 3 months, suggesting that GPR may be a potential prognostic biomarker for ischemic stroke after EVT.
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 endovascular treatment; prognosis; GPR; large vessel occlusion; functional outcome


1 Introduction

Stroke causes 5.5 million deaths annually and is the second leading cause of death worldwide (1), contributing to a growing global socioeconomic burden. Endovascular thrombectomy (EVT) has been confirmed to be beneficial for ischemic stroke patients with large-artery occlusion (2). Currently, the time window of EVT has been extended to 24h after stroke for patients with anterior circulation large vessel occlusion (3). However, the death and disability rates are still high. Therefore, predicting the outcome of patients following EVT early and accurately is important. Currently, serum biomarkers are used to predict outcomes of ischemic stroke, including those following EVT (4). These biomarkers help guide clinical decision-making for patients undergoing EVT.

Glucose is the main source of energy to maintain cellular metabolism (5). Several studies have shown that elevated glucose levels are associated with worse clinical outcomes in patients after EVT (6). Potassium plays an important role in physiological processes (7). In large vessel occlusion stroke, the ion composition, including the potassium, has been distinctly altered (8). Due to the complex interactions between glucose and potassium in physiological processes, the serum glucose-to-potassium ratio (GPR) has been utilized in a few studies. It has been shown to serve as an early prognostic factor for acute brain injury (9), intracranial hemorrhage (10), and neuropsychiatric syndrome after carbon monoxide poisoning (11). More recently, data from a Norwegian cohort demonstrated that increased GPR was associated with higher short-term mortality in ischemic stroke patients (12). However, to the best of our knowledge, it remains unknown whether the serum GPR is related to the prognosis of ischemic stroke in those receiving EVT. We therefore performed this study to evaluate the association between GPR and functional outcome at 90 days after EVT based on a retrospective cohort.



2 Materials and methods


2.1 Subjects and study design

This was a retrospective analysis conducted on a prospectively collected cohort of large vessel occlusive stroke patients who underwent EVT at the Nanjing First Hospital between October 2019 and December 2021. Patients were consecutively enrolled if they were (1) aged ≥18 years; (2) had acute anterior circulation large vessel occlusion in anterior circulation (internal carotid artery and middle cerebral artery: M1/M2 segments); and (3) had available data for calculating the GPR. To maintain the homogeneity of the enrolled patients, we excluded patients who were treated with intra-arterial thrombolysis alone and who used devices other than a stent-like retriever or aspiration system. The Institutional Review Board of the Nanjing First Hospital approved the study. All clinical investigations were conducted following the principles outlined in the Declaration of Helsinki. As the study was retrospective, patient consent could not be obtained but was waived. Patient data confidentiality was maintained at the Nanjing First Hospital.



2.2 Baseline variable assessment

Demographic characteristics, vascular risk factors, imaging data, and procedural characteristics were recorded during hospitalization. The baseline neurological deficit was measured using the National Institutes of Health Stroke Scale (NIHSS) by a certified vascular neurologist (13). Pre-treatment infarction volume was measured using the Alberta Stroke Program Early Computerized Tomography (ASPECT) score (14). Stroke etiology was classified based on the criteria of Trial of Org 10,172 in Acute Stroke Treatment (15). Collateral circulation was evaluated using the American Society of Interventional and Therapeutic Neuroradiology/Society of Interventional Radiology grading system, with grades 0–1 indicating poor collateral circulation and grades 2–4 indicating moderate to excellent (16). Successful recanalization was defined as modified thrombolysis in a cerebral infarction score of 2b or 3 (17). The sICH was diagnosed within 72 h of EVT using the Heidelberg Bleeding Classification (18, 19).

Before reperfusion treatment, blood samples were taken from all patients and immediately sent to the laboratory. GPR was obtained by dividing glucose level by potassium level (20).



2.3 Outcome measurements

Clinical information on patients’ outcomes after discharge was obtained prospectively during routine clinic visits or via telephone interviews with patients or their caregivers 3 months after the qualifying event. The primary outcome of this study was poor functional outcome, which was assessed using the modified Rankin Scale (mRS). An unfavorable outcome was defined as an mRS score of 3–6.



2.4 Statistical analysis

Quantitative variables were presented as mean ± SD or median (interquartile range), depending on the normality of the distribution, and categorical variables were presented as frequency (percentage). We utilized a t-test or Mann–Whitney U-test for continuous variables and a chi-square test or Fisher’s exact test for categorical variables. Logistic regression models were employed to investigate the odds ratio (OR) and 95% confidence interval (CI) of a 90-day poor outcome associated with each unit increase in GPR and across quartiles of GPR. Model 1 was adjusted for age and gender; model 2 was adjusted for model 1 and variables with a p < 0.1 in the univariate analysis including diabetes, baseline NIHSS score, pre-treatment ASPECTS, poor collateral status, successful reperfusion, sICH, and vessel occlusive site. Furthermore, restricted cubic splines (RCS) were used to explore the dose–response association between the GPR and clinical outcomes using three knots (at the 5th, 50th, and 95th percentiles) adjusted for covariates included in model 2 (21).

All statistical analyses were performed using SPSS, version 24.0 (IBM, Armonk, New York) and R (version 4.2.2). A two-sided p < 0.05 was considered statistically significant.




3 Results


3.1 Baseline characteristics

During the study period, 273 patients were admitted to the study in accordance with the inclusion criteria. The demographic characteristics, clinical features, and laboratory data of enrolled subjects are summarized in Table 1. The mean age was 70.9 ± 11.9 years, and 161 patients were men. The median baseline NIHSS score was 14.0, and the median pre-treatment ASPECT score was 9.0. Overall, 120 (44.7%) patients received intravenous thrombolysis before EVT. According to Heidelberg Bleeding Classification, 25 patients (9.2%) were classified as having sICH.



TABLE 1 Baseline data according to patients with and without poor outcomes at 90 days.
[image: Table comparing various variables between total patients, those with unfavorable outcomes at three months, and those without, including demographic characteristics, risk factors, clinical data, stroke etiology, and laboratory data, with associated p-values. Key findings include differences in age, diabetes mellitus, baseline NIHSS score, previous r-tPA treatment, poor collateral status, sICH, and laboratory GPR values.]



3.2 Association between GPR and clinical outcomes

Among the enrolled patients, the mean levels of GPR were 2.26. During the 90-day follow-up, 151 patients (55.3%) experienced an unfavorable outcome. On univariate analysis, compared to patients without poor outcomes, those with unfavorable outcomes were older (mean, 74.1 ± 9.9 versus 66.9 ± 13.0 years; p = 0.001). The prevalence of diabetes among patients with poor outcomes was higher than in patients without poor outcomes (35.1% versus 22.1%; p = 0.019). Patients with poor outcomes had lower baseline ASPECT scores (median, 8.0 versus 9.0; p = 0.014) and higher baseline NIHSS scores (median, 15.0 versus 12.0; p = 0.001). Baseline GPR was higher in patients with unfavorable outcomes than in patients without unfavorable outcomes (mean, 2.46 ± 1.13 versus 2.0 ± 0.71; p = 0.001). Poor collateral circulation (55.6% versus 41.0%; p = 0.016) and sICH (14.6% versus 2.5%; p = 0.001) were more common in patients with poor outcomes than in patients without poor outcomes. The successful reperfusion ratio in patients with poor outcomes was lower than in patients with favorable outcomes (83.4% versus 95.1%; p = 0.005).

In multivariate logistic analysis after adjusting for potential confounders, increased GPR was significantly correlated with a higher risk of poor outcome at 90 days (odds ratio, 1.852; 95% confidence interval, 1.276–2.688, p = 0.001). Similar results were observed when the GPR was analyzed as a categorical variable (Table 2). In addition, the restricted cubic spline observed a positive and linear association between GPR and poor outcome at 90 days (p = 0.329 for linearity, p = 0.001 for linearity; Figure 1).



TABLE 2 Regression analysis for the relationship between GPR levels and 90-day poor outcome.
[image: Table showing odds ratios (OR) and P-values for glucose-to-potassium ratio (GPR) levels across three models: Crude, Model 1, and Model 2. The analysis includes four GPR quartiles. The ORs and P-values vary, with Model 2 adjusting for additional demographic variables and clinical factors.]

[image: Line graph depicting the Odds Ratio (OR) for poor outcome at 90 days against GPR. The solid line shows a positive linear trend, with dashed lines indicating confidence intervals. P-value for linearity is 0.001, and for non-linearity is 0.329. OR values range from 0 to above 7.5, while GPR ranges from 2 to 4.5.]

FIGURE 1
 Correlation between GPR levels and risk of 90-day poor outcome. Odds ratio and 95% confidence intervals were derived from restricted cubic spline regression with three knots (at 5th, 55th, and 95th percentiles). The odds ratio was controlled for the same variables as model 2 in Table 2.





4 Discussion

In this study, we found a prominent association between the GPR and clinical outcomes in ischemic stroke patients after EVT. Furthermore, the association still remained after adjusting for potential confounding factors. When the GPR was used as the categorical variable, the results showed an increasing trend of OR values from quartile 1 to quartile 4.

A previous study found that the GPR at admission is a promising predictor for 30-day mortality in ischemic stroke patients (12). In addition, the GPR is a potential predictor of prognosis for severe traumatic brain injury and intracranial hemorrhage (10, 22). Based on the published literature, the GPR has a close association between the Glasgow score and cerebral vasospasm in aneurysmal subarachnoid hemorrhage patients (23, 24). Furthermore, the GPR is evaluated as a predictive factor for the prognosis of acute intracerebral hemorrhage (10). The GPR is also related to the prognostication in severe traumatic brain injury requiring surgery, including acute subdural hematoma, acute epidural hematoma, traumatic brain contusion, and traumatic subarachnoid hemorrhage (25). In our study, the ischemic stroke patients after EVT with a higher GPR at admission were more likely to have an unfavorable prognosis at 3 months. However, the underlying pathological mechanism is not explained completely.

Post-stroke hyperglycemia is a type of stress hyperglycemia induced by high cortisol and catecholamine levels after ischemic injury (26). Regardless of diabetes status, hyperglycemia was independently associated with early stroke mortality (27). Previous studies revealed the association between the stress hyperglycemia ratio and 90-day clinical outcomes in patients with acute large vessel occlusion stroke receiving EVT (6, 28). However, another study found that stress hyperglycemia was associated with more severe strokes rather than directly predicting outcomes of acute ischemic stroke (29). In contrast, our study aligns with findings that patients undergoing EVT often experience more severe strokes and worse outcomes. Hyperglycemia involves an intricate and extensive physiological process that affects disease progression. Furthermore, serum potassium has a comprehensive function in maintaining the stability of the internal environment. Potassium plays a beneficial role in decreasing the risk of stroke (30, 31). The high cortisol induces low serum potassium by activating the renin–angiotensin–aldosterone system (RAAS). Johnson et al. (32) reported that serum potassium levels measured in early mid-life were linearly associated with the incidence of ischemic stroke, intracerebral hemorrhage, and all-cause mortality. A study in China has found that lower serum potassium levels are associated with the risk of recurrent acute ischemic stroke or transient ischemic attack (33). Hyperglycemia and hypokalemia reflect the activation of stress-related and hypothalamic–pituitary–adrenal (HPA) axis. According to previous studies, the GPR represents the activity of stress and the RAAS reaction. One of the physiological mechanisms of GPR to predict the 90-day outcome in ischemic stroke patients after EVT is stress, and the RAAS reaction produces excessive catecholamine secretion, elevates serum glucose level to promote secretion of insulin, and carries serum potassium into cells (34, 35). Therefore, a higher GPR indicates more serious damage to the body.

Although we identified the relationship between GPR and 90-day outcomes, there are several limitations in our study. First, as this was an observational study, we could not observe the direct association between GPR and 90-day outcomes in ischemic stroke patients after EVT. Second, we did not exclude unmeasured confounders affecting the GPR levels, including having infectious diseases prior to hospitalization. Thirdly, the levels of GPR were measured only once after admission. Finally, the study included the patients in a single center, which limits the applicability and generalizability of the findings.

In conclusion, the analysis demonstrated that GPR is a predictive index for 90-day outcomes in ischemic stroke patients who underwent EVT. These findings suggest that evaluating GPR may serve as an effective parameter for monitoring the outcome following EVT. Further studies with large sample sizes are needed to assess these associations comprehensively, which may help to identify patients at high risk of unfavorable outcomes after EVT and emphasize the importance of glucose and potassium after EVT.
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Objective: This study aimed to enhance the understanding of cardio-cerebral infarction (CCI) clinical features and identify key prognostic factors, thereby providing an empirical foundation for advancing prevention and treatment strategies and ultimately improving clinical outcomes for CCI patients.
Methods: We retrospectively analyzed 17,645 AIS and 7,584 AMI patients admitted to two hospitals from 2014 to 2023. Univariate analysis, Spearman correlation, and multivariate logistic regression were performed to identify independent risk factors. Receiver operating characteristic (ROC) curves were used to determine optimal cutoff values.
Results: This study enrolled 85 patients with CCI, representing an overall CCI incidence of approximately 0.34%. Males comprised 64.71% of the cohort. ST-segment elevation myocardial infarction and cardiogenic cerebral infarction were the most predominant subtypes. The in-hospital mortality rate was 30.59%, with 65.38% of deaths attributed to cardiac causes. Multivariate logistic regression analysis identified three independent risk factors for in-hospital mortality: elevated neutrophil-to-lymphocyte ratio (NLR), decreased serum albumin, and increased peak N-terminal pro-B-type natriuretic peptide levels (NT-proBNP). ROC curve analysis demonstrated that the area under the curve (AUC) for the NLR, albumin concentration and peak NT-proBNP concentration were 0.863, 0.723, and 0.824, respectively. The optimal cutoff values were 6.914 for NLR, 33.80 g/L for albumin, and 9474.50 pg/mL for peak NT-proBNP. The AUC of the combined diagnostic model reached 0.959, significantly outperforming the individual indicators.
Conclusion: Elevated NLR, decreased serum albumin, and increased peak NT-proBNP levels independently predict in-hospital mortality in CCI patients. Combining these biomarkers enhances predictive capability for adverse outcomes.
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 cardio-cerebral infarction; in-hospital mortality; neutrophil-to-lymphocyte ratio; albumin; N-terminal pro-B-type natriuretic peptide


1 Introduction

Acute myocardial infarction (AMI) and acute ischemic stroke (AIS) are the leading causes of mortality and disability worldwide and pose significant public health challenges (1). AMI remains a primary cause of death in developed countries, while AIS ranks as the second leading cause of mortality and third leading cause of disability globally (2, 3). In 2010, Omar et al. (4) first introduced the concept of cardiocerebral infarction (CCI), defined as the simultaneous or sequential occurrence of AMI and AIS within a short timeframe.

Current CCI research faces several challenges. Firstly, the lack of consensus on the time window for AMI and AIS co-occurrence has led to widely varying reported CCI incidence rates (5), ranging from 0.009 to 12.7% (6–9). Secondly, as a complex critical syndrome involving cardiac and cerebral damage, CCI is characterized by a narrow therapeutic window, complex treatment decisions, poor prognosis, and high mortality (10). These factors significantly complicate clinical management. Therefore, a comprehensive understanding of CCI pathogenesis and clinical features is critical for developing effective treatment strategies. However, evidence-based guidelines and expert consensus on CCI management are scarce, with existing studies predominantly limited to case reports and small case series. Clinicians often rely on single-disease guidelines and empirical approaches for AMI or AIS when formulating treatment plans.

While numerous studies have independently explored predictors of short-term adverse outcomes in patients with AIS or AMI, the CCI, as a composite disease, has more complex pathophysiological mechanisms and diverse clinical features. The risk factors for adverse outcomes in CCI patients may differ significantly from those in patients with isolated AIS or AMI. However, systematic research in this area remains limited.

Given this context, our dual-center study investigated the clinical features of CCI patients and identified independent risk factors for in-hospital mortality. This study aimed to enhance the understanding of CCI clinical features and identify key prognostic factors, thereby providing an empirical foundation for advancing prevention and treatment strategies and ultimately improving clinical outcomes for CCI patients.



2 Materials and methods


2.1 Study population

We conducted a retrospective analysis of patients admitted to Zhongshan Hospital and Cardiovascular Hospital, both affiliated with Xiamen University, between January 1, 2014, and December 31, 2023. The initial cohort comprised 17,645 patients with AIS and 7,584 patients with AMI. According to the predefined inclusion and exclusion criteria, we identified 85 patients with CCI for analysis.

The inclusion criteria were: age ≥ 18 years; meeting diagnostic criteria for both AMI and AIS; simultaneous occurrence of AMI and AIS within a two-week interval (11, 12), including patients admitted with CCI or those initially diagnosed with either AMI or AIS who developed the other condition during hospitalization; and availability of complete clinical and laboratory data.

The exclusion criteria comprised: interval between AMI and AIS exceeding 2 weeks; presence of other cardiac conditions such as myocarditis or pericarditis; and incomplete clinical data.



2.2 Data collection

We systematically collected data from electronic medical records using a predefined structured data collection form. The collected information included demographic characteristics (sex, age), traditional cardiovascular and cerebrovascular risk factors (hypertension, diabetes, dyslipidemia, smoking and alcohol consumption history), medical history (cerebral infarction, percutaneous coronary intervention [PCI], active malignant tumor), primary symptoms, sequence of onset, and laboratory data on the day of diagnosis (routine blood tests, lipid profile, liver and renal function tests, coagulation parameters).

For AMI patients, we documented the type of AMI (ST-segment elevation myocardial infarction [STEMI] and non-ST-segment elevation myocardial infarction [NSTEMI]), baseline Global Registry of Acute Coronary Events (GRACE) score, Killip classification of cardiac function, peak myocardial injury biomarkers (high-sensitivity troponin T [hsTnT] and N-terminal pro-B-type natriuretic peptide [NT-proBNP]), echocardiography findings, and 24-h Holter electrocardiogram results.

For AIS patients, we recorded TOAST classification, occluded vessel, baseline and discharge National Institutes of Health Stroke Scale (NIHSS) scores, modified Rankin Scale (mRS) scores, relevant imaging data, and acute-phase treatment regimens, including reperfusion therapy and antiplatelet and anticoagulant therapies. The NIHSS and mRS scores at baseline were assessed by neurologists upon patient admission or during urgent consultation immediately after the onset of stroke symptoms in patients primarily admitted for myocardial infarction.

The primary endpoint was in-hospital mortality. Secondary endpoints included severe cerebrovascular adverse events (cerebral herniation and hemorrhagic transformation of cerebral infarction) and major adverse cardiovascular events (MACE), including cardiovascular death, malignant arrhythmias, cardiac rupture, ventricular septal perforation, and recurrent myocardial infarction.

The data were independently collected by specially trained researchers at each center and reviewed by another team member. Missing or anomalous data were verified through original medical record review or consultation with clinicians.



2.3 Definitions

We calculated the overall incidence of CCI as the ratio of CCI cases to the total number of AIS and AMI cases. CCI were classified into two types based on the order of onset: synchronous and metachronous (6). Synchronous CCI was defined as the simultaneous presentation of acute focal neurological deficits (confirmed as AIS by imaging studies) and evidence of AMI at admission. AMI evidence included significant elevations in cardiac biomarkers, accompanied by ischemic electrocardiographic changes and/or typical clinical symptoms. Metachronous CCI was defined as the diagnosis of either AMI or AIS at admission, followed by the occurrence of the other condition during hospitalization.

Hemorrhagic transformation (HT) of cerebral infarction was classified based on the European Cooperative Acute Stroke Study (ECASS) criteria. Hemorrhagic infarction type 1 (HI1) was defined as small petechial hemorrhages along the margins of the infarct region. Hemorrhagic infarction type 2 (HI2) was characterized by more confluent petechiae within the infarct area, without space-occupying effect. Parenchymal hematoma type 1 (PH1) was defined as hematoma involving ≤ 30% of the infarct area with some mild space-occupying effect, while parenchymal hematoma type 2 (PH2) represented hematoma involving > 30% of the infarct area with significant space-occupying effect or hemorrhage distant from the infarct area. Malignant cerebral edema was defined as a midline shift ≥ 5mm on neuroimaging.

We assessed short-term neurological prognosis using the mRS, with a score ≤ 2 defined as functional independence. The neutrophil-to-lymphocyte ratio (NLR) was calculated by dividing the absolute neutrophil count by the absolute lymphocyte count in peripheral blood. An active malignant tumor was defined as a malignancy initially diagnosed within 6 months prior to CCI onset or during hospitalization, or evidence of recurrence, metastasis, or progression of a preexisting malignancy (13).



2.4 Statistical analysis

Statistical analyses were performed using SPSS 26.0 software (IBM, Chicago, USA). The Shapiro–Wilk test was used to assess the normality of continuous variable distribution. Normally distributed continuous variables are reported as means ± standard deviations and compared using independent samples t tests. Non-normally distributed continuous variables are presented as medians with interquartile ranges (IQR) and compared using Mann–Whitney U tests. Categorical variables are expressed as frequencies and percentages [n (%)] and analyzed using chi-square tests or Fisher’s exact tests, as appropriate.

To examine correlations between variables and identify potential mediators, we conducted Spearman correlation analysis. The correlation coefficient (r) values were interpreted as: weak (0.00–0.39), moderate (0.40–0.59), strong (0.60–0.79), and very strong (0.80–1.00). Variables with strong correlations (|r| > 0.6) were screened to exclude mediating variables and avoid multicollinearity.

Selected variables underwent multivariate logistic regression analysis to identify independent predictors. For statistically significant continuous variables (p < 0.05) in the multivariate analysis, we plotted receiver operating characteristic (ROC) curves and calculated the area under the curve (AUC) with 95% confidence intervals (CI). Youden’s index was used to determine optimal cutoff values, sensitivity, and specificity. All statistical tests were two-sided, with p < 0.05 considered to indicate statistical significance.




3 Results


3.1 Clinical features

Our study enrolled 85 CCI patients, comprising 64.71% males (n = 55) and 35.29% females (n = 30), with a median age of 71 years (IQR: 64–78). Regarding lifestyle factors, long-term smoking history was reported in 42.35% of patients, while 14.12% reported alcohol consumption. Prevalent comorbidities included hypertension (70.59%), atrial fibrillation (38.82%), hyperlipidemia (31.26%), and diabetes (30.59%). Notably, 7.10% of patients (n = 6) presented with active malignancies.

The temporal sequence of CCI events varied: 45.88% (n = 39) of patients developed AIS subsequent to admission for AMI, 31.76% (n = 27) experienced AMI following admission for AIS, and 22.35% (n = 19) presented with simultaneous AIS and AMI.

A total of 42 patients (49.41%) sought medical attention due to AMI symptoms, of whom STEMI accounted for 56.47%. The median baseline GRACE score was 163.00 (IQR: 130.50–179.00), with 29.41% (n = 25) of patients categorized as Killip class III-IV. Echocardiography revealed ventricular wall motion abnormalities in 82.93% of patients, ventricular tumors in 15.85%, valvular disease in 28.05%, and left ventricular thrombus in 10.98%.

For patients who initially presented with AIS symptoms (50.59%, n = 43), the median NIHSS score was 7.00 (IQR: 4.00–14.25), with 42.35% of patients demonstrating minimal to moderate disability (mRS 0–2). Etiological analysis revealed that cardioembolism as the predominant subtype (52.94%), followed by large artery atherosclerosis (29.41%). Hypercoagulable states associated with active malignancies accounted for 5.88% of cases, with a single case (1.17%) attributed to aortic dissection. AIS lesions primarily affected the anterior circulation, showing a slight predilection for the right hemisphere (54.12% vs 50.00% left), while the vertebrobasilar system was involved in 15.29% of patients (Table 1).



TABLE 1 Baseline characteristics and clinical features of patients with concurrent acute myocardial infarction and stroke.
[image: A table comparing clinical features and outcomes between in-hospital mortality and discharge alive groups for patients, showing variables like age, sex, medical history, and clinical features of AMI and AIS. Significant differences are noted in Killip class III-IV, baseline GRACE and NIHSS scores, with specific p-values indicating statistical significance.]

Furthermore, among CCI patients presenting with myocardial infarction as the initial manifestation (49.41%, n = 42), 26 cases (30.59%) were classified as cardiogenic embolism according to the TOAST classification. Of these, 6 cases were attributed to cerebral infarction following cardiac interventional procedures, 16 cases were due to cerebral embolism caused by atrial fibrillation, 3 cases resulted from cerebral infarction secondary to left ventricular thrombus dislodgement, and 1 case was caused by the combination of atrial fibrillation and left ventricular thrombus.



3.2 Incidence and outcomes of adverse events

Cerebrovascular complications were observed in 15.29% of patients, including hemorrhagic transformation of cerebral infarction (8.24%, n = 7) and malignant cerebral edema (7.06%, n = 6), with the latter leading to cerebral herniation in 4 patients (4.71%). Among the 7 patients with hemorrhagic transformation, the specific subtypes were as follows: 2 patients with HI1, 1 patient with HI2, and 4 patients with PH1.

The in-hospital mortality rate was notably high at 30.59% (26/85), with cardiovascular causes accounting for the majority (65.38%) of fatalities. Other causes of death included cerebral herniation (7.69%, n = 2), multiple organ failure, respiratory failure, and septic shock (3.85% each, n = 1). In 15.38% (n = 4) of the patients, the precise cause of death remained undetermined. Among survivors (69.41%, n = 59), a significant proportion (66%, n = 39) achieved neurological independence (mRs ≤ 2) at discharge (Table 1).



3.3 Determinants of in-hospital mortality

Univariate analysis comparing CCI patients who died in-hospital (n = 26) with survivors (n = 59) revealed several significant predictors of mortality. However, demographic characteristics, traditional vascular risk factors, medical history, initial symptoms, and sequence of onset showed no significant associations (all p > 0.05), and STEMI incidence (76.92% vs 47.46%, p = 0.012) and higher Killip classification and GRACE scores (both p < 0.001) emerged as significant AMI-related predictors (Table 1).

For AIS patients, higher baseline NIHSS and mRS scores (both p < 0.001) strongly correlated with mortality. Laboratory analysis revealed a more pronounced inflammatory response in the death group, as evidenced by significantly increased white blood cell counts, neutrophil counts, and NLR values (all p < 0.001), as well as significantly lower lymphocyte counts (p = 0.005). The D-dimer, peak hsTnT and NT-proBNP levels were also significantly greater in the nonsurviving group (all p < 0.001). Furthermore, hemoglobin and serum albumin levels were significantly lower in the nonsurviving group (both p = 0.002) (Table 2).



TABLE 2 Comparison of treatment strategies between patients with in-hospital mortality and discharged alive.
[image: Table showing acute reperfusion therapy and antiplatelet therapy strategies for 85 patients. Intravenous thrombolysis, mechanical thrombectomy, and percutaneous coronary intervention are listed with their total occurrences, in-hospital mortality, discharge alive, and p-values. Antiplatelet strategies include no therapy, single, dual, and anticoagulation therapy. Statistical significance indicated by bold p-values less than 0.05.]



3.4 Interrelationships between key clinical variables

Spearman correlation analysis revealed significant interrelationships among critical clinical variables in CCI patients. The NLR emerged as a central inflammatory marker, demonstrating moderate to strong positive correlations with white blood cell count (r = 0.633, p < 0.001) and neutrophil count (r = 0.774, p < 0.001) and a strong negative correlation with lymphocyte count (r = −0.717, p < 0.001). Additionally, the GRACE score at admission showed a strong positive correlation with the Killip classification (r = 0.717, p < 0.001), and the NIHSS score at admission correlated strongly with the initial mRS score (r = 0.946, p < 0.001) (Figure 1).

[image: Heatmap showing Spearman's correlation coefficients among various clinical parameters. Positive correlations are indicated in red and negative correlations in blue. Labels include Type of AMI, GRACE Score, NIHSS Score, mRS, WBC, Neu, LYM, HBG, NLR, Albumin, Peak BNP, Peak hs-cTn, D-Dimer, and Killip Class. The scale ranges from -1.0 to 1.0.]

FIGURE 1
 Heatmap of Spearman’s correlation coefficients among key clinical variables in CCI patients. Heatmap showing Spearman’s correlation coefficients between clinical variables in cardiocerebral infarction (CCI) patients. Color intensity and numbers indicate correlation strength and coefficient. Red: positive correlations; Blue: negative correlations. Strong correlations: NLR with WBC (r = 0.63) and neutrophils (r = 0.77), GRACE score with Killip class (r = 0.72), NIHSS with initial mRS (r = 0.95).


Considering that the NLR is derived from neutrophil and lymphocyte counts, and that the GRACE score incorporates the Killip classification, we opted to retain the GRACE score, baseline NIHSS score, and NLR as independent variables in subsequent analyses, while excluding other related factors based on these correlation results.



3.5 Predictive model for adverse outcomes

Multivariate logistic regression analysis was performed using nine variables selected based on their statistical significance (p < 0.05) in univariate analysis after excluding mediating variables. These included the type of AMI, initial GRACE score, baseline NIHSS score, hemoglobin, NLR, albumin, peak NT-proBNP, peak hsTnT and D-dimer levels. The regression analysis identified three independent risk factors for in-hospital mortality: increased NLR (OR = 1.400, 95% CI: 1.053–1.860, p = 0.020), low albumin levels (OR = 0.695, 95% CI: 0.486–0.995, p = 0.047), and high peak NT-proBNP levels (OR = 1.000, 95% CI: 1.000–1.000, p = 0.045) (Table 3; Figure 2).



TABLE 3 Comparison of laboratory parameters between patients with in-hospital mortality and those discharged alive.
[image: Table showing various clinical parameters compared between total participants, in-hospital mortality, and discharge alive groups. Key variables include white blood cells, neutrophils, lymphocytes, hemoglobin, and several biochemical markers. Significant differences are highlighted by bold p-values less than 0.05.]

[image: ROC curve comparing four predictors: NLR (blue, AUC = 0.86), Albumin (red, AUC = 0.72), Peak BNP (green, AUC = 0.82), and Combining Predictors (purple, AUC = 0.96). The x-axis represents 1 - Specificity, and the y-axis represents Sensitivity. A diagonal dashed line indicates random classification.]

FIGURE 2
 ROC curves for predicting in-hospital mortality in CCI patients.


ROC curve analysis revealed strong predictive performance for these factors individually with AUC for NLR, albumin, and peak NT-proBNP were 0.863 (95% CI: 0.773–0.954), 0.723 (95% CI: 0.599–0.847), and 0.824 (95% CI: 0.718–0.930), respectively (all p ≤ 0.01). The optimal cutoff values were 6.914 for NLR (sensitivity 80.8%, specificity 83.1%), 33.80 g/L for albumin (sensitivity 69.2%, specificity 71.2%), and 9474.5 pg/mL for peak NT-proBNP (sensitivity 73.1%, specificity 84.7%). Notably, a combined predictive model incorporating these three markers demonstrated superior performance (AUC = 0.959, 95% CI: 0.920–0.998, p < 0.01; sensitivity 96.2%, specificity 93.2%), significantly outperforming individual indicators (Table 4).



TABLE 4 Multivariable logistic regression for mortality prediction in CCI patients.
[image: Table displaying various medical variables along with their regression coefficients, standard errors, Wald chi-square values, odds ratios with confidence intervals, and p-values. Significant values (p < 0.05) are highlighted for NLR, Albumin, and Peak NT-proBNP. Definitions for medical terms are provided at the bottom.]



3.6 Therapeutic strategies and efficacy

For reperfusion therapy, intravenous thrombolysis (AIS, 0.9mg/kg) and mechanical thrombectomy were employed in 8.24% (n = 7) and 7.06% (n = 6) of patients, respectively, with no significant difference in utilization between survival groups (p > 0.05). However, a trend toward higher rates of PCI was observed in survivors than in nonsurvivors (59.32% vs 38.46%, p = 0.076).

Regarding medication, dual antiplatelet therapy (DAPT) was significantly more common among survivors than among deceased patients (74.58% vs. 42.31%, p = 0.014). Conversely, the proportion of patients who did not receive any antiplatelet therapy was significantly greater in the nonsurviving group (19.23% vs. 6.78%, p = 0.014). Furthermore, anticoagulant therapy was also used significantly more frequently in the nonsurviving group (69.23% vs. 44.07%, p = 0.037) (Table 5).



TABLE 5 ROC Analysis of laboratory parameters for predicting mortality in CCI patients.
[image: Table comparing diagnostic variables with statistics for NLR, Albumin, Peak NT-proBNP, and Combined Diagnosis. Columns include AUC, Youden index J, Sensitivity, Specificity, Cut-off Value, 95% CI, and p-values, highlighting statistical significance in bold (p < 0.05).]




4 Discussion


4.1 Distinct clinical profile of CCI

Our study revealed an overall CCI incidence of approximately 0.34%, with male patients comprising approximately twice the proportion of female patients. CCI patients exhibited risk factors similar to those associated with traditional cardiovascular and cerebrovascular diseases, including hypertension, diabetes, dyslipidemia, long-term smoking, and alcohol consumption. These findings align closely with a previous meta-analysis by Ng et al. (14), which reported that 65.9% of CCI patients were male, with a majority having a long-term smoking history (27.3%) and comorbidities including hypertension (31.8%), diabetes mellitus (15.9%), and dyslipidemia (11.4%). These common risk factors contribute to atherosclerosis development. Atherosclerotic plaque rupture triggers platelet activation and thrombus formation, which may sequentially or simultaneously affect the coronary arteries and the internal carotid artery/vertebrobasilar artery, leading to the development of AMI and AIS (15).

Our study further found several specific risk factors for CCI, including atrial fibrillation, left ventricular thrombus formation, active malignant neoplasms associated with a systemic hypercoagulable state, and aortic dissection. Each of these factors increases CCI risk through distinct mechanisms. For instance, atrial fibrillation can lead to the dislodgement of thrombi from the atrium, potentially causing cerebral and coronary embolisms (16). AMI affecting the apex and anterior wall may increase the likelihood of mural thrombus formation due to cardiac pump failure and reduced ejection fraction. Aortic dissection originating in the ascending aorta can result in an intimal tear. When this tear extends longitudinally to involve the coronary ostia and the carotid or vertebrobasilar arteries, it may also precipitate CCI (15, 17).

Regarding clinical manifestations, the initial symptoms of CCI patients are often nonspecific, with approximately half seeking medical attention due to typical symptoms of either AMI or AIS. STEMI was the most common type of AMI in our cohort, consistent with previous findings (7). These patients frequently present with comorbidities such as ventricular wall motion abnormalities, ventricular thrombus formation, and valvular disease. In CCI patients, the etiology of AIS is predominantly cardiogenic cerebral embolism, with lesions primarily occurring in the right anterior circulation. Notably, despite experiencing concurrent AMI and AIS, approximately half of the CCI patients in our study exhibited good neurological status upon admission (mRS ≤ 2), with a median NIHSS score of 7.00 (IQR: 4.00, 14.25). This suggests that AMI complications may not significantly exacerbate AIS severity in CCI patients. These findings align with previous research reporting that 78.6% of CCI patients experienced STEMI, and 54.2% had NIHSS scores between 5 and 15 points, indicating moderate neurological impairment (14).

However, the mortality risk in CCI patients remains notably high, with approximately one-third of our cohort succumbing during hospitalization. This finding aligns with previously reported mortality rates ranging from 21.4 to 45% (18, 19). Cardiovascular events were the predominant cause of death, consistent with earlier findings (14).

Our analysis revealed a greater proportion of survivors among CCI patients who underwent PCI than among those who died in the hospital (59.32% vs. 38.46%, p = 0.076). Although this difference did not reach statistical significance, it aligns with findings of a large-scale study by Alqahtani et al. Their analysis of 13,573 CCI patients reported that PCI was associated with significantly reduced in-hospital mortality (OR = 0.26, 95% CI: 0.20–0.34, p < 0.001). These findings collectively suggest a potentially crucial role for the PCI in improving the prognosis of patients with CCI.

The pharmacological management of CCI patients, particularly those with atrial fibrillation, presents significant challenges. While anticoagulation is essential for preventing thrombus formation in atrial fibrillation patients, it markedly increases the risk of hemorrhagic transformation in those with extensive cerebral infarction. Furthermore, the decision between DAPT for AMI and single antiplatelet therapy for stroke adds complexity to treatment strategies. Our study revealed significantly greater DAPT usage among survivors than among deceased patients. Conversely, the majority of those who died had received either no antiplatelet therapy or single antiplatelet therapy. However, it is crucial to interpret this association cautiously. Rather than directly implying a prognostic improvement due to DAPT, this observation may reflect a ‘healthy survivor bias’. Patients in the mortality group, potentially with more severe or extensive infarctions, higher bleeding risks, or multiple comorbidities, might have prompted clinicians to opt for more conservative treatment approaches.



4.2 Predictors of in-hospital mortality in CCI

Our study identified increased NLR, decreased serum albumin and elevated peak NT-proBNP levels as independent risk factors for in-hospital mortality in CCI patients. The NLR, a composite indicator of neutrophil and lymphocyte counts, has been consistently associated with short-term adverse outcomes in both AMI and AIS patients in previous studies (20, 21). However, the mechanisms underlying the predictive value of the NLR may differ between these conditions.

In Type I myocardial infarction, the most common and clinically significant form of AMI, neutrophils play a complex and critical role. This condition is typically precipitated by the rupture of intracoronary thin-cap fibroatheromas (TCFA) (12). Neutrophils can promote TCFA rupture through the release of neutrophil extracellular traps, thereby triggering AMI. Following infarction, necrotic myocardial tissue releases damage-associated molecular patterns (DAMP), which bind to Toll-like receptors on neutrophil surfaces. This interaction initiates a cascade of reactions resulting in the production and activation of proinflammatory (N1-type) neutrophils (22). These activated neutrophils subsequently release various inflammatory cytokines and reactive oxygen species (ROS), further exacerbating myocardial injury in the infarcted area (22).

Concurrently, the systemic stress response induced by myocardial infarction significantly affects lymphocyte populations. Stress-induced activation of the neuroendocrine system leads to increased levels of catecholamines and glucocorticoids. These hormones promote lymphocyte apoptosis and inhibit lymphocyte proliferation and differentiation, ultimately resulting in decreased peripheral blood lymphocyte counts (23, 24).

In AIS, inflammatory processes are pivotal in disease progression. Damaged brain cells release inflammatory factors, chemokines, and neurotoxic substances, which disrupt the blood–brain barrier (25). This triggers an inflammatory cascade, inducing neutrophil and immune cell migration into brain tissue, mediating secondary neuronal injury, and exacerbating neurological dysfunction (26). Furthermore, these infiltrating neutrophils further damage ischemic tissues by releasing proinflammatory mediators, proteases, and matrix metalloproteinases (27). Conversely, certain lymphocyte subsets, such as regulatory T cells, may improve patient prognosis by suppressing excessive inflammation and promoting neuronal repair (28). The NLR provides a more comprehensive and stable reflection of a patient’s inflammatory status, oxidative stress levels, and degree of immune imbalance compared to individual neutrophil or lymphocyte counts. In CCI, where both cardiac and cerebral tissues are affected, the NLR captures the cumulative impact of these complex inflammatory processes. This multifaceted representation renders the NLR a powerful predictor, capable of accurately assessing the risk of in-hospital mortality in CCI patients.

Serum albumin, a multifunctional protein that serves as a crucial clinical marker, plays diverse physiological roles (29). At physiological concentrations, albumin exerts anti-inflammatory effects on endothelial cells (30). However, reduced albumin levels are typically associated with malnutrition and inflammatory conditions (31), triggering a cascade of detrimental effects, including increased oxidative stress, enhanced platelet activation and aggregation, and elevated thrombotic risk (32–34). Moreover, as a major plasma protein and drug-binding agent, albumin critically influences drug distribution and metabolism; thus, hypoalbuminemia may alter hemorheological properties and therapeutic efficacy (35). The cumulative impact of these factors can significantly impair patients’ resilience to acute events, increase complication risks, and ultimately affect survival rates. Previous studies have consistently demonstrated a strong association between reduced serum albumin levels and adverse outcomes in AIS and AMI patients (35, 36).

Elevated NT-proBNP levels typically reflect increased ventricular wall tension and the extent of ventricular remodeling (37). In CCI patients, elevated NT-proBNP often correlates with excessive activation of the renin-angiotensin-aldosterone system and the sympathetic nervous system (38). This persistent neuroendocrine activation leads to vasoconstriction, sodium and water retention, myocardial fibrosis, and cardiac dysfunction, creating a detrimental cycle of worsening cardiac function (39). Furthermore, brain injury, such as AIS, can further stimulate NT-proBNP release through the neuroendocrine-immune axis (40), potentially exacerbating neurological impairment (41). Consequently, NT-proBNP has emerged not only as a key indicator for assessing cardiac functional status but also as a potential marker reflecting cerebral functional status.

This study has several noteworthy limitations. Our focus on in-hospital mortality without long-term follow-up data precludes a comprehensive evaluation of CCI patients’ long-term prognosis. Despite accounting for numerous known confounding factors, the influence of unidentified or inadequately measured variables cannot be entirely ruled out. Secondly, it is worth contemplating the frequency of embolism into the coronary arteries in cases of cardiogenic cerebral embolism and whether coronary plaque rupture was considered as atherosclerotic disease after non-cardiogenic cerebral infarction. Investigating these aspects would contribute to a deeper understanding of the pathogenic mechanisms underlying CCI. However, due to the retrospective nature of the study and the lack of complete cardiac imaging and coronary angiography data, we were unable to provide a detailed analysis of these factors. Future prospective studies should incorporate thorough cardiac examinations to elucidate the specific mechanisms of myocardial infarction following different subtypes of cerebral infarction. Furthermore, the retrospective design of the study and the insidious onset of myocardial infarction posed significant challenges in precisely determining the time interval between the onset of cerebral and myocardial infarction in some patients. For cases of concurrent myocardial and cerebral infarction at admission, establishing the exact sequence and time interval between the two events was difficult. This limitation may affect our understanding of the temporal and causal relationships between myocardial and cerebral infarction. To address these limitations and strengthen our findings, future research should employ a multicenter, prospective approach with a larger sample size and extended follow-up duration. Incorporating a broader array of clinical, biochemical, and imaging indicators, along with serial biomarker measurements, would provide a more holistic view of CCI pathophysiology and elucidate potential prognostic implications. Ultimately, such improvements will aid in more precisely assessing the prognostic factors for CCI patients and provide a stronger scientific foundation for clinical decision-making.




5 Conclusion

Our analysis of CCI revealed that the incidence of CCI is approximately 0.34%, with males being approximately twice as likely as females to develop this condition. In CCI patients, AMI primarily manifests as STEMI, while AIS is predominantly of cardiogenic origin. Approximately one-third of CCI patients succumb during hospitalization, with cardiovascular events emerging as the primary cause of mortality. We identified three independent risk factors for in-hospital mortality: elevated neutrophil-to-lymphocyte ratio, decreased serum albumin, and increased peak NT-proBNP levels. These biomarkers, individually or in combination, demonstrated robust predictive capability for adverse outcomes. Our study significantly enhances our understanding of CCI, delineates key prognostic factors, and identifies potential therapeutic targets to improve clinical outcomes in this unique patient population.
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Background: The addition of antiplatelet therapy to anticoagulant therapy in patients with stroke with non-valvular atrial fibrillation (NVAF) and atherothrombotic disease may increase bleeding risk without reducing recurrent stroke risk.
Aims: To evaluate the clinical benefits of anticoagulant monotherapy compared to combination therapy with anticoagulants and antiplatelet agents.
Methods and design: This is an investigator-initiated prospective multicenter, randomized, open-label, parallel-group clinical trial. Patients with NVAF and atherothrombotic disease who have had a recent ischemic stroke or transient ischemic attack will be eligible to participate in this trial.
Study outcomes: The primary outcome is a composite of ischemic cardiovascular events, including cardiovascular death, ischemic stroke, myocardial infarction, systemic embolism, ischemic events requiring urgent revascularization, and major bleeding events within 2 years after randomization.
Sample size estimates: This study will enroll 400 patients, 200 receiving anticoagulant monotherapy and 200 receiving combination therapy. This sample size will provide 90% power (one-sided p = 0.025) to detect a risk reduction in outcome events within 2 years, assuming event rates of 13 and 27% for each group, respectively, and a 10% loss to follow-up at a 2.5% significance level with one-sided log-rank tests at an interim analysis and a final analysis.
Discussion: This will be the first study to assess the net clinical benefit of oral anticoagulant monotherapy in ischemic stroke patients with NVAF and atherothrombosis.
Clinical trial registration: https://clinicaltrials.gov/study/NCT03062319, NCT03062319; https://center6.umin.ac.jp/cgi-open-bin/ctr/ctr_view.cgi?recptno=R000029222, UMIN000025392; https://jrct.niph.go.jp/latest-detail/jRCTs051180202, jRCTs051180202.

Keywords
 antiplatelet; anticoagulant; nonvalvular atrial fibrillation (NVAF); atherothrombosis; ischemic stroke; randomized controlled trial


1 Introduction

Non-valvular atrial fibrillation (NVAF) and atherothrombotic disease frequently coexist, particularly in aging populations with shared risk factors such as hypertension and diabetes mellitus (1). Patients with both NVAF and atherothrombotic disease have an elevated risk of ischemic events, including stroke and myocardial infarction, as well as bleeding complications due to antithrombotic therapy. The current guidelines recommend oral anticoagulant therapy (OAC) for the prevention of stroke in patients with non-valvular atrial fibrillation (NVAF) (2, 3) and antiplatelet therapy for patients with non-cardiogenic stroke including large artery atherosclerosis and small vessel disease (4, 5). However, the optimal antithrombotic management for patients with both conditions remains uncertain due to limited evidence.

The combination of OAC and antiplatelet agents is often considered to reduce the risk of recurrent ischemic events (6, 7). However, recent studies have raised concerns regarding the safety and efficacy of this approach. The addition of antiplatelet agents to OAC has been associated with an increased risk of major bleeding (8). The AFIRE trial demonstrated that rivaroxaban monotherapy was non-inferior to combination therapy in terms of efficacy while significantly reducing bleeding risks in patients with NVAF and stable coronary artery disease (9). More recently, the EPIC-CAD trial also demonstrated that edoxaban monotherapy had higher clinical benefit than combination therapy in patients with NVAF and stable coronary artery disease (10). Meta-analyses provide further support for these findings, indicating that combination therapy may not provide a net clinical benefit over anticoagulant monotherapy (11). According to these results, the recent guidelines emphasize the importance of individualized antithrombotic therapy in patients with NVAF and atherothrombotic disease (12).

Furthermore, patients with a history of stroke or transient ischemic attack (TIA) who are receiving antiplatelet therapy are at an even higher risk of major bleeding when treated with OAC (8). Observational studies have demonstrated that the concomitant use of antiplatelet agents with OAC increases the composite outcome of cardiovascular and bleeding events without reducing recurrent stroke in patients with NVAF (13, 14). However, these findings are derived from non-randomized studies, and randomized controlled trials are required to establish the clinical benefit of OAC monotherapy in this context.

The optimal Antithrombotic Therapy in Ischemic Stroke patients with Non-Valvular Atrial Fibrillation and atherothrombosis (ATIS-NVAF) trial is designed to address this evidence gap. This investigator-initiated, prospective, multicenter, randomized control trial aims to evaluate the clinical benefits of OAC monotherapy compared to combination therapy with OAC and antiplatelet agents in patients who have experienced a recent ischemic stroke or TIA and have both NVAF and atherothrombotic disease. The results of this study could have significant implications for clinical practice, potentially informing guideline recommendations and optimizing antithrombotic therapy to improve patient outcomes.



2 Methods


2.1 Design

This is a protocol for an investigator-initiated, multicenter, prospective, randomized, open-label, parallel-group phase IV study.



2.2 Patient population

This trial will be conducted at 41 sites in Japan. The inclusion and exclusion criteria for study enrollment are listed in Table 1. Eligible patients will be identified by their physicians during routine consultations. Figure 1 shows the flowchart of the study design.



TABLE 1 Eligibility criteria.
[image: Inclusion criteria and exclusion criteria are listed in a table. Inclusion criteria include: acute ischemic stroke or TIA, age twenty or older, non-valvular atrial fibrillation, certain atherothrombotic diseases, modified Rankin Scale score of four or less, ability to take oral medications, complete a follow-up survey, and provide consent. Exclusion criteria include: recent myocardial infarction, recent PCI or stent placement, recent symptomatic hemorrhage, blood disorders, low platelet count, severe anemia, severe renal failure, liver dysfunction, pregnancy, active cancer, low survival expectation, scheduling issues with anticoagulants, planned revascularization, trial enrollment, or being judged inappropriate by investigators.]

[image: Flowchart outlining a study process involving 400 participants with ischemic stroke or TIA. Participants are screened, then randomized into two groups of 200. One group receives OAC monotherapy (single anticoagulant) and the other combination therapy (anticoagulant and antiplatelet). Baseline assessments occur within three days, followed by follow-up assessments at six, twelve, and eighteen months, with final assessments at twenty-four months.]

FIGURE 1
 Study design flowchart. OAC, Oral anticoagulant therapy; TIA, Transient ischemic attack.




2.3 Randomization

All patients who consent to participate and fulfill the eligibility criteria will be randomized to either the OAC monotherapy group or the combination therapy group with a 1:1 allocation according to a computer-generated randomization schedule using the Pocock-Simon minimization method, with adjustment for sex, history of ischemic heart disease, and history of acute ischemic stroke.

The participants will be randomized using the cloud-based electronic data capture service DDworks 21 (Fujitsu Ltd., Tokyo, Japan), an online central randomization service. Allocation concealment will be ensured because the service will not release the randomization code until the patient has been recruited into the trial, which takes place after all baseline measurements have been completed. Clinical events will be assessed by a blinded Independent Central Review Committee. Additionally, all other individuals involved in the study will be blinded to the treatment allocation.



2.4 Intervention

Patients will receive either OAC monotherapy or OAC plus antiplatelet therapy at the discretion of the treating physician, in accordance with the protocols outlined in Table 2. The dose of each drug is consistent with the approved dose in Japan. Details of the drugs to be used in both groups are shown in Table 2. Treatment will start within 3 days after randomization and continue for 2 years. If the treating physician needs to change the OAC or antiplatelet drug during the study, the choice of drug may be changed based on the predefined drugs for each group (Table 2). Temporary interruption of study treatment is allowed during invasive procedures such as surgery but cannot exceed 4 weeks. Patients in both treatment groups will be treated according to the relevant guidelines for the prevention of stroke or systemic embolism.



TABLE 2 Allowed anticoagulant and antiplatelet drugs.
[image: Table listing anticoagulants and antiplatelets with dosage guidelines. For anticoagulants, options include Warfarin, Dabigatran, Rivaroxaban, Apixaban, and Edoxaban, each with specified full and reduced doses based on factors like age, creatinine clearance, and body weight. For antiplatelets, drugs listed are Aspirin, Clopidogrel, Prasugrel, Ticlopidine, and Cilostazol, with their respective dosages. Abbreviations: BID (twice daily), OD (once daily), CCr (creatinine clearance), INR (international normalized ratio), SCr (serum creatinine).]



2.5 Study outcomes

Follow-up visits will be scheduled at 6 ± 2, 12 ± 2, 18 ± 2, and 24 ± 2 months. Each follow-up visit will be conducted by the treating physician. Blood pressure measurements and laboratory examinations will be performed. Patients will be asked about any outcomes or adverse events that occurred before the follow-up visit.

The primary outcome is a composite of ischemic cardiovascular events, including cardiovascular death, ischemic stroke, myocardial infarction, systemic embolism, ischemic events requiring urgent revascularization, and significant bleeding, as defined by the International Society of Thrombosis and Hemostasis (ISTH) criteria (15) within 2 years after randomization.

Secondary outcomes include incidences of the following events within 2 years after randomization: (1) all-cause mortality; (2) ischemic cardiovascular events (cardiovascular death, ischemic stroke, myocardial infarction, systemic embolism, and ischemic events requiring urgent revascularization); (3) all ischemic cardiovascular events (ischemic cardiovascular events, TIA, unstable angina pectoris, and progression of symptomatic peripheral artery disease); and (4) ischemic stroke; and (5) myocardial infarction and cardiovascular death.

Safety outcomes include incidences of the following events within 2 years after randomization: (1) ISTH major bleeding; (2) ISTH major bleeding and clinically relevant non-major bleeding; (3) intracranial hemorrhage.



2.6 Sample size estimates

The sample size was calculated based on the primary hypothesis and the results of our previous study. A retrospective study of 277 patients with NVAF and atherothrombotic disease demonstrated that the combination therapy group had a higher incidence of ischemic cardiovascular events and major bleeding than the OAC monotherapy group (33% vs. 19%/2 years, log-rank p = 0.04; unpublished data). Based on this result, we calculated that a maximum total sample size of 370 (equally-sized groups and the maximum number of events is 74) would be required to provide a power of 90% to detect a risk reduction in outcome events within 2 years, assuming lower event rates of 13 and 27% for each group, respectively, at an overall significance level of 2.5% with one-sided log-rank tests at an interim analysis and a final analysis (EAST® version 6.4, Cytel, Boston, MA, United States). An interim analysis was planned to assess the efficacy and futility when half the required number of events was observed. The critical values for the analyses were determined based on the Lan-DeMets error-spending method using an O’Brien-Fleming-type function with a non-binding boundary for futility. With a proposed 10% dropout rate, 400 participants will be recruited for this study.



2.7 Statistical analyses

Analyses will be performed based on the intention-to-treat (ITT) principle. The data will be summarized using descriptive statistics. For the primary endpoint, survival curves will be estimated using the Kaplan–Meier method and compared between the two groups using the log-rank test. Hazard ratios with 95% confidence intervals will be calculated using a proportional hazards model. A per-protocol analysis will be performed to support the conclusions derived from the ITT-based analysis. Additionally, homogeneity of the treatment effects will be exploratively evaluated with the following subgroups: age (<80 vs. ≥80), sex, anticoagulant drug (warfarin vs. direct OACs), CHADS2 score (≤3 vs. 4 vs. ≥ 5), body weight (<60 kg vs. ≥60 kg), creatinine clearance (<30 mL/min vs. 30 ~ 50 mL/min vs. ≥50 mL/min), history of ischemic stroke and major bleeding, and prevalence of carotid or intracranial artery stenosis, hypertension, diabetes mellitus, dyslipidemia, and congestive heart failure.

Secondary endpoints will be analyzed in the same manner as the primary endpoints, except for the calculation of p values. Safety data will be analyzed descriptively for the treated set, which consists of all randomized patients who received at least one study treatment. The detailed plan for the interim and final analyses will be prespecified in the statistical analysis plan and finalized before the database lock. All statistical analyses will be conducted at the data center in the National Cerebral and Cardiovascular Center.



2.8 Safety and data monitoring body

Data management, statistical analysis, and monitoring will be performed by the Department of Data Science at the National Cerebral and Cardiovascular Center in Suita, Japan. An independent Data Safety Monitoring Board (DSMB), comprising two stroke neurologists and a biostatistician, will be created to monitor the safety and efficacy of the study. The DSMB will recommend trial discontinuation/continuation or protocol amendment based on annual reviews of patient accrual, the incidence of adverse events, and interim efficacy analyses comparing the two treatment arms.



2.9 Study organization and funding

This study is partially supported by the Japan Thrombosis Investigator Initiated Research Program (JRISTA), funded by Bristol-Myers Squibb (BMS) and Pfizer. Bristol-Myers Squibb (BMS) and Pfizer were not involved in the planning, data management, analysis, or discussion of the study results. The final trial protocol was prepared by the Protocol Committee. An independent data-monitoring committee will adjudicate new outcomes at regular intervals. The committee receives outcome information and is blinded to patient identifiers and treatment allocation.




3 Discussion

The ATIS-NVAF is the first randomized trial to evaluate the safety and efficacy of OAC monotherapy in a population at risk for both cardiogenic embolism and atherothrombotic disease. The data obtained from this trial will be crucial for identifying optimal medical treatment for these patients.

The study design focuses on comparing OAC monotherapy with combination therapy of OAC and antiplatelet agents, without imposing any specific antiplatelet or OAC regimens, to reflect real-world situations. Since the safety profile of direct OACs in patients with end-stage renal failure has not been established (16), warfarin or warfarin and antiplatelet therapy are often used in clinical practice for patients with cardioembolic stroke, renal failure, and ischemic heart disease. This study allows the use of warfarin in the anticoagulation group to explore optimal antithrombotic treatment strategies for high-risk patients.

Recent evidence highlights that inflammation and endothelial dysfunction are key contributors to both atrial fibrillation and atherosclerosis (17, 18). In atrial fibrillation, endothelial injury promotes thrombogenesis (17). Similarly in atherosclerosis, endothelial dysfunction increases the risk of thrombotic events (19). These shared mechanisms emphasize the necessity for optimized antithrombotic therapy in patients with both conditions.

Although the ATIS-NVAF trial is designed to reflect real-world clinical practice by allowing flexibility in treatment selection, this approach introduces certain limitations. First, the open-label design of the study may introduce bias, as both patients and physicians are aware of the assigned treatments. This awareness may potentially influence patient adherence, reporting of outcomes, and clinical decision-making by physicians. Second, the selection of specific OACs and antiplatelet agents, as well as their dosage, is left to the discretion of the treating physicians within the predefined options. This variability may lead to heterogeneity in the interventions, which could affect the internal validity of the study. These limitations should be considered when interpreting the results of the ATIS-NVAF trial. Despite these challenges, the pragmatic design enhances the external validity and applicability of the findings to routine clinical practice, which is a significant strength of the study.

In conclusion, this study will be the first to assess the net clinical benefit of OAC monotherapy in patients with ischemic stroke with NVAF and atherothrombosis.
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Background: Depression is common in stroke survivors and affects their recovery and quality of life (QoL). Intravenous thrombolysis (IVT) can improve post-stroke outcomes but the impact on early-onset post-stroke depression (PSD) is unclear. This was evaluated by comparing depression symptoms between patients with acute ischemic stroke (AIS) with vs. without IVT.
Methods: This retrospective cohort study included 633 patients with AIS. The 17-item Hamilton Depression Rating Scale was used to evaluate depression in patients 14–21 days after stroke onset. Propensity score matching was used to minimize intervention bias between the two groups.
Results: Of the 633 patients, 120 (19.0%) received IVT and 513 (81%) did not. Before matching, the prevalence of early-onset PSD was lower in the IVT group than in the non-IVT group (18.3% vs. 29.2%, p < 0.05). In the multivariate logistic regression analysis, the risk of early-onset PSD was significantly lower in the IVT group than in the non-IVT group [odds ratio (OR) = 0.48; 95% confidence interval: 0.28–0.83]. The results were stable after adjusting for potential confounders by inverse probability of treatment weighting and using a pairwise algorithm based on propensity scores (ORs between 0.44 and 0.61, all p < 0.05); were robust to unmeasured confounding as assessed by E-value analysis; and were consistent in subgroup analyses.
Conclusion: IVT is associated with a reduced risk of early-onset PSD and can improve the QoL of patients with AIS during post-stroke recovery.

Keywords
 intravenous thrombolysis; post-stoke depression; propensity score method; inverse probability of treatment weighting; pairwise algorithmic


1 Introduction

Post-stroke depression (PSD) is a common occurrence during recovery from acute ischemic stroke (AIS), with a prevalence ranging from 29 to 43% (1, 2, 3, 4, 5). PSD negatively impacts neurologic recovery, quality of life (QoL), and morality risk in stroke survivors (6). PSD manifests as a loss of interest in or enjoyment of life (7), fatigue (8), sleep disturbance (9), difficulty concentrating, and lack of motivation (10). The etiology of PSD is complex; risk factors include pre-stroke factors such as female sex (11) and history of depression (12), stroke-related factors such as stroke severity and location of cerebral infraction (13), and post-stroke factors such as degree of inflammation (14) and lack of social support (15).

Intravenous thrombolysis (IVT) with the recombinant tissue plasminogen activator (rtPA) alteplase is an approved systemic reperfusion therapy for patients with AIS (16) that improves functional outcomes and enhances QoL by salvaging the ischemic penumbra (17). There are limited data on the potential effects of IVT on PSD. One prospective cohort study found that the frequency of depression was similar between stroke survivors who received thrombolysis and those who did not, although the authors concluded that thrombolysis therapy nonetheless had a positive—albeit indirect—effect on patients’ mood following stroke (18). In the WAKE-UP trial, rates of depression at 90 days were lower in patients with IVT after AIS than in those without IVT, which was only partly explained by a reduction in functional disability (19). Given that the restoration of function after stroke can influence the occurrence of PSD (20), the early effect of IVT on PSD warrants investigation. Studies to date have focused on longer-term outcomes (3 months or 1 year). The present study examined the relationship between IVT and early-onset PSD in the early stages after stroke when neurologic function has not stabilized or recovered.



2 Materials and methods


2.1 Data source

This retrospective study used data from the stroke neuropsychology patient database of the First Affiliated Hospital of Soochow University, which contains information on AIS patients who received care in the stroke unit. The study was designed according to the tenets of the Declaration of Helsinki and was approved by the Institutional Review Board (IRB no. 2023–397). Results are reported according to Strengthening the Reporting of Observational Studies in Epidemiology (STROBE) guidelines (21). All participants included in the study provided written, informed consent.



2.2 Study design and population

A total of 747 consecutive patients with AIS (within 3 days of symptom onset) admitted to the First Hospital of Soochow University between March 2018 and February 2023 were screened. Inclusion criteria were as follows: aged 18–85 years, admitted within 3 days after onset of AIS (primary or recurrent stroke), and willing and able to complete the psychological evaluation. Exclusion criteria were severe aphasia, apoplexy, or unconsciousness hindering the completion of depression tests (n = 38); history of depression, anxiety, and other psychiatric impairment (n = 14); history of tumor or severe systemic disease (n = 22); and diagnosis of transient ischemic attack (n = 18). Another 22 patients were excluded for missing laboratory data (e.g., monocyte, lymphocyte, and neutrophil counts). Ultimately, 633 patients were enrolled in the study. After propensity score matching (PSM) between patients who received IVT and those who did not on select baseline characteristics, there were 116 patients in each group (Figure 1).

[image: Flowchart showing patient selection for a study on acute ischemic stroke. Initially, there are 747 patients, 38 are excluded due to missing depression tests, leaving 709. Next, 54 more are excluded for various reasons, reducing the number to 655. An additional 22 are excluded due to missing cellular data, resulting in 633 patients. These are divided into two groups: 120 with intravenous thrombolysis and 513 without. Propensity score matching results in 116 patients in each group.]

FIGURE 1
 Participant inclusion flowchart.




2.3 Study exposure

The primary independent variable was receipt of IVT within 4.5 h of stroke onset. The standard dose was 0.9 mg/kg and total dose was <90 mg. The first dose was 10% of the total dose, which was administered intravenously over 1 min; the remaining 90% of the dose was continuously delivered intravenously over 1 h using a microinjection pump according to 2021 European guidelines (16).



2.4 Diagnosis of early-onset PSD

The primary outcome of the study was a diagnosis of depression in the acute stage after ischemic stroke. Early-onset PSD was evaluated with the 17-item Hamilton Depression Scale (HAMD17) 14–21 days after stroke onset (22) using the established threshold score of ≥7 (23).



2.5 Clinical data

Fasting blood samples were collected on the morning after admission and demographic characteristics and risk factors were recorded within 6 h after admission.

Clinical parameters known to influence the occurrence of PSD were assessed, including demographic characteristics such as age and sex as well as vascular risk factors such as history of hypertension, diabetes mellitus, smoking status, and heart disease (including atrial fibrillation and coronary artery disease). Stroke severity was evaluated using the National Institutes of Health Stroke Scale (NIHSS) (24) at admission. Stroke subtype was classified according to Trial of Org 10,172 in Acute Stroke Treatment (TOAST) as large artery atherosclerosis (LAA), small artery occlusion (SAO), cardioembolism (CE), and other types (other cause [SOD] and undetermined cause [SUE]) (25). Mechanical thrombectomy was also recorded. Laboratory tests included neutrophil-to-lymphocyte ratio (NLR) (26), monocyte-to-lymphocyte ratio (27), monocyte-to-high density lipoprotein ratio (MHD) (28), and platelet-to-lymphocyte ratio (PLR) (29). Estimated glomerular filtration rate (eGFR) was calculated using the Chronic Kidney Disease Epidemiology Collaboration formula (30) and was included as a covariate in the multivariate logistic regression model as in previous studies (31), with a cutoff value of 60 mL/min/1.73 m2.



2.6 Statistical analysis

Descriptive analysis of the entire study population was performed. Categorical variables are presented as a number and percentage; normally distributed continuous variables are reported as mean and standard deviation, and data with a non-normal (skewed) distribution are presented as median and interquartile range. Differences between groups were evaluated with the chi-squared test or Fisher’s exact test for categorical variables and the Student’s t-test or Mann–Whitney U test for continuous variables.

To examine the association between IVT and early-onset PSD while minimizing potential bias and confounding effects, we used a logistic regression model with PSM, with a 1:1 nearest neighbor matching algorithm and caliper width of 0.2. The propensity score (PS) was generated based on the aforementioned clinical parameters that are known to influence PSD occurrence, and the degree of matching was assessed using standardized mean difference with a threshold <0.1 considered acceptable.

Outcomes of the 2 groups in the PS-matched cohort were compared using a 2-sided t-test, with estimated PSs used as weights. A weighted cohort was generated using a pairwise algorithm (PA) (32) and inverse probability of treatment weighting (IPTW) (33). The PA model Pairs individuals in the treatment and control groups based on PSs that estimate the probability of receiving the treatment, thereby creating matched confounding for unbiased comparisons (32). The IPTW model assigns weights to individuals based on their PSs, giving more weight to those with similar treatment propensities and adjusting for confounding (33); this method allowed a more accurate estimation of the effect of treatment on outcome. We calculated the E-value to determine the contribution of potential unmeasured confounding factors to the observed association between IVT and early-onset PSD (34). To further assess the stability of our results, subgroup and interaction analyses were conducted for age, sex, smoking, history of stroke, hypertension, diabetes mellitus, and heart disease.

Statistical analyses were performed using R version 4.3.11 and Free Statistics software version 1.8 (35). Comparisons were performed with a 2-tailed test with a significance threshold of p < 0.05.




3 Results


3.1 Baseline characteristics of the study population

The characteristics of the 633 study participants are presented in Table 1. The average age was 63.9 ± 11.6 years and 40.9% were female. Patients in the IVT group were younger and had lower rates of hypertension, diabetes mellitus, history of stroke, and heart disease than those in the non-IVT group. For TOAST stroke subtypes, the IVT group had a lower prevalence of LAA and SAO and higher prevalence of CE and SOD+SUE; additionally, a larger proportion received mechanical thrombectomy and eGFR and NLR were higher compared with the non-IVT group. There were no differences in sex ratio, smoking status, or NIHSS score at admission between groups.



TABLE 1 Baseline characteristics of participants by intravenous thrombolysis administration.
[image: A table comparing characteristics of unmatched and propensity-score-adjusted patients, divided into All patients, Non-IVT, and IVT groups, with standardized mean differences (SMD). It includes data such as age, sex, smoking status, hypertension, diabetes, stroke history, heart diseases, NIHSS score, TOAST subtypes, mechanical thrombectomy, eGFR, and ratios like NLR, MLR, PLR, and MHD. Numeric data provided includes means, percentages, and medians with interquartile ranges.]

Before PSM, the prevalence of PSD was 18.3% (22/120) in patients with IVT and 29.2% (150/513) in those without IVT. After PSM, the baseline characteristics of the 2 groups were almost balanced, and the prevalence of PSD was 19.0% (22/116) and 34.5% (40/116), respectively. Treatment with IVT was associated with significantly lower rates of early-onset PSD (p < 0.05; Figure 2).

[image: Bar chart comparing the percentage of PSD patients before and after PSM for IVT and Non-IVT treatments. Before PSM, IVT shows 18.3% and Non-IVT 29.2%. After PSM, IVT displays 19.0% and Non-IVT 34.5%. Asterisks indicate significance at P < 0.05.]

FIGURE 2
 Percent of patients with or without PSD by intravenous thrombolysis administration. PSD, post-stroke depression; IVT, intravenous thrombolysis; PSM, propensity score method.




3.2 Outcomes in matched cohorts

IVT was associated with a significant reductions in the occurrence of early-onset PSD in both univariate and multivariate logistic regression analyses, after IPTW or using the PA model based on PS; odds ratios (ORs) ranged from 0.44 to 0.61 (all p < 0.05; Table 2). The E-value for the study population was 2.24; that is, unmeasured confounders would have to be more than 2 times more prevalent in the IVT group than in the non-IVT group to explain the observed association.



TABLE 2 Associations between IVT and PSD in the crude analysis, multivariable analysis, and propensity-score analyses.
[image: Table showing the analysis of intravenous thrombolysis (IVT) and post-stroke depression (PSD) with corresponding odds ratios (OR) and p-values. Crude analysis reveals an OR of 0.54 and a p-value of 0.017. Multivariable analysis shows an OR of 0.48 and a p-value of 0.008. Inverse probability weighting yields an OR of 0.61 and a p-value of 0.044. Matching gives an OR of 0.44 and a p-value of 0.008. Pairwise algorithmic analysis results in an OR of 0.5 and a p-value of 0.026. Adjusting for propensity score shows an OR of 0.52 and a p-value of 0.012.]



3.3 Subgroup analyses

In subgroup analyses, there were no effects of interactions between age, sex, smoking status, hypertension, diabetes mellitus, history of stroke, or heart disease on the association between IVT and early-onset PSD using a fully adjusted model (Figure 3).

[image: Forest plot displaying odds ratios (OR) with 95% confidence intervals (CI) for various subgroups, including age, sex, smoking status, hypertension, diabetes, stroke history, and heart diseases. The plot shows statistical interaction p-values for each subgroup. Blue dots represent adjusted ORs, with horizontal lines showing the CI range.]

FIGURE 3
 Forest plot shows ORs of PSD in subgroup analyses. Adjusted for all covariates in table1. PSD, post-stroke depression; OR, odds ratio; CI, confidence interval.





4 Discussion

This study investigated the relationship between IVT and early-onset PSD. We found that IVT decreased the occurrence of PSD in the 14–21 days after stroke by 52% compared with no IVT. The results remained robust after patients in the 2 groups were matched on baseline characteristics and in subgroup analyses of patients stratified by age and other factors known to influence PSD risk.

Of the 633 patients in the study population, 172 were diagnosed with early-onset PSD at a rate of 27.2%, similar to the overall rate of 29–43% reported in other studies (1–5). In the WAKE-UP trial post-mortem analysis, the prevalence of PSD was 42.9% with IVT vs. 52.7% without IVT, representing an absolute difference of 18.6% (17) compared with 37.3% in our work. However, there was limited laboratory testing in the study by Königsberg et al. Previous studies have shown that inflammatory indicators such as NLR (26), PLR (29), and MHD (28) are elevated in the peripheral blood of patients with PSD compared with non-depressed patients. Our study accounted for these variables. In another prospective study, rates of PSD were comparable between patients who received thrombolysis and those who did not at 3 and 12 months of follow-up. However, it is worth noting that the study sample comprised just 74 patients whereas in our study there were 116 patients in each group after PSM.

Treatment with intravenous alteplase led to an absolute risk reduction of PSD—as measured by HAMD17—at 14–21 days post stroke, consistent with the results of a previous randomized controlled trial (19). Previous studies have focused on the impact of thrombolysis on PSD at 90 days after stroke, but we examined its effect in the acute stage. After PSM, baseline characteristics including age, sex, hypertension, and NIHSS score at admission that are known predictors of PSD (3) were similar between IVT and non-IVT groups. The E-value of 2.24 provided further support that the association between IVT and PSD was robust to the effects of unknown confounders. In the comparison of the 116 matched pairs, the IVT group had fewer occurrences of PSD than the non-IVT group (p < 0.05) after controlling for PSD risk factors. This was also observed in subgroup analyses of patients stratified by age, sex, smoking, history of stroke, hypertension, diabetes mellitus, and heart disease. These findings suggest that IVT has a mitigating effect on early-onset PSD.

There are several possible mechanisms underlying the effects of IVT on early-onset PSD. First, the timely restoration of cerebral blood flow via thrombolysis can reduce the extent of neuronal damage, thereby protecting neural circuits involved in the regulation of emotion (36) such as the monoamine neurotransmitter system (37), which encompasses the cortical and limbic systems. Ischemic injury can directly injure monoaminergic neuron nuclei or their ascending projections, reducing monoamine neurotransmitter release. For example, damage to the basal ganglia results in dysfunction of emotional regulation, fatigue, and cognitive impairment (38). Thrombolysis may reduce the risk of PSD by alleviating brain damage after AIS. It may also affect biochemical and neurochemical processes that are induced after stroke and are implicated in depression; in addition to the disruption of neurotransmission, these include inflammation and oxidative stress (39).

The acute inflammatory response after stroke is reflected by elevated levels of central and peripheral proinflammatory cytokines and increases in NLR (26), PLR (29), and MHD (28) that lead to glucocorticoid release (40). Chronic inflammation can result in dysregulation of the hypothalamic–pituitary–adrenal axis and PSD. Inhibition of the NOD-like receptor protein 3 (NLRP3) inflammasome was shown to diminish depression-like behavior in rats following stroke (41). However, rtPA can induce the upregulation of genes encoding inflammatory factors such as NLR, thereby aggravating inflammation (42). We speculate that thrombolysis modulates these pathologic processes by restoring blood flow and reducing ischemic damage to alleviate depression symptoms while also improving functional outcomes and QoL after stroke (19). Additionally, patients with better recovery (less disability and improved physical functioning) after stroke may have a more positive mental state, potentially decreasing the risk of depression (43, 44, 45).

The impact of thrombolysis on depression should be assessed as part of a comprehensive stroke management plan that includes rehabilitation, psychological interventions, and long-term follow-up. For instance, initiating active antidepressant treatment immediately after a diagnosis of early PSD may reduce depression symptoms, promote functional recovery, and improve patients’ QoL.


4.1 Limitations

This study was not without limitations. First, patients with severe stroke experiencing disorders of consciousness or speech were excluded because their impairment prevented them from completing the HAMD. Consequently, the occurrence of PSD in patients with AIS may have been underestimated. Second, given that the study was hospital-based, it was difficult to assess depression scores prior to stroke onset and the potentially confounding effect of preexisting depression symptoms cannot be completely excluded. In future studies with larger cohorts, depression scores before and after stroke should be compared (46). Finally, large-scale multicenter studies are needed to confirm our findings and validate their applicability to clinical practice, and to elucidate the mechanisms by which thrombolysis mitigates early-onset PSD.




5 Conclusion

IVT treatment was associated with a 52% decrease in the occurrence of early-onset PSD 14–21 days after AIS compared with no IVT. These findings underscore the potential benefits of thrombolysis in preventing PSD and highlight the importance of an integrated approach to care in order to ensure optimal psychological outcomes and improve QoL in patients with stroke.
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Correlation between triglyceride-glucose index and early neurological deterioration in patients with acute mild ischemic stroke
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Objective: The Triglyceride-glucose Index (TyG) index is a dependable metric for assessing the degree of insulin resistance, serving as a standalone predictor of ischemic stroke risk, but its precise relationship with early neurological deterioration (END) remains incompletely expounded within the context of acute mild ischemic stroke patients. This research is to examine the correlation of the TyG index with END among patients experiencing acute mild ischemic stroke in China.
Methods: This retrospective analysis was conducted to systematically gather data regarding patients experiencing their maiden episode of acute mild ischemic stroke and hospitalized at the Neurology Department of Nanjing Meishan Hospital, located in Nanjing, Jiangsu Province, China, over the period extending from January 2020 to December 2022. The severity of stroke was determined through the utilization of the National Institutes of Health Stroke Scale (NIHSS) scores upon their admission. Demographic characteristics were collected, and measurements of fasting blood glucose, blood lipids, and glycosylated hemoglobin Alc levels were taken. END was defined as a one-point rise in the motor item function score on the NIHSS or a two-point increase in the overall score during the initial 72 h of hospitalization. For evaluating the correlation of the TyG index with END, a multivariate logistic regression analysis was carried out. To investigate whether there is a nonlinear relationship between the TyG index and END, smoothed curves were utilized.
Results: The study included 402 patients diagnosed with acute mild ischemic stroke, with a mean age of 66.15 ± 10.04 years. Within this population, 205 were males (51.00%) and 197 were females (49.00%). Among these patients, 107 (26.62%) experienced END within 72 h of admission. Patients who developed END showed higher levels of the TyG index in comparison to those who remained stable (9.18 ± 0.46 vs. 8.87 ± 0.46, p < 0.001). In a comprehensive multivariate logistic regression analysis, the TyG index positively correlates with END (OR = 3.63, 95% CI: 1.75–7.54, p = 0.001). Furthermore, individuals in the fourth TyG index quartile exhibited a 2.36-fold heightened risk of END compared to those in the first quartile (95% CI: 1.38–8.19, p = 0.008). TyG index has a linear correlation with END in the generalized additive model (Log likelihood ratio test, p = 0.525).
Conclusion: Our findings demonstrate that TyG index has a significant, independent, and positive correlation with END in Chinese individuals diagnosed with acute mild ischemic stroke. This underscores the TyG index’s potential usefulness as a valuable risk stratification tool for stroke patients.
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1 Introduction

Ischemic stroke, the most prevalent subtype within the spectrum of stroke (1), ensues from perturbations in cerebral blood flow due to diverse etiologies. These disturbances ultimately result in an ischemic insult and subsequent hypoxic necrosis, which in turn lead to compromised cerebral function (2). Constituting a predominant proportion of ischemic stroke cases, mild ischemic strokes account for more than half of the afflicted patient population (3). Despite the initial presentation of minor symptomatic manifestations, individuals face the looming possibility of significant disability progression, with early neurological deterioration (END) serving as a pivotal harbinger of adverse prognostic outcomes (4). END refers to the deterioration of neurological faculties within a temporal window spanning from hours to days post-ischemic stroke onset. Most research defines this period as either 24 h or 72 h, with an incidence rate varying from 8.1 to 32.00% (5–7). This condition frequently results in prolonged hospitalization, a heightened risk of disability, and possibly fatal consequences (8, 9). Although efforts have been directed towards identifying prognostic markers of END in the overall population with ischemic stroke patients, limited attention has been accorded to those with mild strokes. Thus, elucidating the determinants associated with END in patients manifesting acute mild stroke is of paramount importance.

Multiple investigations have substantiated that hypertension, hyperglycemia, stroke subtype, hypercholesterolemia, hypertriglyceridemia, and inflammatory pathways augment the susceptibility to developing early neurological deterioration (END) (10, 11). Furthermore, insulin resistance (IR) is closely associated with ischemic stroke, potentially exacerbating END progression through diverse metabolic and inflammatory cascades (12, 13). IR denotes a state wherein the target tissues manifest diminished sensitivity to insulin’s physiological actions, culminating in attenuated biological responsiveness compared to normoinsulinemic conditions (14). Serving as the cardinal etiological factor in type 2 diabetes mellitus pathogenesis, IR constitutes a prevalent pathophysiological nexus underlying an array of metabolic perturbations (15). Conventional techniques for IR assessment, such as the hyperinsulinemic euglycemic clamp method and the homeostasis model assessment of insulin resistance (HOMA-IR), although efficacious, are encumbered by complexity and prohibitive costs, thus limiting their utility in large-scale population screenings (16). In contrast, the triglyceride glucose (TyG) index, which combines fasting triglyceride (TG) and fasting plasma glucose (FPG) values, is praised for its simplicity, cost-efficiency, and precision in gauging IR status (17–19). An accumulating body of evidence indicates the predictive value of the TyG index for END (20, 21). However, this proposition remains subject to debate among scholars (22–24). For instance, Zhang et al. (20) demonstrated that an elevated TyG index is positively linked to a higher likelihood of END, coupled with a lower chance of early neurological recovery, among individuals experiencing acute ischemic stroke after treatment with intravenous thrombolysis. Nevertheless, an alternate investigation failed to observe a similar relationship in patients with mild stroke undergoing intravenous thrombolysis (22). Furthermore, the clinical outcomes of stroke patients did not seem to be significantly influenced by the TyG index, regardless of BMI, according to Hou et al. (23). Alternative research endeavors have indicated the absence of a definitive correlation, potentially stemming from methodological disparities, variations in participant demographics, and differences in sample sizes (24).

Earlier investigations revealed that a raised TyG index is positively associated with an enhanced likelihood of END occurrence among ischemic stroke patients, notwithstanding the presence of varying and, at times, conflicting evidence. Nonetheless, as far as we are aware, no previous exploration has carried out a thorough analysis of how the TyG index relates to END specifically in individuals enduring acute mild ischemic stroke, particularly within the Chinese demographic. Our current investigation is primarily centered on patients experiencing a first-ever episode of acute mild ischemic stroke without prior pharmacological interventions, and all patients were treated with both aspirin and clopidogrel tablets following this visit, thereby providing a unique platform to scrutinize the interplay between the TyG index and END without interference from lifestyle adjustments or pharmaceutical treatments. This methodological approach is tailored to mitigate potential confounding factors such as disease progression and comorbidities, thereby bolstering the robustness of our findings. Thus, our foremost research objective lies in elucidating any potential inherent relationship linking the TyG index to END among a specific group of Chinese individuals afflicted by acute mild ischemic stroke, ultimately striving to establish a more scientifically rigorous and precise framework for clinical diagnosis and therapeutic interventions within this specialized medical realm.



2 Materials and methods


2.1 Study design and participants

A retrospective analysis was undertaken to systematically collect data pertaining to individuals experiencing their initial episode of acute mild ischemic stroke and hospitalized at the Neurology Department of Nanjing Meishan Hospital, situated in Nanjing, Jiangsu Province, China, spanning from January 2020 to December 2022. Strict standards for both including and excluding were imposed to ensure the integrity of the investigation. Specifically, eligible participants were mandated to be 18 years of age or older, possess a confirmed diagnosis of acute ischemic stroke devoid of prior pharmacological interventions (antiplatelet aggregation and/or anticoagulation and/or lipid-lowering therapy), exhibit no antecedent history of ischemic stroke, experience symptom onset within 72 h of presentation. Drawing on the CHANCE (25) and POINT (26) studies, this research defined mild stroke as having an NHISS score no higher than 3 upon admission. The findings of these studies indicate that early combination of aspirin and clopidogrel therapy significantly decrease the likelihood of recurrent ischemic stroke. Therefore, to ensure consistency and minimize the influence of medication on results, all patients participating in this study were administered a double antiplatelet therapy consisting of aspirin and clopidogrel. Patients who underwent thrombolysis or mechanical thrombectomy, as well as those afflicted by severe infectious ailments, hepatic or renal dysfunction, malignancies, hematological disorders, or incomplete medical documentation, were not included in the study. This study was conducted retrospectively, and all data were anonymized, thereby rendering informed consent unnecessary. The Ethics Committee of Nanjing Meishan Hospital granted authorization for the conduct of the research, ensuring ethical compliance (Approval No.: MSYYLL202312).



2.2 Baseline data collection

Upon admission, a comprehensive array of clinical parameters was compiled, encompassing demographic factors like age and gender, alongside physiological metrics such as body mass index (BMI), past occurrences of hypertension and diabetes mellitus, smoking patterns, alcohol intake, systolic blood pressure (SBP), and diastolic blood pressure (DBP). A tape measure was utilized for the purpose of conducting height assessments, affording a precision of 0.1 centimeters, while weight measurements were obtained using a calibrated platform scale accurate to 0.1 kg. BMI is calculated by taking the individual’s weight in kilograms and dividing it by the square of their height in meters. Blood pressure (BP) readings were obtained at least twice from the right upper arm utilizing a calibrated mercury sphygmomanometer with the participant in a seated position. When the difference between the two BP readings surpassed 5 mmHg, an additional measurement was conducted, and the mean of all three readings was documented. An individual classified as a ‘current smoker’ was one who, on an average basis, consumed at least one cigarette per day for over a year and continued to smoke within the past year (21). Similarly, a ‘current drinker’ was delineated as someone who had consumed an average of 100 milliliters of alcohol daily for more than a year and persisted in alcohol consumption nearly 1 year later (21).

Blood specimens were procured from the patient’s cubital vein subsequent to an 8-h fast. These samples underwent analysis to quantify levels of FBG, total cholesterol (TC), TG, high-density lipoprotein cholesterol (HDL-C), and low-density lipoprotein cholesterol (LDL-C) using the Beckman AU5821 Fully Automatic Chemistry Instrument. Additionally, glycosylated hemoglobin A1c (HbA1c) levels were determined utilizing the Wanfu Biodry Fluorescent Immunoanalyzer.

The severity of patients’ neurological status was evaluated using the NIHSS scoring system (3). To ensure accuracy and consistency in the NIHSS scoring procedure and minimize variability among evaluators, a standardized NIHSS assessment is performed solely by the same seasoned neurologist upon admission, as well as at the 24th and 72th hours subsequent to admission. The NIHSS encompasses 11 domains, namely consciousness level, gaze function, visual fields, facial paralysis, upper limb motility, lower limb motility, ataxia, sensation, speech, dysarthria, and neglect. It has a maximum score of 42, with higher scores correlating to more pronounced neurological impairment.



2.3 Definitions

The formula to determine the TyG index is: ln [fast TG (mg/dl) × FBG (mg/dl) / 2] (27). The quartile distribution of the TyG index values served as the basis for stratifying the patients into four distinct groups. END was delineated as an escalation of one point in the motor item function score of the NIHSS or a two-point elevation in the overall score (28), events that transpired within the initial 72 h subsequent to hospital admission.



2.4 Statistical analysis

The presentation of continuous variables was stratified based on their distribution characteristics. Specifically, variables adhering to a normal distribution were expressed using mean and standard deviation, with intergroup comparisons conducted via one-way ANOVA. The non-normal distribution of the data was visualized through the median and interquartile range, and the Kruskal-Wallis H test facilitated the analysis of intergroup comparisons. Categorical variables were expressed in terms of frequencies and percentages, and the Chi-square test was employed to evaluate the intergroup variations. An estimation of the relationship linking the TyG index to END was conducted via logistic regression models, considering both continuous and categorical representations derived from TyG index quartiles. Moreover, to determine the p-value for trend, the TyG index underwent a conversion, resulting in a categorical variable. Additionally, the independent variables’ multicollinearity was gauged by employing the Variance Inflation Factor (VIF), and any variables exceeding a VIF threshold of 5.0 were omitted from the final model. Each covariate was individually incorporated into the model, with covariates demonstrating a statistically significant association with END (p < 0.05) considered as potential confounders for inclusion in the final model. Three distinct models were constructed to ensure result consistency: Model I without adjustments, Model II adjusting for age and sex, and Model III adjusting for age, sex, diabetes mellitus, onset to initial assessment time, SBP, DBP, HbA1c, TC, and LDL-C. Aiming to delve into the non-linear relationship linking the TyG index to END, smoothing plots were employed for exploration. Receiver operating characteristic (ROC) curve analysis and calculation of the area under the curve (AUC) were used to evaluate the predictive ability of the TyG index for END.

The entire statistical analysis process was performed using the software suites known as R (available at http://www.r-project.org, courtesy of The R Foundation) and EmpowerStats (offered at http://www.empowerstats.com, provided by X&Y Solution, Inc., headquartered in Boston, Massachusetts, United States). In order to regulate the significance level in pairwise comparisons, the Bonferroni method was employed. Statistical significance was established by applying a two-tailed p-value cut-off of <0.05.




3 Results


3.1 Baseline characteristics

This investigation enrolled a group comprising 402 individuals diagnosed with acute mild ischemic stroke, characterized by a mean age of 66.15 ± 10.04. Among them, 205 were male (51.00%) and 197 were female (49.00%). Within this investigation, 107 patients (26.62%) exhibited END within 72 h of hospitalization. A notable finding revealed that patients experiencing END demonstrated elevated TyG index levels compared to their non-END counterparts (9.18 ± 0.46 vs. 8.87 ± 0.46, p < 0.001). Based on quartiles of TyG index, the individuals were stratified into four distinct groups as follows: The Q1 group (n = 103) comprised individuals with a TyG index below 8.60 (mean value: 8.35 ± 0.20), the Q2 group (n = 101) encompassed those with a TyG index ranging from 8.60 to 8.96 (mean value: 8.79 ± 0.11), the Q3 group (n = 101) consisted of participants with a TyG index between 8.96 and 9.32 (mean value: 9.14 ± 0.11), and finally, the Q4 group (n = 96) encompassed those with a TyG index equal to or greater than 9.32 (mean value: 9.59 ± 0.20).

Remarkably, the incidence of END cases within these quartiles displayed a gradient, with 15 (14.00%), 20 (18.70%), 28 (26.20%), and 44 (41.10%) cases in Q1, Q2, Q3, and Q4 groups, respectively, showcasing statistically significant distinctions (p < 0.001). Furthermore, notable disparities between groups (p < 0.05) were detected with regard to BMI, SBP, DBP, FBG, HbA1c, TG, TC, LDL-C, HDL-C, and the prevalence of diabetes. These outcomes are elaborated on in Table 1.



TABLE 1 Baseline characteristics of participants.
[image: A table comparing variables across TyG index quartiles (Q1 to Q4) for a total of 401 participants. Variables include age, gender, BMI, hypertension, diabetes mellitus, smoking, drinking, assessment time, blood pressure, glucose levels, cholesterol levels, and health scores. P-values indicate statistical significance across quartiles.]



3.2 Associations between END and TyG

The outcomes of the univariate logistic regression analysis, as depicted in Table 2, underscored notable positive relationships (p < 0.05) between END and various factors, including age, diabetes, onset to initial assessment time, SBP, DBP, FBG, HbA1c, TG, TC, LDL-C, and the TyG index. Upon comprehensive adjustment for confounding variables, the multivariate logistic regression analysis, detailed in Table 3, uncovered a marked connection of higher TyG index levels with a heightened risk of END (OR = 3.63, 95% CI: 1.75 to 7.54, p = 0.001). Notably, patients belonging to the highest category of the TyG index exhibited a significantly increased tendency towards END in contrast to those in the lowest category, even after meticulous adjustment for multiple factors (OR = 3.36, 95% CI: 1.38 to 8.19, p = 0.008). Furthermore, employing generalized additive models, Figure 1 visually demonstrates a direct linear relationship linking the TyG index to END, rather than exhibiting a nonlinear relationship (Log likelihood ratio test, p = 0.525).



TABLE 2 Relationship of each variable and END in univariate analysis.
[image: A table displays variables in a study with columns for β, SE, Wald χ², P-value, and OR (95%CI). Variables include age, sex, BMI, hypertension, diabetes mellitus, smoking, drinking, assessment time, various blood pressure and cholesterol levels. Significant P-values below 0.05 are noted for age, diabetes mellitus, HbA1c, TG, TC, LDL-C, and TyG, indicating strong associations.]



TABLE 3 Relationship between TyG index and END in different models.
[image: Table showing odds ratios, confidence intervals, and P-values for TyG index and TyG index quartiles across three models. Model 1 shows an OR of 4.15, Model 2 an OR of 4.36, and Model 3 an OR of 3.63 with significant P-values. Quartile groups display varying ORs and P-values, with trends noted. Models are adjusted for various factors, including age, sex, and diabetes mellitus.]

[image: Graph showing Odds Ratio with 95% confidence interval on the Y-axis against TyG on the X-axis. A blue line indicates an upward trend, with shaded confidence bands. Histogram bars in the background. P-value is 0.002, P-Nonlinear is 0.525.]

FIGURE 1
 The relationship between TyG index and the probability of END. A linear relationship between TyG index and the probability of END was observed after adjusting for age, sex, diabetes mellitus, SBP, DBP, HbA1c, TC, LDL-C (Log likelihood ratio test, p = 0.525).




3.3 Predictive ability of TyG index for END

As shown in Figure 2, ROC curve analysis demonstrated that the TyG index has the ability to predict END (AUC = 0.683), and the AUC value is higher than that of other factors with statistical significance in the univariate analysis (Table 2): age (0.570), diabetes mellitus (0.593), onset to initial assessment time (0.564), SBP (0.679), DBP (0.664), FBG(0.662), HbA1c (0.602), TG(0.615), TC (0.604), and LDL-C (0.626).

[image: ROC curve displaying multiple colored lines representing different factors including TyG index, age, diabetes mellitus, and others. The x-axis is labeled "1-specificity" and the y-axis "sensitivity." A reference line is included.]

FIGURE 2
 Predictive ability of TyG index for END. ROC curve analysis demonstrated that the TyG index has the ability to predict END (AUC = 0.683). The AUC value of other factors were: age (0.570), diabetes mellitus (0.593), onset to initial assessment time (0.564), SBP (0.679), DBP (0.664), FBG(0.662), HbA1c (0.602), TG(0.615), TC (0.604), and LDL-C (0.626).





4 Discussion

To our best knowledge, this research marks the first foray into studying the correlation of the TyG index with END in Chinese individuals afflicted with acute mild ischemic stroke. Our research demonstrates that 26.62% of patients suffered from END after experiencing an acute mild ischemic stroke. Moreover, individuals who experienced END displayed higher TyG index levels, contrasting with those who did not. Remarkably, a higher prevalence of END was observed among patients falling within the highest category of the TyG index, in stark contrast to those belonging to the lowest category. Even upon adjustment for potential confounders, a significant positive linkage between the TyG index and END persisted. The consistency across all three logistic regression models underscores the robustness and reliability of our results. Furthermore, the smoothed curve illustrates a linear relationship between the TyG index and END. The revelations drawn from these findings offer profound understandings of the relationship between the TyG index and ischemic stroke. Nonetheless, further investigation is essential to elucidate the underlying mechanisms of this association, considering the array of potential pathways that may be involved.

Recent scientific inquiries have revealed a connection between the TyG index and the emergence as well as advancement of ischemic stroke (2, 29). A comprehensive meta-analysis revealed a significant positive correlation linking the TyG index to the occurrence of ischemic stroke (2). Individuals with elevated TyG index demonstrated a 150% heightened risk of recurrent stroke and a 1.4-fold greater probability of mortality (2). Furthermore, a longitudinal cohort study conducted by Huang et al. (29), encompassing 19,924 hypertensive individuals, revealed a strong correlation linking the TyG index directly to the occurrence of ischemic stroke, despite the absence of a meaningful link with hemorrhagic stroke.

Moreover, multiple investigations have unveiled a robust correlation linking the TyG index to the onset of END among individuals facing acute ischemic stroke. Throughout hospitalization, these individuals are confronted with the likelihood of END, which can culminate in unfavorable functional outcomes, prolonged hospital stays, cardiovascular complications, and heightened mortality hazards (30). A retrospective scrutiny involving 2,129 acute ischemic stroke patients, delineated as experiencing END if manifesting a two-point increment in the NIHSS score within 7 days post-admission, disclosed the TyG index as an autonomous predictor for END (31). Specifically, those belonging to the highest TyG index category exhibited a 5.906-fold augmented likelihood of END (95% CI: 3.676 to 9.488, p < 0.05) (31). Furthermore, a large-scale multicenter inquiry incorporating 3,216 acute ischemic stroke patients from 22 medical facilities, employing the modified Rankin scale (mRS) to gauge neurological function and defining unfavorable prognosis as an mRS score of 4–6 at discharge, established a linkage connecting the TyG index with both poor discharge prognoses and mortality during hospitalization (21). However, the correlation linking the TyG index to individuals experiencing mild ischemic stroke remains inadequately elucidated. The present investigation delineates that TyG index exhibits a profound linkage to END among individuals enduring acute mild ischemic stroke, thereby harmonizing with antecedent scholarly pursuits.

However, the clinical relevance of TyG in prognosticating ischemic stroke outcomes remains a contentious topic. A meta-analysis compiling information gathered across 18 separate investigations encompassing 592,635 ischemic stroke cases, unveiled a correlation between elevated TyG index and both stroke recurrence and mortality. Nevertheless, no significant link emerged between TyG index and adverse functional outcomes or neurological deterioration (24). Nam et al. (32) elucidated distinct associations between the TyG index and END across various subtypes of subcortical infarctions. Particularly in patients presenting with anterior subcortical infarctions, a noteworthy correlation remained evident concerning the TyG index and END, despite rigorous adjustments made to account for various influencing factors in the multivariate analysis (OR = 2.92, 95% CI: 1.35–6.29, p = 0.006) (32). Conversely, no such correlation was observed in patients presenting with distal subcortical ischemic stroke (32). Furthermore, the TyG index emerges as a standalone indicator of END onset in individuals with diabetes, whereas it lacks a similar impact in those without diabetes (32). The observed variation may stem from unexplained heterogeneity, influenced by several factors. These include the accessibility of effective secondary prevention, CYP2C19 genetic makeup, consistent rehabilitation practices, familial backing, the gravity of ischemic stroke, and the kind of acute phase therapy employed (25, 33–35). Furthermore, ethnic disparities, discrepancies in study design, sample size, and follow-up duration could also contribute to this heterogeneity. For instance, the definition of a mild stroke varied among studies, with most setting an NIHSS score threshold at either three (25, 26) or five (36, 37). Moreover, discrepancies existed in determining the timing of END. Some studies defined it within 24 h (38, 39), while others extended the window to 72 h post-stroke onset (40, 41). In this investigation, mild ischemic stroke was defined as an NIHSS score of three, with neurological deterioration within 72 h serving as the END criterion, yielding a rate of 26.62%. This finding concurs with rates reported by Liu et al. (42) and Boulenoir et al. (7). Given the ongoing debate surrounding the correlation linking the TyG index to ischemic stroke prognosis, further research is essential to delineate distinct risk stratification groups and establish a theoretical framework for targeted preventive measures. Future studies should employ robust cross-validation, larger cohorts, and collaborative multicenter approaches to deepen our understanding of this relationship.

Acute ischemic stroke may be triggered by IR reflected by the TyG index through various pathophysiological mechanisms, ultimately leading to the development of END. Primarily, IR has the potential to exacerbate endothelial dysfunction and stimulate platelet hyperactivation, thereby fostering the initiation and progression of atherosclerotic thrombosis (43). Secondly, IR can heighten the body’s oxidative stress response, resulting in the dysfunction of mitochondria (44). Thirdly, the elevation in the activity of matrix metalloproteinase 9 triggered by IR gives rise to a cascade of inflammatory reactions, ultimately leading to ischemia reperfusion injury effects in the brain (45). Additionally, IR can induce muscle sympathetic activity and catabolism, resulting in muscle atrophy and deterioration of motor function (46). Furthermore, the TyG index emerges as a superior indicator of cerebrovascular disease risk owing to its incorporation of both FBG and TG levels. Both hyperglycemia and hypertriglyceridemia have been implicated in increasing the likelihood of thrombotic events and exacerbating oxidative stress responses, potentially disrupting the integrity of the blood–brain barrier and exacerbating neurological manifestations (47, 48). Lastly, IR is a significant factor leading to elevated blood pressure (49), potentially causing more severe atherosclerosis and poorer collateral circulation. Although our study did not find differences in the prevalence of hypertension among different TyG index groups, the SBP and DBP were notably higher in the high TyG index group. The reasons for this phenomenon may include: high TyG levels leading to exacerbated systemic inflammation and impaired vascular endothelial function, which in turn cause an excessive increase in vascular reactivity (50); patients with high TyG index levels may require more aggressive antihypertensive treatment strategies and stricter lifestyle modifications to control their blood pressure; there may be differences in the distribution of hypertension subtypes across different TyG index groups (51) and a higher proportion of patients with END under stress in the high TyG index group. These factors acting together may result in significantly higher blood pressure levels in patients with high TyG index, even when the prevalence of hypertension is the same.

In this investigation, we applied multivariate logistic regression analysis and curve fitting techniques to initially establish a linear positive relationship linking the TyG index to the occurrence of END among individuals with acute mild ischemic stroke. This discovery furnishes valuable insights for forthcoming inquiries and deepens our comprehension of disease progression within this specific population of patients. Certain limitations warrant attention and refinement in subsequent research pursuits. Firstly, the dataset predominantly emanated from a solitary secondary hospital in China, potentially constraining the diversity of samples and the generalizability of findings across broader populations. Considering regional disparities, variations in hospital classifications, patient demographics, and other pertinent factors, the extrapolation of results to alternative medical settings or geographical regions may be compromised. To bolster the external validity of future investigations, concerted efforts should be directed towards procuring data from multiple medical establishments or diverse geographic locales, thereby ensuring a more inclusive and representative sample pool. Secondly, due to the retrospective character of this research, it was imperative to collect and organize past medical event-related data. This methodology is susceptible to selection bias, wherein researchers’ subjectivity in participant selection may result in an unrepresentative sample. Additionally, retrospective studies may encounter challenges related to recall bias and incomplete data documentation. For example, existing medical records have not included detailed information on the use of related medications of dyslipidemia, potentially compromising the accuracy of study outcomes. Therefore, forthcoming research endeavors should contemplate adopting a prospective cohort design to gather more thorough and precise data through prolonged patient monitoring and tracking, ultimately bolstering the internal validity of the research. Lastly, it is essential to acknowledge that the utilization of the TyG index in this investigation may be susceptible to potential interference from various variables, including recent consumption of glucose-lowering and lipid-regulating medications, as well as dietary patterns, among others. These factors have the potential to influence the measurement outcomes of the TyG index, thereby undermining the precision of the study’s findings. While efforts were made to minimize the impact of these confounding variables during data collection and analysis, their complete elimination remains challenging. Thus, future research should endeavor to delve deeper into unpacking the intricate connections linking the TyG index to diverse factors, thereby enhancing its precision in diagnosing and managing conditions such as diabetes.

In conclusion, a significant and substantive correlation has been uncovered connecting the TyG index to END among patients presenting who suffer from acute mild ischemic stroke. This correlation demonstrates a consistent linear trend of positive association. These findings present novel insights for clinical practitioners, underscoring the imperative to augment the evaluation of the TyG index in this specific population of patients. Such enhancements can enable clinicians to more precisely evaluate the patient’s status and formulate customized therapeutic strategies.
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Academic and Community Hospitals differ in stroke subtype classification and cardiac monitoring: the DiVERT multi-center cohort study
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Background: Cardiac monitoring strategies to detect occult atrial fibrillation (AF) post-stroke differ among healthcare institutions. This may be related to discrepancies in stroke subtype classification/adjudication, and/or consultation of cardiology specialists at Community Hospitals (CoH) and Academic Centers (AcC). Identifying the degree of heterogeneity may encourage development of guideline-directed monitoring protocols, result in higher AF detection rates and treatments, and fewer strokes.
Methods: The DiVERT (SeconDary Stroke PreVEntion ThRough Pathway ManagemenT) study was designed to characterize post-stroke cardiac monitoring practices in a hospital setting. Care pathways were assessed with in-person stakeholder interviews; patient-level data were reviewed using electronic medical records.
Results: DiVERT identified 2,475 patients with diagnoses of cryptogenic (83.6% vs. 33.1%, p < 0.001), large vessel disease (LVD) (13.3% vs. 37.0%, p < 0.001), or small vessel disease (SVD) (3.1% vs. 29.9%, p < 0.001) stroke, at CoH and AcC, respectively. CoH consulted cardiology significantly less than AcC (12.3% vs. 34.7%, p < 0.001) and ordered significantly fewer short- or long-term cardiac monitors than AcC (6.8% vs. 69.2%, p < 0.001). CoH had shorter length of stay (5.3 vs. 9.4 days, p < 0.001) and patient demographics were significantly different (p < 0.001 for age, ethnicity and race).
Conclusion: Significant heterogeneity in cardiac monitoring post-stroke exists: CoH reported 2.5-times more cryptogenic stroke than AcC yet ordered 10-times fewer short/long-term cardiac monitors to look for AF. Significant differences in patient demographics among institutions may account for this discrepancy. Regardless, efforts to reduce heterogeneity are warranted to improve AF detection and treatment and prevent recurrent stroke.

Keywords
 acute ischemic stroke; cardiac rhythm monitoring; atrial fibrillation; anticoagulation; care pathway


1 Introduction

Newer-generation cardiac monitoring devices to detect occult/paroxysmal atrial fibrillation (AF) post-stroke, such as mobile cardiac telemetry and insertable cardiac monitors (ICMs), have led to improved outcomes in multiple clinical trials over the past decade (1, 2). Higher AF detection rates result in fewer ischemic strokes because they lead to further appropriate treatment such as anticoagulation instead of antiplatelet therapy (1). AF-related strokes result in larger-volume brain infarctions, longer hospital stay, double in-hospital complications, morbidity and mortality, and AF poses a 5-fold higher risk of stroke than in those without AF (3, 4). Therefore, earlier detection of AF has significant clinical and economic ramifications—even in patients unsuitable for anticoagulation, because non-pharmacologic options exist, such as endovascular or surgical left atrial appendage (LAA) closure (4–6). Subsequently, guideline updates in the United States and Europe support long-term rhythm monitoring with mobile cardiac telemetry or ICM post-stroke (class IIa) (7–10). However, multiple obstacles have prevented their use at various healthcare institutions (11). Whether such barriers occur primarily at Community Hospitals (CoH) or Academic Centers (AcC) is unknown. Whether these barriers impede the use of external/short-term monitors or long-term ICMs is also unknown.

The DiVERT (SeconDary Stroke PreVEntion ThRough Pathway ManagemenT) study characterized cardiac monitoring practices post-stroke at CoH and AcC for cryptogenic, large-vessel disease (LVD), and small-vessel disease (SVD) stroke patients. The rationale for this was to uncover the degree of heterogeneity among both large and small, public and private, urban, suburban and rural centers to maximize generalizability of a wide array of stroke patient demographics. Based on our findings, we will design an assessment to further research potential solutions and evaluate their impact on clinical stroke outcomes with the aim of curating consistent, guideline-directed monitoring protocols to improve AF detection, initiate AF treatment (anticoagulation and/or LAA management) and prevent recurrent strokes.



2 Methods


2.1 Design

DiVERT was a retrospective, non-randomized, multi-center, nationwide cohort study across the United States, designed to evaluate care pathways for patients with cryptogenic, LVD, or SVD stroke in the inpatient hospital setting (Clinical Trial Registration: ISRCTN87407792).1 The DiVERT study was approved by all participating study hospital Institutional Review Boards. All study procedures were in accordance with the provisions of the International Conference of Harmonization Good Clinical Practice and the 1964 Declaration of Helsinki and its later amendments. Due to the retrospective nature of this study, patients were not required to sign an Informed Consent Form; waiver of Informed Consent was obtained from the Institutional Review Board (IRB) at each site.

The specific aim of this study was to collect and analyze post-stroke pathway data from both AcC and CoH and identify the degree of heterogeneity among these centers. Patients were retrospectively identified by 8 separate clinical study sites in Florida, Tennessee, South Carolina, Texas, and Washington state (see Supplemental material 1). All participating centers provided the study sponsor with: (1) documentation of historical (January 1, 2017 to July 31, 2019) and current stroke care pathways (as of December 31, 2019), standard order sets, and other protocols related to stroke patient care; (2) de-identified patient-level data from medical records; and (3) access to linked patient-level data from the American Heart Association’s Get With The Guideline (GWTG) hospital-based quality improvement program. These items delivered a longitudinal view of patient care and outcomes. Data extraction and data linking were performed by site-specific personnel.



2.2 Patient population, inclusion, and exclusion criteria

Eligible patients were 18 years of age or older and had an index stroke classified as cryptogenic, LVD, or SVD (12). Cryptogenic stroke was defined individually at each institution. The cryptogenic designation typically required a minimum workup including routine stroke laboratory studies, brain MRI, transthoracic echocardiography, cervical and intracranial vascular imaging, admission EKG and cardiac telemetry while hospitalized. Additional tests were performed during the initial hospitalization when clinically warranted according to the discretion of the treating neurologist. Designation of the stroke as “cryptogenic” in the GWTG database was typically based on the stroke etiology deemed most appropriate at the time of hospital discharge.



2.3 Data collection and study outcomes

Data collection was performed on linked and de-identified patient-level data to enable definition and analysis of the stroke care pathway, variation in care and outcomes, statistical methodology, and opportunities for improvement. Qualitative assessment and analysis of existing stroke care pathways were conducted at each study site, focusing on stroke care pathways starting at hospital admission (day 0) and through 180 days post-discharge. Interviews and meetings with clinicians and staff identified type and extent of stroke care pathways. Past medical history was collected within 12 months prior to the index stroke hospitalization. During index hospitalization, dates (admission and discharge), neurological diagnostic testing, cardiology consultation, and use of short-term/external monitors and/or ICM were collected. Cardiac monitoring data was collected from hospital admission through 180 days of follow-up. For follow-up visits through 180 days post-discharge, discharge location (skilled nursing facility, inpatient rehabilitation, home, etc.), mortality, recurrent stroke, and cardiovascular disease-related healthcare encounters were also collected. Results were provided back to each clinical study site for open discussion and to help generate hypotheses around potential areas for improvement.



2.4 Statistical analyses

This analysis was presented in adherence with the STROBE statement (13). Analyses included all eligible patients with cryptogenic, LVD or SVD stroke hospitalization at each study site. Index stroke hospitalization was defined as first hospitalization due to stroke during the follow-up period (2017–2019). This pre-pandemic period was chosen to avoid confounders and comorbidities introduced into the healthcare system because of COVID-19. No goal sample size was targeted for the analyses; all patients that fit inclusion and exclusion criteria at their respective study sites contributed to the final data pool and to the final population size. Exploratory data analysis was carried out and descriptive statistics were obtained for basic patient demographics, relevant performance indicators and clinical observations. Tests of equality of means and proportions were performed using t-tests and contingency table methods using chi-squared tests. No adjustment for multiple comparisons was done as the analysis was exploratory in nature. Any data that could not be extracted were not included in the final analyses.




3 Results

The DiVERT study flowchart is shown in Figure 1. A total of 2,475 stroke patients were identified and included in the analyses: 1,783 from CoH and 692 from AcC. Table 1 shows significant differences for age (70.3 vs. 64.6 years, p < 0.001), race (75.3% vs. 63.2% White; 9.3% vs. 25.0% Black, p < 0.001), and ethnicity (3.2% vs. 11.0% Hispanic, p < 0.001) between CoH and AcC, respectively, while sex was similar for both groups (52.2% vs. 55.1% male, p = 0.19).

[image: Flowchart illustrating a stroke patient's medical journey. Starts with index stroke hospitalization, including hospital dates, neurology tests, EP consultation, and cardiac monitoring. Leads to hospital discharge with potential discharge locations like a nursing facility or home. Followed by a one hundred eighty-day post-discharge period with prescribed stroke follow-up, neurology tests, and healthcare utilization for cardiovascular disease and atrial fibrillation.]

FIGURE 1
 DiVERT study flowchart.




TABLE 1 Baseline demographics.
[image: A table compares demographic data between total participants and two groups, CoH and AcC. Categories include age, gender, race, ethnicity, and age group with mean age and standard deviation, gender proportions, racial demographics, ethnicity distribution, and age group distribution. Significant differences are noted with p-values, especially in age, race, ethnicity, and age group.]

Stroke subtype adjudications (Table 2) were significantly different between CoH and AcC: cryptogenic stroke was diagnosed in 83.6% vs. 33.1% (p < 0.001), LVD in 13.3% vs. 37.0% (p < 0.001) and SVD stroke in 3.1% vs. 29.9% (p < 0.001) patients, respectively.



TABLE 2 Ischemic stroke subtypes.
[image: Table displaying distribution of subtypes among Total (N=2,475), CoH (n=1,783), and AcC (n=692) groups with P-value. Cryptogenic: Total 1,719 (69.5%), CoH 1,490 (83.6%), AcC 229 (33.1%). LVD: Total 493 (19.9%), CoH 237 (13.3%), AcC 256 (37.0%). SVD: Total 263 (10.6%), CoH 56 (3.1%), AcC 207 (29.9%). P-value is less than 0.001.]

Differences in hospitalization resource utilization were also observed (Table 3). CoH were significantly less likely than AcC to consult Cardiology during index stroke hospitalization (12.3% vs. 34.7%, p < 0.001). Length-of-stay was significantly shorter at CoH than AcC (5.3 vs. 9.4 days, p < 0.001), however, reasons contributing to extended hospital stay were not available.



TABLE 3 Hospitalization resource utilization.
[image: Table comparing cardiology consultation and length of stay between two groups: CoH and AcC. Total cases are shown for each group with corresponding percentages. P-values indicate statistical significance, both under 0.001.]

Data collected starting at hospital admission and through 180 days post-discharge (Table 4) revealed that CoH ordered significantly fewer cardiac monitors than AcC: external/short-term monitor in 5.3% vs. 65.5% (p < 0.001); ICM in 1.6% vs. 10.5% (p < 0.001); any cardiac monitoring in 6.8% vs. 69.2% (p < 0.001). Cardiovascular disease-related healthcare encounters were similar at CoH and AcC (19.3% vs. 19.8%, p = 0.80), and recurrent stroke rate was lower in CoH than AcC (5.1% vs. 9.1%, p < 0.001).



TABLE 4 Data collected from admission through 180 days post-discharge.
[image: Table comparing three groups: Total, CoH, and AcC with data on cardiac monitoring, cardiovascular disease-related healthcare encounters, and recurrent stroke. Total sample size is 2,475. Cardiac monitoring shows 600 cases in total, with 121 in CoH and 479 in AcC. External monitor includes 547 total, 94 in CoH, and 453 in AcC. ICM records 102 total, 29 in CoH, 73 in AcC. Cardiovascular encounters: 482 total, 345 in CoH, 137 in AcC. Recurrent stroke: 154 total, 91 in CoH, 63 in AcC. P-values are significant for most categories except cardiovascular encounters.]



4 Discussion

This study has unearthed substantial heterogeneity of cardiac monitoring practices at community and academic hospitals after acute ischemic stroke of cryptogenic, SVD, or LVD etiology. Considerable differences were identified in stroke subtype adjudication, cardiology consultation and extended cardiac monitoring. At CoH, 12.4-fold fewer external/short-term monitors and 6.6-fold fewer ICMs were placed compared to AcC—overall 10.2-fold less monitoring with either a short- or long-term device by CoH—despite a reported 83.6% cryptogenic stroke rate at CoH. Prior studies have alleged that underuse of cardiac monitoring has likely caused a population-wide over-diagnosis of cryptogenic strokes and simultaneous under-diagnosis of AF (11, 14). This is congruent with the 2.5-fold greater diagnosis of cryptogenic stroke at CoH vs. AcC, 2.8-fold greater likelihood of diagnosing LVD stroke, and 9.6-fold greater likelihood of diagnosing SVD stroke.

A difference in 4.1-day longer length-of-stay (LOS) at AcC than CoH was observed, although the reasons leading to this difference were not collected. However, we could speculate that with over 200 known causes of ischemic stroke (15), it is possible that a deeper dive into the workup during stroke admission at AcC may have resulted in longer hospitalizations at these centers. Earlier discharge and shorter length of stay (LOS) at CoH could also be explained by providers at CoH who shift workup to outpatient instead of inpatient, which may be more cost effective and user-friendly for the patient. However, if this were the cause, this diagnostic deferral could prevent clear etiological identification of the stroke at discharge and hence incomplete or inaccurate adjudication for GWTG. Longer LOS could also be explained by more complex cases arriving to AcC than to CoH—a byproduct of how the healthcare system is set up in the United States with geographical and insurance considerations. Expectedly, sicker patients require longer stay, but also vascular neurology subspecialists at AcC (not always available at CoH) may have requested more extensive inpatient workup, consultations, and more laboratory or radiographic tests than general neurologists at CoH. Indeed, at CoH, internists and non-vascular trained neurologists may be the principal providers to admit and manage stroke patients. This may also explain earlier discharge and shorter LOS at CoH, and if CoH lack a formalized Neuro-Cardio Program (NCP) program or pathway, it may also explain fewer requests for extended cardiac monitoring. Uniform, stroke-specific pathways can be utilized by providers of various specialties to standardize etiological workup. These can be built by vascular neurologists, but if they are unavailable in a particular area of the country (i.e., rural or underserved region), then the option of telestroke may help CoH improve the rates of TOAST classification. Telestroke is often staffed by stroke trained neurologists who are likely more inclined to identify etiologies/diagnoses for GWTG. Telestroke physicians may also be able to help CoH approach the expected rates of cryptogenic, SVD and LVD reported by AcC, as well as augment the ordering of cardiac monitors in those patients who need them.

Extended workups have become routine practice for patients with non-lacunar embolic stroke of undetermined source (ESUS), a subset of cryptogenic stroke with embolic-appearing neuroradiographic patterns (16). Indeed, the designation of “cryptogenic stroke” entered into GWTG is based on the initial inpatient hospital workup only—this can change after further workup (TEE, ICM, hypercoagulable tests, etc.) as an outpatient reveals an etiology. This may also partially explain the lopsided rates of cryptogenic strokes at CoH. While currently not collected in the GWTG database, collection of final stroke etiology during outpatient stroke workup would provide highly useful information on the quality of stroke care on a national level.

Cryptogenic/ESUS workup is typically a diagnosis of exclusion only after thoroughly searching for cardioembolic etiologies with TEE (15) and occult AF with ICM, among other tests (15, 17, 18). Based on CRYSTAL-AF, a longer-term monitoring strategy with ICM is superior for AF detection in cryptogenic/ESUS patients: the median time was 84 days from ICM insertion to AF discovery when patients were monitored for 12 months (18). This is most relevant for the highest-risk ESUS patients, such as those over 75 years of age (16, 19, 20).

Besides cryptogenic/ESUS patients, ICM is also superior for AF detection in SVD and LVD stroke, based on the STROKE AF trial (2, 17). Although these results were announced after the timeframe in which DiVERT explored, SVD and LVD subtypes were included in DiVERT to assess pre-STROKE AF heterogeneity of classification and monitoring, presuming that future practice patterns were likely to change. This also identified a baseline population of SVD and LVD patients in whom monitoring was performed even prior to the publication of STROKE AF results.

Because AF detection typically leads to anticoagulant initiation for stroke prevention (18), and because data have shown that AF may remain undetected for months post-stroke (18), it is reasonable to include ICM in care pathway protocols for cryptogenic, LVD and SVD stroke (20). Asking patients to return to clinic for ICM placement (after short-term monitoring post-discharge) is inconsistent and disappearance/recidivism is high (21). If monitoring had stopped at 30 days in CRYSTAL-AF, 88% of cryptogenic patients who eventually had AF detected by ICM would have remained cryptogenic (AF undiagnosed) (18). One study found that only 64% of stroke patients wore short-term monitors for the full-duration prescribed, 25% never wore them, and paradoxically, compliance with monitoring worsened as AF-stroke risk score increased (22).

Limitations in our study are: first, its observational nature, which makes it unable to draw comparative conclusions and to control variability among hospitals. Hence, baseline comorbidities and vascular risk factor scores (i.e., CHA2DS2-Vasc, HAS-BLED, NIHSS) were unable to be collected in a consistent manner across all study sites. Secondly, the CoH and AcC in this study are a relatively small sample of hospitals and only represent the Midwest, South, Southwest, Southeast, and Northwest regions of the US, limiting the generalizability of the findings as differences in patient demographics and hospital resources in unrepresented regions could result in different outcomes. Third, although TOAST criteria for stroke etiology determination have been utilized for decades, and provider-specific uncertainty exists, overall verity of data is called into question when only 3.1% of CoH patients were adjudicated (or perhaps, merely reported) as SVD stroke, and 83.6% were deemed cryptogenic. The designation of “cryptogenic” in the GWTG database where our results were extracted may have been erroneously entered by stroke coordinators or data abstractors not fully versed in proper stroke diagnosis adjudication based on chart review. Despite the specific factors at play, this finding is of concern as it points to errors that exist in the GWTG database which in turn greatly limits our ability to use it for quality patient care tracking. Implementation of new technologies to more directly allow experienced clinicians to enter correctly adjudicated stroke data into the national stroke databases will be critically important. Such technologies are now under development. DiVERT was an eye-opening, real-world, retrospective review with a widely generalizable, diverse population gathered from multiple institutions of various sizes.

The value-add of a hospital utilizing an official Neuro-Cardio Program cannot be overstated. Nearly 3-fold more cardiology consultations at AcC potentially led to fewer diagnoses of cryptogenic strokes compared to CoH. Involvement of cardiology in stroke care has been shown to improve both cardiologic and neurologic outcomes (10–12). Patients have lower future stroke risk if seen by cardiology versus primary care (HR 0.90; 95% CI, 0.86–0.94) (23). Oral anticoagulant prescriptions were more frequently dispensed with cardiology providers within 90 days of AF diagnosis (24, 25). Neurologist-cardiologist collaboration can include shared decision-making (SDM) discussions with patients, families and other providers, that for example, offer LAA closure as non-pharmacologic alternative to oral anticoagulant for AF patients with intracerebral hemorrhage, cerebral amyloid angiopathy/cerebral microbleeds, coagulopathies, hemophilia, thrombocytopenia, chemotherapy, planned surgery/dental procedures, advanced age, fall risk, and hazardous occupations (26). For stroke patients with AF, cardiologists can: adjust anti-arrhythmic and anti-hypertensive medications, statins for hyperlipidemia, and anti-platelets (single vs. dual) for coronary stents; assess for myocardial ischemia or left heart catheterization; and perform transthoracic and transesophageal echocardiograms (TEE) to evaluate ejection fractions, valvulopathies, patent foramen ovale/septal aneurysms, atrial/ventricular thrombi, septic/marantic endocarditis, fibroelastoma, myxoma, and more.

In particular, all the demographic data at AcC and CoH were significantly dissimilar, with the exception of sex, making DiVERT a comparison of different populations of stroke patients. Indeed, the lower recurrent stroke rate at CoH may reflect a sicker population at AcC, some of whom may have been referred from CoH to AcC for neurosurgical or neurointerventional needs unavailable at CoH. Moreover, patients at AcC were more than twice as likely as those at CoH to consult cardiology. This may also be similarly explained by a sicker population with more cardiological co-morbidities at AcC than CoH, resulting in patient referrals to AcC for cardio-thoracic surgical or cardio interventional needs unavailable at CoH. General neurologists may manage stroke patients at CoH (unless tele-stroke is available at that institution) compared to stroke-fellowship trained, subspecialty-boarded vascular neurologists at AcC. Similarly, while general cardiologists may answer consultations at CoH, fellowship trained, subspecialty-boarded electrophysiologists, structural heart specialists, and heart failure experts are typically available at AcC.

In summary, DiVERT Phase I established a baseline for post-acute stroke cardiac monitoring. We uncovered a Pandora’s Box of disconcerting major gaps in stroke care at both AcC and CoH. This underscores the urgent unmet need for more standardized, guideline-driven, post-stroke protocolization. With these data, future site-specific quality improvement and observational prospective research can focus on addressing rate-limiting steps, bottlenecks, and obstacles for cardiac monitoring. New, automated, AF-detection technologies are omnipresent, making it easier for clinicians to diagnose and treat quickly to prevent recurrent stroke. Pre-defined data dictionaries that automatically collect relevant stroke metrics in real-time are supplanting older, slower data collection methods, which only report inpatient assessment of etiology, if identified. DiVERT Phase I has shown that further research is needed to overcome barriers to cardiac monitoring, improve accuracy of longitudinal data capture, patient follow-up, and referral to cardiology providers. It is our intent that Phase II addresses these items.



5 Conclusion

DiVERT Phase I identified significant heterogeneity in stroke subtype classification and cardiac monitoring post-stroke: CoH reported 2.5-times more cryptogenic stroke than AcC yet ordered 10-times fewer short/long-term cardiac monitors to look for AF. These results suggest that guideline-directed monitoring protocols are needed to reduce heterogeneity, improve AF detection and treatment, and prevent recurrent stroke. DiVERT Phase II will attempt to address these discrepancies.
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Introduction: Hemorrhagic transformation (HT) is a severe complication in patients with acute ischemic stroke due to large vessel occlusion (AIS-LVO) after endovascular treatment (EVT). We hypothesize that asymmetry of the internal cerebral veins (ICVs) on baseline CT angiogram (CTA) may serve as an adjunctive predictor of HT.
Methods: We conducted a study on consecutive AIS-LVO patients from November 2020 to April 2022. These patients had anterior circulation occlusions and were treated with EVT. Asymmetrical ICVs were assessed using CTA and defined as hypodensity (reduced opacification) on the ipsilateral side of occlusion compared to the contralateral side. The primary outcome was HT, defined as hemorrhage within the ischemic territory. This was evaluated using follow-up imaging (CT scan or magnetic resonance imaging) performed 48 h post-EVT. HT was classified into four subtypes based on the European Cooperative Acute Stroke Study-II criteria.
Results: A total of 126 patients were included, with an HT rate of 49.2% (62/126). ICV asymmetry was observed in 54.0% (68/126) of patients. The ICV asymmetry group exhibited a significantly higher risk of parenchymatous hematoma-type HT (33.8% vs. 15.5%, p = 0.019) and symptomatic intracerebral hemorrhage (sICH) (23.5% vs. 5.2%, p = 0.004). In multivariate logistic regression, ICV asymmetry (OR 3.809, 95% CI 1.582–9.171), baseline Alberta Stroke Program Early CT Score (OR 0.771, 95% CI 0.608–0.978), intravenous recombinant tissue plasminogen activator (OR 2.847, 95% CI 1.098–2.7.385), and poor collateral circulation (OR 3.998, 95% CI 1.572–10.169) were identified as independent risk factors of HT.
Conclusion: ICV asymmetry, likely resulting from impaired autoregulation or tissue micro-perfusion hampering cerebral blood flow (CBF), is a novel radiological sign that independently predicts HT. It is associated with a higher risk of sICH in AIS-LVO patients after EVT. Further research is warranted to validate these findings.
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1 Introduction

Endovascular thrombectomy (EVT) has become the standard of care for patients with acute ischemic stroke caused by large vessel occlusion (AIS-LVO) in recent years (1). The time window for EVT was extended to 24 h based on findings from the DAWN and DIFFUSE-3 trials, which utilized diffusion-weighted imaging to better understand stroke evolution. As a result, more AIS-LVO patients could be treated. However, severe complications, particularly hemorrhagic transformation (HT), pose significant challenges to its widespread application. Intracranial HT is a common and serious complication often associated with poor outcomes (2). Reported incidence rates in clinical trials are as high as 49.5% (3). Given its clinical impact, identifying risk factors associated with HT is critically important to help clinicians make informed treatment decisions and improve patient prognosis.

Arterial collaterals only reflect the arterial portion of the microcirculation and are not a reliable indicator of cerebral perfusion (4). Conversely, venous drainage is generally a better reflection of cerebral microcirculation and perfusion. Unobstructed venous drainage indicates adequate cerebral blood flow through brain tissue (5).

The internal cerebral veins (ICVs), located near the interventricular foramen, are responsible for draining venous drainage from the deep structures of the cerebral hemisphere. These veins converge to form the great vein of Galen, which subsequently drains into the straight sinus (6). In cases of anterior large vessel occlusion, patients may experience reduced blood flow in deep brain tissues, potentially leading to hypo-opacification of the ipsilateral ICV, a phenomenon referred to as ICV asymmetry.

Recent studies have shown that ICV asymmetry is associated with poor functional outcomes (7, 8). Favorable venous outflow profiles, on the other hand, are associated with reduced early edema progression and improved functional outcomes in AIS-LVO patients undergoing EVT (9). However, limited research has specifically explored the relationship between ICV asymmetry and HT after EVT.

We hypothesized that ICV asymmetry is associated with HT in AIS-LVO patients who underwent EVT. We verified this hypothesis by determining ICV symmetry using baseline CTA images and evaluated HT through 48-h follow-up head non-contrast CT (NCCT) or magnetic resonance imaging (MRI) after EVT.



2 Materials and methods


2.1 Study population

In an ongoing study (ClinicalTrials.gov Identifier NCT 04637074), we prospectively collected demographic characteristics and clinical and imaging data of patients with AIS-LVO who underwent EVT between November 2020 and April 2022. Following this data collection, a retrospective analysis of all patients was performed to analyze the relationship between ICV asymmetry and HT. The data collection process was approved by the ethics committee, and written informed consent was obtained from all patients.

The inclusion criteria were as follows: (1) age ≥ 18 years old; (2) EVT < 24 h after stroke onset; and (3) large vessel occlusion of the anterior circulation (internal carotid artery or first (M1) or second (M2) segment of the middle cerebral artery) determined by CT angiography (CTA) examination. The exclusion criteria were as follows: (1) subarachnoid hemorrhage or intracranial hemorrhage determined by a baseline NCCT scan; (2) poor CTA image quality resulting from motion artifacts and inability to assess ICVs asymmetry; (3) absence of follow-up head NCCT/MRI after EVT; and (4) history of iodine allergy.



2.2 Imaging acquisition and treatment

All patients underwent head NCCT or CTA performed on a 64-section CT scanner (Toshiba Medical Systems, Nasu, Japan). NCCT was performed (120 kV; 300 mA; section thickness, 5 mm) from the foramen magnum to the vertex. In our study, helical CTA was performed using a bolus tracking method to determine the optimal timing for image acquisition. After administering 40 mL of an iodinated contrast medium (iopamidol 370, Braccosine, Shanghai, China) at a flow rate of 5.0 mL/s, followed by a 35-mL saline flush using a two-channel high-pressure injector, helical CTA was conducted from the foramen magnum to the vertex with a section thickness of 0.625 mm.

All patients underwent follow-up MRI using a 1.5-T scanner (Signa Excite; GE Medical Systems, Milwaukee, WI, United States) with an 8-channel head coil. The MR protocol included a routine head scan including T1-weighted imaging (T1WI), T2-weighted imaging (T2WI), diffusion-weighted imaging (DWI), and T2-weighted fluid-attenuated inversion recovery (FLAIR).

All patients who presented to our hospital underwent an urgent NCCT of the brain to exclude intracranial hemorrhage and were treated with intravenous recombinant tissue plasminogen activator (IV-rtPA) if they met the criteria. Consequently, EVT was usually performed if a large vessel occlusion was confirmed by CTA.



2.3 Imaging analysis

Imaging data were independently reviewed by two neuroradiologists, each with over 5 years of experience in stroke imaging, who were blinded to all patients’ clinical and outcome data. Any disagreements between the two observers were resolved by a senior medical radiologist. All patients underwent non-contrast head CT (NCCT) and CT angiography (CTA), followed by NCCT or MRI 48 h post-EVT.

The Alberta Stroke Program Early CT Score (ASPECTS) (10) was used to assess the early ischemic burden on baseline NCCT imaging. Baseline CTA source images were used to assess ICV opacification. We assessed the degree of ICV opacification using maximum intensity projection (MIP) sequences on axial sections. ICV asymmetry was defined as lesser opacification (hypodensity) of the ICV on the ipsilateral ischemic hemisphere compared to the contralateral ICV. Conversely, if the degree of opacification was equal or more than the contralateral ICV, the ICVs are considered symmetric.

Collateral circulation was graded on pre-recanalization angiograms using the American Society of Interventional and Therapeutic Neuroradiology/Society of Interventional Radiology (ASITN/SIR) guidelines, with grades 3–4 classified as good collaterals. Successful recanalization of the occluded artery after EVT was defined as a modified Thrombolysis in Cerebral Infarction (mTICI) grade 2b/3 on final angiography. Any disagreement was resolved through consensus coordination.



2.4 Clinical data collection

We prospectively collected all the variables, such as demographic characteristics, vascular risk factors (hypertension, hyperlipidemia, diabetes mellitus, smoking, and atrial fibrillation), previous medication history (antiplatelets and anticoagulants), blood pressure, baseline stroke scale (e.g., National Institutes of Health Stroke Scale [NIHSS]), imaging data, procedural details, time-metric data, and prognosis outcome (e.g., modified Rankin Scale [mRS] at 90 days). The probable stroke etiology was categorized according to the Trial of ORG 10172 in Acute Stroke Treatment (TOAST) criteria (11).



2.5 Outcomes

HT refers to hemorrhagic transformation within the ischemic region, evaluated on follow-up imaging after EVT and classified into four subtypes based on the European Cooperative Acute Stroke Study-II (ECASS II) (12). In cases of inconsistency between the two ratings, the severity rating takes precedence. Symptomatic intracranial hemorrhage (sICH) is defined as neurological deterioration (resulting in an increase of ≥4 points on the NIHSS within 48 h) accompanied by evidence of intracranial hemorrhage on brain CT or MRI performed 48 h after treatment. The modified Rankin scale (mRS) score after 3 months was used to evaluate the patient’s clinical outcomes, and patients with an mRS score of 3 to 6 were classified as having a poor prognosis.



2.6 Statistical analysis

Normally distributed continuous variables were expressed as mean ± standard deviation (SD), and non-normally distributed variables were described as median (interquartile range, IQR). Categorical variables were expressed as frequency (percentage). The chi-squared test was used to compare categorical variables between patients with HT and those with non-HT. The Mann–Whitney U test was employed to analyze non-normally distributed variables between the two groups. A Student unpaired t-test was performed for normally distributed variables between the two groups. Multivariable binary logistic regression was performed with factors associated with HT with p < 0.1. Collinearity among predictors was evaluated using the Spearman correlation coefficient and the variance inflation factor (VIF). Interrater reliability of ICV status was tested by κ statistics. Statistical significance was set as a probability value of <0.05, and all reported results were two-sided. Statistical analyses were conducted using SPSS Version 25.0 (SPSS Inc., Chicago, IL, United States).




3 Results


3.1 Baseline characteristics of patients

A total number of 126 patients met the inclusion criteria (Figure 1). Overall, the HT rate was 49.2% (62/126). Of the 126 patients, 84 (66.7%) had hypertension, 31 (24.6%) had diabetes mellitus, 51 (40.5%) had atrial fibrillation, and only 9 (7.1%) had hyperlipidemia. Based on the TOAST classification, the etiology of stroke was large-artery atherosclerosis in 45 (35.7%) patients and cardiogenic embolism in 51 (40.5%) patients. A total of 29 (23.0%) patients had an undetermined reason for stroke. All baseline demographic and clinical characteristics are presented in Table 1. The median time from symptom onset to puncture was 511.50 min (range 403.5–758.00 min), while the median time from puncture to recanalization was 56.0 min (range 44.75–74.5 min). More details are shown in Table 2.

[image: Flowchart showing patient selection process for EVT in AIS-LVO study. From 222 patients, 29 were excluded due to posterior circulation vessel occlusions and other reasons. Out of 193 with unilateral anterior circulation occlusion, 67 were excluded for missing or external CTA images. Finally, 126 had pre-procedure CTA available: 62 with hemorrhagic transformation (HT) and 64 without.]

FIGURE 1
 A flow chart of patient selection. EVT, endovascular treatment; AIS-LVO, acute ischemic stroke due to large vessel occlusion; CTA, computed tomography angiography; MCA, middle cerebral artery; ICA, internal carotid artery; HT, hemorrhagic transformation.




TABLE 1 Baseline characteristics of HT and non-HT group.
[image: Table comparing clinical characteristics between patients with hemorrhagic transformation (HT) and non-HT after a stroke. It includes variables like age, gender, medical history (hypertension, diabetes, etc.), stroke causes, and presentation details. Significant differences are indicated by asterisks, including NIHSS score, Alberta Stroke Program Early CT Score, and ICV asymmetry.]



TABLE 2 Procedural and outcome characteristics of HT and non-HT groups.
[image: A table titled "Demographics" compares two groups: HT (N = 62) and Non-HT (N = 64), with p-values indicating statistical significance. The table includes variables such as IV-rtPA administration (37.1% HT, 17.6% Non-HT, p = 0.022), onset to puncture time, admission imaging to puncture time, and puncture to recanalization time. It also details the location of vessel occlusion, collateral scores, device passes for thrombectomy, and recanalization after thrombectomy. The section "Emergent angioplasty" includes balloon angioplasty and rescue stenting, with a significant difference in poor outcomes (mRS score > 3) between HT (75.8%) and Non-HT (51.2%), p = 0.005. Significance is noted with an asterisk for p < 0.05.]



3.2 Association between ICV asymmetry and the risk of HT

In the univariate analysis, the factors associated with HT compared with the non-HT group were ICV asymmetry (45% versus 23%, respectively, p < 0.001), baseline NIHSS score (median, 17 vs. 15, respectively, p = 0,036), baseline ASPECTS (mean, 8 versus 9, respectively; p = 0.006), IV-rtPA (23% vs. 12%, respectively; p = 0.022), and poor collateral circulation (48% vs. 23%, respectively, p < 0.001). These findings are summarized in Tables 1, 2. Compared with the ICV symmetry group, the ICV asymmetry group exhibited a higher risk of any HT (66.2% vs. 29.3%, p < 0.001), parenchymatous hematoma (PH) type HT (33.8% vs. 15.5%, p = 0.019), and sICH (23.5% vs. 5.2%, p = 0.004) (Table 3).



TABLE 3 Hemorrhagic transformation and 90d outcomes depending on ICV asymmetry group.
[image: Table comparing outcomes between ICVs asymmetry (68 patients) and symmetry (58 patients) groups. Outcomes include Any HT (66.2% vs. 29.3%, p < 0.001), PH type (33.8% vs. 15.5%, p = 0.019), sICH (23.5% vs. 5.2%, p = 0.004), and 90d mRS >2 (65.0% vs. 35%, p = 0.001). Asterisks indicate statistical significance with p < 0.05. Definitions: HT – hemorrhagic transformation; mRS – modified Rankin scale; PH – parenchymal hematoma; sICH – symptomatic intracranial hemorrhage.]

The multivariate logistic regression model adjusted for the following factors: ICV asymmetry, presentation NIHSS score, ASPECTS, IV-rtPA, location of vessel occlusion, and poor collateral (ASITN/SIR <3). The analysis revealed that ICV asymmetry was associated with a higher risk of HT (OR 3.809, 95% CI 1.582–9.171), as illustrated in Figure 2. Baseline ASPECTS (OR 0.771, 95% CI 0.608–0.978) was also linked with a lower risk of HT. IV-rtPA (OR 2.847, 95% CI 1.098–2.7.385) and poor collateral circulation (OR 3.998, 95% CI 1.572–10.169) are also independent risk factors of HT. Detailed results are organized in Table 4 and Figure 3. The Spearman correlation coefficient between ICV asymmetry and collateral circulation was −0.224 (p = 0.012). Collinearity diagnostics showed a VIF of 1.052 and a tolerance of 0.950, indicating no significant collinearity. Interrater reliability for ICV asymmetry on baseline CTA source images was substantial (κ = 0.86, 95% CI 0.74 to 0.97). For HT determination, the interrater reliability was excellent (κ = 0.92, 95% CI 0.85 to 0.99), while for HT classification, it was also high (κ = 0.90, 95% CI 0.84 to 0.97). These results indicate strong and consistent agreement across different assessments.

[image: CT and angiography images showing brain scans in panels A to H. Panel A and E display CT scans with green and red arrows indicating specific areas. Panels B, C, F, and G are angiograms with blue arrows pointing to vascular regions. Panels D and H show additional brain CT scans for comparison.]

FIGURE 2
 Association between ICV asymmetry and HT. Two patients with acute ischemic stroke due to occlusion of the M1 segment of the right middle cerebral artery (MCA), (A–D) 1 with internal cerebral veins (ICVs) symmetry and (E-H) 1 with ICVs asymmetry. In the first patient, axial maximum intensity projection imaging shows the ICVs running parallel to each other and symmetrical opacification (green arrows) (A). After endovascular thrombectomy, the initial proximal MCA occlusion (blue arrow) (B) was successfully reperfused with a modified Thrombolysis in Cerebral Infarction (mTICI) of 3(blue arrow) (C). The non-contrast CT on 24 h showed a small acute infarct without hemorrhagic transformation. The second patient exhibited a poor ICV profile in the right hemisphere [(E), red arrow] and good opacification in the left (green arrow). The thrombus on the right proximal MCA (blue arrow) (F) was successfully reperfused with an mTICI of 3 (blue arrow) (G). The non-contrast CT on 24 h showed hemorrhagic transformation with a cerebral hernia (H).




TABLE 4 Multivariate logistic regression analysis of risk factors for hemorrhagic transformation.
[image: Table displaying predictors of hemorrhagic transformation with odds ratios, confidence intervals, and p-values. Key predictors include ICVs asymmetry, presentation NIHSS score, ASPECTS, and IV-rtPA, with statistically significant outcomes marked by an asterisk. Other factors like location of vessel occlusion, MCA segments, and poor collateral presence are also listed. Footnote explains abbreviation meanings and significance level.]

[image: Forest plot displaying odds ratios with 95% confidence intervals and p-values for various medical variables, including ICVs asymmetry, NIHSS score, ASPECTS, IV-rtPA, MCA segments, and poor collateral. Significant results are indicated with confidence intervals that do not cross one.]

FIGURE 3
 Forest plot visualizing the results of the multivariate regression analysis. ICVs, internal cerebral veins; NIHSS, National Institutes of Health stroke Scale; ASPECTS, Alberta Stroke Program Early CT Score; IV-rtPA, intravenous recombinant tissue plasminogen activator; MCA, middle cerebral artery.





4 Discussion

HT is a main side effect of EVT, making the identification of predictors crucial for improving patient outcomes. According to the results of our study, ICV asymmetry on baseline CTA can independently predict HT in patients with anterior circulation AIS-LVO after EVT. Moreover, ICV asymmetry is associated with sICH, which is a severe and life-altering complication.

HT after recanalization therapy in acute ischemic stroke is a severe complication associated with high rates of disability and mortality, especially due to parenchymal hematoma (PH) or sICH (13). Clinical features accompanied by an increased risk of HT in AIS-LVO patients include treatment with IV-rtPA, baseline NIHSS scores, glucose levels, atrial fibrillation, and poor collateral circulation (14). Our study is a noteworthy finding that adds to previous studies, which showed that ICV asymmetry is an independent predictor of poor functional outcomes after intravenous thrombolysis (7) and EVT (8). Interestingly, asymmetrical prominent cortical vein signs can also predict early neurological deterioration in acute ischemic stroke patients (15). This highlights the significance of retrograde venous flow in predicting clinical outcomes in AIS.

The ICVs drain the deep cerebral white matter, including regions such as the thalamus, basal ganglia, hippocampus, and medial temporal lobe, through the thalamostriate and anterior septal veins. These veins receive their arterial supply from the lateral lenticulostriate artery, medial lenticulostriate artery, and anterior choroidal artery. This extensive drainage network makes the ICVs an effective surrogate imaging biomarker for assessing cerebral perfusion in brain tissue. Although quantitative metrics, such as HU values, could enhance the precision of ICV asymmetry assessment, this study utilized qualitative visual assessments due to the limitations of imaging protocols. This method aligns with real-world clinical practice and demonstrates substantial interrater reliability. Hypo-opacification in the ipsilateral ICV reflects hypoperfusion in the cerebral hemisphere and is associated with an increased risk of HT. This finding aligns with prior studies showing that hypoperfusion detected by MRI predicts HT in acute ischemic stroke (16).

Several other studies (17, 18) used the cortical vein opacification score (COVES) to predict prognosis in AIS-LVO patients who underwent EVT. The COVES quantifies venous opacification on single-phase CTA of the vein of Labbé, sphenoparietal sinus, and superficial middle cerebral was used to determine venous outflow (VO) profiles. However, those superficial venous systems are more prone to variation than the deep venous system and are more difficult to identify. Conversely, the ICVs are located close to each other for effortless parallel comparison. Our study’s high degree of consistency for ICV asymmetry (κ = 0.86) shows that this is an easy assessment method. Therefore, using this robust technique, our study showed that ICV asymmetry independently predicts HT in patients with AIS-LVO. However, the reasons for the association between ICV asymmetry and HT were not totally demonstrated. We hypothesized that the poor ICV flow is a hallmark of hypoperfusion in the microcirculation, leading to the transformation of the ischemic penumbra to a huge cerebral infarction. When vessel occlusion occurs, the integrity of the blood–brain barrier (BBB) will be disrupted with the extension of ischemic time, leading to the extravasation of red blood cells from the blood vessels, resulting in HT. However, EVT was performed within the recommended time window.

According to the results of our study, other predictors for HT were poor collateral circulation, baseline ASPECTS, and IV-tPA. Previous studies have stated that good collateral circulation could diminish the severity of neurological symptoms and improve clinical outcomes (19, 20). Our study found that patients with poor collateral circulation had a higher risk of HT after receiving EVT. Interestingly, we observed that ICV asymmetry was often associated with poor collateral circulation on DSA (digital subtraction angiography), although these data were not explicitly shown. However, it is remarkable that a significant number of AIS-LVO patients developed ICV asymmetry despite good collateral circulation (18), possibly owing to damaged autoregulation or tissue micro-perfusion that hampers cerebral blood flow (CBF) on a tissue level (21).

Additionally, individual anatomical variations in venous drainage pathways may also contribute to ICV asymmetry. For instance, asymmetry in the size, structure, or dominance of internal cerebral veins (ICVs) could result in differential venous drainage patterns even in the presence of adequate collateral circulation. Variations in venous collateral pathways or compensatory shifts in drainage dynamics due to ischemia might further exacerbate this asymmetry. This may explain the missing connection between ICV asymmetry, arterial collateral status, and HT in this study. In addition, an increasing number of research studies are needed to elucidate the underlying pathophysiological mechanisms.

Lower ASPECTS, indicating a larger infarct core, has been consistently associated with HT risk due to more severe ischemic damage and loss of vascular integrity (3, 22). The robust association between baseline ASPECTS and HT in this study reconfirmed the previous research and further identified the infarct volume as one of the most significant factors influencing HT after EVT. IV-rtPA is another variable that is certain and has been established to be associated with HT. The coagulopathy and immune invasion of the neurovascular unit induced by the tPA exacerbate HT risk after reperfusion therapy (23, 24). Unlike IV-rtPA and ASPECTS, which predominantly reflect arterial mechanisms or the extent of ischemic burden, ICV asymmetry provides unique insights into delayed venous outflow and microvascular hemodynamics, both of which may contribute to an increased risk of HT. Our findings build upon previous research by highlighting ICV asymmetry as an independent risk factor for HT, offering a novel perspective on venous involvement in HT pathogenesis.

We recognized that our study has several limitations. First, this study had a small sample size and was a single-center retrospective cohort study. Second, we used visual inspection to assess ICV asymmetry, and any anatomical variation in the ICVs could potentially bias the results. Additionally, the number of variables included in the multivariate analysis may have been excessive for the small cohort size, possibly leading to issues such as overfitting. This discrepancy should be mentioned in the limitations of our study to ensure readers understand the potential impact on our findings.



5 Conclusion

Our study indicates that ICV asymmetry could independently predict HT and is associated with sICH in patients with anterior circulation AIS-LVO after EVT. Due to the relatively small size of our cohort, our study results should be cautiously interpreted.
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Intravenous thrombolysis prevents neurological deterioration in patients with acute pontine infarction
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Objectives: Neurological deterioration (ND) is common after acute isolated pontine infarction, and no evidence-based treatment is available to prevent this. We determined whether intravenous thrombolysis (IVT) with tissue plasminogen activator soon after pontine infarction prevents ND.
Methods: We retrospectively enrolled consecutive patients admitted to our hospital within 4.5 h after the onset of isolated pontine infarction identified using diffusion-weighted imaging. Patients were divided into the IVT and non-IVT groups. ND was defined as any ≥2-point increase in the National Institutes of Health Stroke Scale (NIHSS) score between the maximal and initial neurological deficits during hospitalization. Patients' clinical characteristics, laboratory findings, and outcomes were analyzed to determine the efficacy and safety of IVT.
Results: Of 211 study patients (median age, 67 years [interquartile range, 57–75 years]; 132 [62.6%] men), 74 received IVT; 137 patients did not receive IVT, but accepted other antithrombotic therapies, including antiplatelet or anticoagulant drugs. The NIHSS score on admission was higher in the IVT group than in the non-IVT group (7 vs. 4, P = 0.000), but that at discharge was similar in both groups (4 vs. 5, P = 0.975). ND occurred in 17 (23.0%) and 51 (37.2%) patients in the IVT and non-IVT groups, respectively (P = 0.044). Multiple logistic regression analysis identified IVT (odds ratio, 1.509; 95% confidence interval, 1.250–3.034) as an independent factor for preventing ND. The incidence of intracranial hemorrhagic transformation (P = 0.351) and major visceral organ hemorrhage (P = 0.122) was similar in both groups.
Conclusions: IVT may prevent early ND after acute pontine infarction without increasing intracranial hemorrhagic transformation, possibly by decreasing the total thrombotic burden.
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Introduction

Isolated pontine infarction accounts for approximately 7% of all ischemic stroke (1) and approximately 15% of all posterior-circulation stroke (2). Neurological deterioration (ND), that is, the worsening of neurological symptoms within the first few days after onset, is relatively common in acute pontine infarctions. The incidence of ND ranges from 14% to 35% in different reports, depending on the diagnostic criteria used for ND and the interval between symptom onset and evaluation (2–6). ND is frequently associated with increased functional disability (4, 7, 8). After a stroke, ND can occur because of disruption of function in the infarcted area, due to mechanisms such as a propagating thrombus arising from an atheromatous lesion in the basilar artery, narrowing of arterial stenosis, development of brain edema, recurrent artery-to-artery embolism, and failure of collateral circulation (9). Moreover, the incidence of ND after pontine infarction remains high despite the early use of antiplatelet or anticoagulant drugs (4, 10, 11).

Intravenous recombinant tissue plasminogen activator (t-PA) administration is the standard reperfusion therapy for acute ischemic stroke within 4.5 h of onset; t-PA induces thrombus dissolution by activating plasminogen into plasmin (12). Thus, t-PA injection may be a potential treatment to prevent ND in patients with pontine infarction when administered in the very early stage after onset. Siegler et al. (13) reported that intravenous thrombolysis (IVT) attenuated ND after ischemic stroke. However, the relationship between thrombolytic therapy and ND in specific infarction areas has not been studied. Therefore, in this study, we aimed to determine the potential efficacy and safety of IVT with t-PA for preventing ND in patients with pontine infarction during the acute phase. The results presented in the present report may lead to the development of strategies to better manage patients with pontine infarction and improve clinical outcomes.



Methods


Patient selection

We retrospectively analyzed the demographic, clinical, laboratory, and radiographic data of consecutive patients who had isolated pontine infarction diagnosed using diffusion-weighted imaging (DWI) and were admitted to the stroke center in the Third Affiliated Hospital of Wenzhou Medical University between January 2012 and May 2023.

The inclusion criteria for this study were as follows: (1) admission to our hospital within 4.5 h of symptom onset and (2) acute ischemic lesions within the pons detected on DWI performed after admission. The exclusion criteria were as follows: (1) incomplete information, (2) duration of hospitalization < 3 days, (3) severe sequelae of previous stroke or brain injury affecting the judgment of ND, and (4) pontine infarction combined with other ischemic brain lesions. All patients with pontine infarction signed informed consent forms before undergoing thrombolysis. Our ethics committee of the Third Affiliated Hospital of Wenzhou Medical University approved this study (approval No. YJ2023053) and waived the need for informed consent due to its retrospective nature.



Data collection and neuroimaging protocol

Demographic features and risk factors for infarction were investigated, including age, sex, smoking, drinking, prior infarction, atrial fibrillation, hypertension, and diabetes mellitus. We recorded the blood pressure taken at admission. The results of laboratory tests performed at the time of admission, including blood glucose, blood lipids (triglycerides, total cholesterol, and low-density lipoprotein), routine blood tests (hemoglobin, hematocrit, and platelets), and blood coagulation profile (international normalized ratio, and fibrinogen) were also collected from the patients' hospital records. All patients complied with medical advice to undergo magnetic resonance imaging (MRI; 1.5 T, Magnetom Avanto, Siemens, Germany) during hospitalization to identify the ischemic lesion in the pons. DWI was performed using 2 levels of diffusion sensitization (b values of 0 and 1,000 s/mm2, respectively, and 5-mm slice thickness with 1.5-mm gap). Post-treatment imaging was performed using computed tomography (CT) at 24 h after IVT initiation. Additional scans were performed at any time when ND occurred. The potential causes of isolated pontine infarction included 5 stroke subtypes (14): (1) vertebrobasilar large-artery disease (VLAD) was indicated by stenosis of at least 50% of the luminal diameter of the basilar artery, as determined via magnetic resonance angiography or CT angiography; (2) basilar artery branch disease (BABD) was indicated by an infarct that reached the pontine surface in the absence of large-artery disease and other potential sources; (3) small-artery disease (SAD) was indicated by a small (< 15 mm) infarct that spared the surface of the pons in the absence of other etiologies, as assessed by MRI; (4) cardioembolism (CE) was indicated by potential cardiac sources of embolism, and included mainly atrial fibrillation; and (5) other and undetermined causes.



Clinical information and assessment

In our study, both progressive motor deficits as well as worsening of other symptoms such as dysarthria, ataxia, and facial palsy were considered as clinical manifestations of ND. To quantify the clinical progression of the patients' neurological symptoms, we measured their National Institutes of Health Stroke Scale (NIHSS) score at the time of admission, at the time of maximal neurological deficit (if this occurred during hospitalization), and at the time of discharge. Among patients who underwent IVT, we also recorded the NIHSS score at 2 h after IVT. ND was defined as any ≥2-point increase in the total NIHSS score between the maximal and initial neurological deficits (11, 15, 16). Any bleeding events that occurred during hospitalization were recorded. The pre-specified bleeding events were intracranial hemorrhagic transformation, mucocutaneous hemorrhage, and major visceral organ hemorrhage. Intracranial hemorrhagic transformation was defined according to the European Cooperative Acute Stroke Study III criteria (17).



Statistical analysis

The Student t-test or Mann-Whitney rank-sum test was used to evaluate continuous variables, which were presented as mean ± standard deviation or median (interquartile range, IQR). The chi-squared or Fisher exact test was used to assess non-continuous variables, which were presented as frequencies and percentages. Multivariate logistic regression analysis was performed to identify independent factors for preventing ND. Variables from the univariate analyses with P values < 0.1 were considered to represent explanatory variables and entered into the multivariate analysis. All statistical analyses were performed using SPSS v26.0 statistical software (IBM, Chicago, IL). A P value of < 0.05 was considered to indicate a significant difference.




Results


General patient information

Among 25,100 patients who admitted for acute ischemic stroke to our hospital during the study period, 1984 (7.9%) patients were diagnosed with acute isolated pontine infarction on DWI. Of them, 240 patients with pontine infarction were admitted to the hospital within 4.5 h after symptom onset. Of these 240 patients, 29 patients were sequentially excluded due to the following reasons: (1) 25 patients had incomplete information, (2) two patients were hospitalized for < 3 days, and (3) two patients had severe sequelae of previous stroke or brain injury affecting the judgment of ND. Thus, a total of 211 eligible patients, consisting of 132 (62.6%) men and 79 (37.4%) women, with a median age of 67 years (IQR: 57–75 years) were included in this retrospective analysis. Of them, 74 patients received IVT, while 137 patients who were admitted to the hospital within 4.5 h after stroke onset chose not to receive IVT mainly because of concerns about bleeding complications, minor stroke, rapid improvement, or economic difficulties.

No significant differences were found between the IVT and non-IVT groups in terms of demographic characteristics (sex and age), risk factors (smoking tobacco, drinking alcohol, hypertension, diabetes mellitus, atrial fibrillation, and prior infarction), blood pressure at admission, and laboratory findings (blood glucose level, blood lipid level, and routine blood test results; P > 0.05, Table 1). VLAD was significantly more frequent in the IVT group (39.2%) than in the non-IVT group (23.4%, P = 0.018, Table 1).


TABLE 1 Baseline characteristics of patients with isolated pontine infarction.

[image: A table comparing clinical variables between IVT and non-IVT groups. It includes age, sex, smoking habits, blood pressure, glucose, triglycerides, cholesterol, lipoprotein, hemoglobin, hematocrit, platelet count, and fibrinogen levels. Stroke subtypes and NIHSS scores are listed with their respective means, ranges, and p-values. Significant differences are marked with an asterisk, particularly in VLAD stroke subtype and NIHSS scores on admission.]



Antithrombotic treatments

All 74 patients in the IVT group received 0.9 mg/kg alteplase after admission. Apart from one patient with hemorrhagic transformation and two patients with visceral organ hemorrhage after IVT, 71 patients also received antiplatelet or anticoagulant therapy after routine re-examination of head CT scans at 24 h after IVT. The specific medications were as follows: 35 (49.3%) patients received oral dual antiplatelet therapy (loading dose of aspirin plus clopidogrel); 35 (49.3%) patients received single antiplatelet therapy (aspirin, clopidogrel, or tirofiban); and one (1.4%) patient was given anticoagulant therapy (low-molecular-weight heparin). In the non-IVT group, most patients received antithrombotic drugs after admission. Specifically, 56 (40.9%) patients received oral dual antiplatelet therapy (loading dose of aspirin plus clopidogrel); 75 (54.7%) patients received single antiplatelet therapy (aspirin, clopidogrel, or tirofiban); three (2.2%) patients were given anticoagulant therapy (low-molecular-weight heparin); and three (2.2%) patients did not receive any antithrombotic drugs.



Neurological deterioration

Of the total of 211 patients, 68 (32.2%) patients developed ND during hospitalization, including 17 (23.0%) patients in the IVT group and 51 (37.2%) patients in the non-IVT group. The incidence of ND was significantly higher in the non-IVT group than in the IVT group (P = 0.044, Table 2). In the IVT group, 9 patients had transient neurological improvement at 2 h after IVT, but worsened subsequently. Because the difference in the NIHSS score at the time of the maximal and initial neurological deficits was < 2 points, these 9 patients were not diagnosed with ND. One representative case with neurological deficit fluctuation after t-PA infusion is shown in Figure 1.


TABLE 2 Incidence of ND in patients with isolated pontine infarction.

[image: Comparison table of neurological deterioration in IVT and Non-IVT groups. IVT group (n=74) has 23% with deterioration; Non-IVT (n=137) has 37.2%, p=0.044. Time distribution: ≤2 days, IVT 94.1%, Non-IVT 86.3%; >2 days, IVT 5.9%, Non-IVT 13.7%. Degree of deterioration, NIHSS score: IVT median 3 (range 3–5.5), Non-IVT median 3 (range 2–5), p=0.476. Definitions: IVT, intravenous thrombolysis; ND, neurological deterioration; NIHSS, National Institutes of Health Stroke Scale.]


[image: Line graph depicting NIHSS scores over time. Scores decrease from admission to two hours after IVT, remain steady at 24 and 48 hours, rise slightly at one week, and decrease again at discharge.]
FIGURE 1
 Neurological deficit fluctuation among one patient with isolated pontine infarction after IVT during hospitalization.


Among patients with IVT, the median NIHSS score was 7 (IQR: 4–9) on admission, 6 (IQR: 2–8) at 2 h after IVT, 8 (IQR: 5–10) at maximum, and 4 (IQR: 2–6.5) at discharge. The evolution of NIHSS scores in the IVT group is depicted in Figure 2. Among patients without IVT, the median NIHSS score was 4 (IQR: 3–6) on admission, 6 (IQR: 4–7.5) at maximum, and 5 (IQR: 3–6) at discharge. The evolution of NIHSS scores in the non-IVT group is depicted in Figure 3. The median NIHSS score on admission was higher in patients with IVT than in those without IVT (7 vs. 4, P = 0.000), while there was no difference in the NIHSS score at discharge between the two groups (4 vs. 5, P = 0.975, Table 1).


[image: Box plot showing NIHSS scores at four different times: on admission, two hours after IVT, peak, and at discharge. Each box represents score distribution, with medians and whiskers indicating variability.]
FIGURE 2
 Evolution of NIHSS score in pontine infarction patients with IVT.



[image: Box plot chart showing NIHSS scores at three stages: on admission, peak, and at discharge. Each stage shows median, interquartile range, and variability, with scores ranging from four to ten.]
FIGURE 3
 Evolution of NIHSS score in pontine infarction patients without IVT.


Of the 17 patients with ND in the IVT group, 16 (94.1%) developed deterioration within 48 h, while of the 51 patients with ND in the non-IVT group, 44 (66.3%) developed ND within 48 h. No significant difference was observed in the time distribution of ND between the two groups (P = 0.385, Table 2).

The Δ NIHSS (maximal NIHSS minus initial NIHSS) was used to ascertain the degree of ND. The Δ NIHSS was 3 (IQR: 3–3.5) in the IVT group and 3 (IQR: 2–5) in the non-IVT group. No significant difference in the degree of ND was observed between the two groups (P = 0.476, Table 2).

Multiple logistic regression analysis was conducted to further evaluate independent factors for preventing ND. The results showed that IVT (odds ratio, 1.509; 95% confidence interval, 1.250–3.034) was an independent factor for preventing ND (Table 3).


TABLE 3 Multivariate logistic regression analysis of factors potentially related to the prevention of ND in patients with isolated pontine infarction.
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Bleeding complications

Bleeding events occurred in both groups, including intracranial hemorrhagic transformation, mucocutaneous hemorrhage, and visceral organ hemorrhage (Table 4). The proportion of intracranial hemorrhagic transformation was one of 74 (1.4%) in the IVT group and 0 of 137 (0%) in the non-IVT group (P = 0.351, Table 4). The only patient with intracranial hemorrhagic transformation after IVT had no clinical ND.


TABLE 4 Hemorrhagic complications among patients with pontine infarction.

[image: Table comparing hemorrhage occurrences between IVT and non-IVT groups. Hemorrhagic transformation occurred in 1.4% of the IVT group, none in the non-IVT group (p = 0.351). Mucocutaneous hemorrhage was 29.2% in IVT, 1.5% in non-IVT (p = 0.000). Visceral organ hemorrhage was 2.7% in IVT, none in non-IVT (p = 0.122). IVT stands for intravenous thrombolysis.]

The incidence of mucocutaneous hemorrhage was significantly higher in patients with IVT than in those without IVT (29.2% vs. 1.5%, P = 0.000, Table 4). In the IVT group, 17 of the 21 (81.0%) patients developed gingival bleeding, and four of the 21 (19.0%) patients developed nasopharyngeal mucosal bleeding. All instances of mucocutaneous hemorrhage stopped spontaneously or after the application of pressure with a cotton swab. In the non-IVT group, only two patients developed gingival bleeding.

Visceral organ hemorrhage occurred in a total of two patients in the IVT group. One of these patients experienced upper gastrointestinal bleeding, which stopped after treatment with proton pump inhibitors. The other patient developed severe renal hemorrhage with a decrease in hemoglobin level to 44 g/L; this patient was transfused with a total of 3.5 units of packed red blood cells. No instances of visceral organ hemorrhage occurred in the non-IVT group. The incidence of visceral organ hemorrhage did not significantly differ between the 2 groups (P = 0.122, Table 4).




Discussion

The present study revealed that IVT with t-PA in the early stage after isolated pontine infarction was associated with a decreased incidence of ND, as compared with patients who received other types of antithrombotic therapies. Although the median NIHSS score on admission was higher in the IVT group than in the non-IVT group, the NIHSS score at discharge did not differ between the two groups. In the IVT group, one patient developed intracranial hemorrhagic transformation, and two patients developed visceral organ hemorrhage; however, the incidence of these two complications did not significantly differ between the IVT and non-IVT groups.

Many definitions of ND have been used in previous studies, depending on the stroke scale used to assess deterioration, the degree of worsening, and the time frame of the deterioration (18, 19). Progression of neurological deficits is relatively common in patients with acute isolated pontine infarction. In the present study, 68 (32.2%) patients with acute pontine infarction developed ND, which is higher than the rate reported by Li et al. (28.0%) (20). This difference might be attributable to the earlier admission (within 4.5 h after stroke onset) in our study, which was helpful to investigate the whole clinical course, especially early symptom deterioration. Vynckier et al. (15) have reported that permanent or non-permanent deterioration of only one point on the NIHSS should not be considered ND because this is within the expected interrater variability of the NIHSS for lacunar strokes. Some researchers have found that Δ NIHSS ≥ 2 points could be used to define ND in specific studies on minor strokes, where even small deteriorations have clinical significance (19, 21). The clinical presentations of pontine infarction are usually mild, and ischemic lesions of the pons are lacunar (4, 10). The median NIHSS score on admission of all our patients was 5. Therefore, in our study, ND was defined as any increase of ≥2 points in the total NIHSS score between the maximal and initial neurological deficits after admission, which is more representative of the progression of pontine infarction.

Apart from straightforward causes, such as intracerebral hemorrhage and malignant edema, the mechanism of ND remains mostly unclear. In situ extension of the original thrombus in the same territory is a promising hypothesis to explain secondary hemodynamic compromise, via occlusion of previously unaffected perforators, branches, or collaterals (21). Early in 1996, Bassetti et al. (2) proposed that in patients with isolated infarcts of the pons, ND might be caused by diminished perfusion arising from atheromatous lesions at the orifices of large-caliber penetrating arteries or propagating thrombosis from atheromatous lesions. Recently, a study found that unexplained ND occurring after thrombolysis was independently associated with extension of the susceptibility vessel sign on MRI, suggesting that unexplained ND may be associated with thrombus extension (22). Thus, the formation and alteration of a thrombus might be a major pathophysiological mechanism driving the occurrence and evolution of ischemic infarction. However, intensive antithrombotic treatments, including antiplatelet or anticoagulation therapy, failed to reverse ND (10, 11, 20). Consistent with this, the incidence rate of ND in our study was found to be high (37.2%) in patients who did not receive IVT with t-PA, despite aggressive antithrombotic therapy. Rossi et al. (23) demonstrated that the administration of thrombolytic agents significantly reduces thrombus size, and reduces all the main histological components of the thrombus (platelets, red blood cells, and fibrin). We speculated whether thrombolytic therapy with t-PA in the early stage after stroke onset could be the best approach to prevent ND in patients with acute pontine infarction. As a major result of our study, we found that the incidence of ND was significantly lower in the IVT group than in the non-IVT group, and IVT was an independent factor for preventing ND in patients with isolated pontine infarction. In the IVT group, 17 (23.0%) patients experienced ND, whereas 48 (64.9%) remained relatively neurologically stable, and 9 (12.1%) had transient fluctuations of clinical symptoms. The nine patients with transient fluctuations displayed rapid improvement at 2 h after IVT, then deteriorated mostly within 24 h. Because the difference in their NIHSS scores at the maximal and initial neurological deficits was < 2 points, these nine patients were not diagnosed with ND. We speculated that in the patients with transient fluctuations, t-PA might have dissolved the blood clot rapidly after intravenous injection, but then, the thrombus extended to some extent, though not up to the initial level. Therefore, we inferred that IVT with t-PA could prevent ND by decreasing the total thrombotic burden.

In the present study, we found that the initial NIHSS score was significantly higher and VLAD was more frequent in acute pontine infarction patients with IVT than in patients without IVT, which might be interpreted as large-artery atherosclerosis being associated with the highest residual disability (24). This indicated that physicians were more cautious about administering IVT to pontine infarction patients who had mild neurological deficits in the early stage, owing to concerns about major bleeding complications. Hemorrhagic transformation following pontine infarction can be a potentially devastating condition (25). All the patients with ND were re-examined by head imaging. Only one of the 74 (1.4%) patients in the IVT group developed intracranial hemorrhagic transformation, while none of the 137 patients in the non-IVT group developed intracranial hemorrhagic transformation. This observation is in line with the results of an international prospective observational registry study of basilar artery occlusion, which reported that hemorrhagic transformation occurred in only 0.5% (1/183) of patients with brainstem infarction who were treated with either anticoagulants or antiplatelet agents (26). The risk of hemorrhagic transformation increases with the use of t-PA in acute ischemic stroke (27), but we found no significant difference in the proportion of hemorrhagic transformation between pontine infarction patients with and without IVT. The following hypotheses might explain why hemorrhagic transformation seldom occurs in brainstem infarction. First, pontine infarcts tend to be small, and large infarcts are a risk factor for hemorrhagic transformation. Second, the brainstem is well supplied by small end-arteries with collateral flow, which may result in the slower evolution of irreversible ischemia in posterior-circulation strokes with proximal artery occlusion (28). It should be noted that upper gastrointestinal bleeding and serious renal hemorrhage occurred in 2 patients in our study, and thus, clinicians should be very cautious about major visceral organ hemorrhage when administering IVT to patients with pontine infarction.

Our study offers valuable insights on several fronts. First, no study has as yet assessed the incidence of ND in patients undergoing recanalization therapy for pontine infarction. This is the first study to demonstrate the efficacy of IVT with t-PA for preventing ND in patients with acute pontine infarction. Second, we studied the details of ND in the early stage of stroke onset, which might provide specific practice guidance for clinicians to make decisions about administering thrombolysis to patients with acute pontine infarction, especially those with mild deficits in the early stage after onset.

There are several limitations to this study. First, this was a retrospective study with a modest sample size. We only analyzed the efficacy and safety of IVT to prevent ND in patients with pontine infarction. A larger sample size should be followed in future studies to prove if IVT can result in better functional outcomes at 3 months. Second, repeat MRI was not performed after ND in the majority of patients, and the exact cause of progression could not be confirmed using imaging studies. Third, the statistical analysis in the present study is relatively simple, but it is still useful because of the urgent need for this research.



Conclusion

In conclusion, this is the first study to demonstrate the efficacy of IVT with t-PA for preventing ND in patients with acute pontine infarction. We found that IVT could prevent ND in patients with acute pontine infarction by decreasing the total thrombotic burden. Despite having higher NIHSS scores at the baseline, the IVT group had similar NIHSS scores as the non-IVT group at discharge, suggesting that IVT prevented function decline in patients with acute pontine infarction. Additionally, multivariate logistic regression analysis identified IVT as an independent factor for preventing ND. Furthermore, IVT did not increase the incidence of major bleeding events, which indicated that the administration of IVT to these patients appeared to be safe. Therefore, clinicians should recommend IVT for patients with suspected pontine infarction, even if their neurological deficits are mild within 4.5 h after onset.
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Background: Remnant cholesterol (RC) is an emerging non-traditional risk factor for cardiovascular diseases that has garnered increasing attention. In addition, non-alcoholic fatty liver disease (NAFLD) may interact synergistically with RC. This study aimed to evaluate the association between RC and functional outcomes in ischemic stroke patients and to investigate the potential interaction effect between RC and NAFLD.
Methods: This study utilized data from the Third China National Stroke Registry (CNSR-III), which includes ischemic stroke patients monitored for 3 months post-stroke onset. RC was calculated by subtracting both low-density lipoprotein cholesterol (LDL-C) and high-density lipoprotein cholesterol (HDL-C) from total cholesterol. Poor functional outcomes were defined as a modified Rankin Scale (mRS) score of 3–6 at the 3-month follow-up. Multivariable logistic regression analyses were conducted to determine the association between RC and functional outcomes. Interaction effect analysis was performed to investigate how NAFLD modifies the relationship between RC and prognosis.
Results: Among the 7, 234 participants, the mean age was 62.96 ± 11.44 years and 4,572 (63.2%) were male individuals. Compared to the lowest quartile of RC (Q1), the highest quartile of the RC (Q4) was associated with a lower risk of poor functional outcomes (OR: 0.98, 95% CI: 0.96–1.00). Meanwhile, we observed a similar relationship between RC and poor functional outcomes in patients with NAFLD (OR: 0.96, 95% CI: 0.93–0.99); however, in those without NAFLD, there was no significant association between RC and poor functional outcomes.
Conclusion: We found an inverse relationship between RC levels and poor functional outcomes in patients with ischemic stroke, which was influenced by NAFLD. Future studies are needed to determine the optimal target levels of RC in NAFLD patients.
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 remnant cholesterol; ischemic stroke; non-alcoholic fatty liver disease; stroke prognosis; CNSR-III


1 Introduction

Remnant cholesterol (RC) refers to the cholesterol content of all triglyceride-rich lipoproteins, including very low-density lipoprotein (VLDL), synthesized by the liver; chylomicrons, derived from the intestinal tract; and intermediate-density lipoproteins (1). RC is increasingly recognized as a key factor in residual cardiovascular risk (2–4), helping to explain cardiovascular risks and mortality that persist even after achieving target low-density lipoprotein cholesterol (LDL-C) levels (5, 6). Dyslipidemia is not only strongly linked to atherosclerosis and stroke (7, 8) but also affects the smooth muscle and endothelial function of cerebral arteries (9). Research has also highlighted the pro-inflammatory and anti-inflammatory effects of different lipid components (10). In addition, lipids have been found to correlate with brain-derived neurotrophic factor (BDNF), which is essential for the development, maintenance, and recovery of the central nervous system (11, 12). These findings suggest a potential link between RC and stroke outcomes. However, the impact of RC on ischemic stroke outcomes remains unclear.

Non-alcoholic fatty liver disease (NAFLD) is the most common chronic liver disease, affecting approximately 40% of acute stroke patients (13). Although existing studies suggest that patients with NAFLD may have worse stroke prognoses (14), research on the underlying mechanisms remains limited. In particular, the relationship between NAFLD and lipid metabolism-related factors has not been fully elucidated. Patients with NAFLD showed increased expression levels of ANGPTL3, which regulates residual cholesterol synthesis, leading to elevated remnant cholesterol (15). Conversely, RC levels were positively associated with NAFLD risk (16). In addition, higher serum levels of remnant cholesterol were linked to more severe hepatic steatosis, independent of conventional lipid parameters (17). A previous study found that NAFLD was independently associated with higher circulating remnant cholesterol, and elevated remnant cholesterol levels were shown to predict major adverse cardiovascular and cerebrovascular events in NAFLD patients (18).

In this analysis of the CNSR-III trial, we aimed to examine the association between residual cholesterol and stroke outcomes in a large, prospective, multicenter cohort. Furthermore, we investigated the interaction between residual cholesterol and NAFLD in patients with ischemic stroke.



2 Methods


2.1 Study design and participants

This analysis utilized data from the Third China National Stroke Registry (CNSR-III), which is a comprehensive, prospective, multicenter cohort registry dedicated to patients with acute ischemic cerebrovascular events (19). The cohort included 15,166 patients from 201 sites across eastern, western, and central China. The inclusion criteria were as follows: (1) individuals aged 18 years or older; (2) individuals diagnosed with ischemic stroke or transient ischemic attack; and (3) individuals enrolled within 7 days of symptom onset. The exclusion criteria were as follows: (1) individuals with transient ischemic attack; (2) individuals with viral hepatitis; (3) individuals with a history of substantial alcohol consumption; (4) individuals lacking essential measurements, such as height, weight, and waist circumference, or critical laboratory data required for NAFLD and residual cholesterol assessment; and (5) individuals with no follow-up modified Rankin Scale (mRS) scores recorded. Ethical approval for CNSR-III was granted by the ethics committees of the participating institutions, and written informed consent was obtained from the patients or their legal representatives.



2.2 Baseline data collection

Experienced research coordinators collected baseline data from the enrolled patients through face-to-face interviews or electronic medical records, following a standardized protocol for data collection. The collected data included information regarding patient demographics, body mass index (BMI, calculated as weight in kilograms divided by the square of height in meters), smoking status, alcohol consumption, the National Institutes of Health Stroke Scale (NIHSS) score at admission, and medical history. Medical history included hypertension, diabetes, and coronary artery disease. Ischemic stroke etiology was classified according to the Trial of ORG 10172 in Acute Stroke Treatment (TOAST) criteria. The laboratory parameters, including total cholesterol (TC), triglycerides (TG), low-density lipoprotein cholesterol (LDL-C), and high-density lipoprotein cholesterol (HDL-C), were recorded. In addition, details regarding medications administered during hospitalization and the utilization of reperfusion therapy were documented.



2.3 Measurements of the RC

The fasting blood samples collected in EDTA tubes were obtained within 24 h of admission from 171 study sites. The samples were transported to the central laboratory at Beijing Tiantan Hospital under a maintained cold chain and stored at −80°C until analysis. The remnant cholesterol (RC) was calculated as total cholesterol minus the measured low-density lipoprotein cholesterol (LDL-C) and high-density lipoprotein cholesterol (HDL-C) (3).



2.4 NAFLD screening index

The fatty liver index (FLI) (20) was calculated using the measurements of triglycerides (mmol/L), γ-glutamyl transferase (GGT) levels (U/L), and waist circumference (WC) (cm), with the formula as follows:


[image: Formula for the Fatty Liver Index (FLI), indicating a function involving natural logarithms of triglycerides and gamma-glutamyl transferase (GGT), as well as body mass index (BMI) and waist circumference (WC). The equation includes exponential functions and constants for calculation.]


where GGT = γ-glutamyl transferase, WC = waist circumference, and BMI = body mass index. Based on previously reported standards for Asian populations, the patients were categorized into three groups: (I) no NAFLD: FLI < 25 for the male participants and FLI < 10 for the female participants; (II) possible NAFLD: 25 ≤ FLI < 35 for the male participants and 10 ≤ FLI < 20 for the female participants; (III) NAFLD: FLI ≥ 35 for the male participants and FLI ≥ 20 for the female participants (21).



2.5 Outcomes and follow-up

The participants were followed up with face-to-face interviews at 3 months by trained research coordinators using a standardized interview protocol (19). The poor functional outcomes were defined as a modified Rankin Scale score of 3 to 6 at 3 months (22).



2.6 Statistical analysis

All participants were classified into four groups based on the quartiles of the fasting remnant cholesterol levels, and the baseline characteristics were compared across these quartiles. Continuous variables were presented as mean (SD) or median (interquartile range), while categorical variables were expressed as frequency (%). The trend across the quartiles was analyzed using the Cochran–Armitage test for the categorical variables, and ANOVA or the Kruskal–Wallis test was used for the continuous variables, as appropriate.

To identify significant predictors of the poor outcomes at the 3-month follow-up, both univariable and multivariable analyses were performed using logistic regression models to estimate odds ratios (ORs) and 95% confidence intervals (CIs). Multivariable regression models were employed to adjust for potential confounding factors, including age, sex, smoking status, alcohol consumption, BMI, hypertension, diabetes, coronary heart disease (CHD), NIHSS score at admission, TOAST classification, antihypertensive drug use, and use of antiplatelet agents.

A restricted cubic spline (RCS) model was used to explore the potential non-linear relationship between the remnant cholesterol (RC) levels and poor functional outcomes. The RCS method allows for flexible modeling of non-linear associations by fitting cubic spline functions at predefined knots. The knots were placed at the 5th, 50th, and 95th percentiles of the RC levels. The significance of non-linearity was assessed using the likelihood ratio test, comparing the model with linear terms only to the model with non-linear spline terms. The resulting RCS plot was constructed with the RC values on the x-axis and the odds ratios (ORs) with 95% confidence intervals (CIs) on the y-axis to visually depict the association.

Interaction between the remnant cholesterol groups and non-alcoholic fatty liver disease (NAFLD) categories was assessed by including interaction terms in the models. All statistical analyses were conducted using SAS, version 9.4 (SAS Institute). Two-sided tests were employed, and p-values less than 0.05 were considered statistically significant.




3 Results


3.1 Baseline characteristics

The Third China National Stroke Registry initially enrolled 15,166 participants. After excluding patients with diagnoses of transient ischemic attack (1,020) or viral hepatitis (235), as well as those with incomplete laboratory or clinical data (4,620), heavy alcohol consumption (1,978), and missing 3-month follow-up Modified Rankin Scale (mRS) records (79), a total of 7,234 patients were included in the final analysis (Figure 1). These patients had a mean age of 63.00 years (SD = 11.44), and the male participants accounted for 63.2% of the cohort. The initial median NIHSS score was 3 (interquartile range: 2–6). The patients with higher remnant cholesterol (RC) levels were more likely to be women, had a higher body mass index, had a history of diabetes and hypertension, had elevated levels of triglycerides and total cholesterol, and had lower levels of high-density lipoproteins (HDL) and low-density lipoproteins (LDL) at admission (Table 1).

[image: Flowchart showing participant selection for a study. Starting with 15,166 CNSR-III population, 1,020 had transient ischemic attack. From 14,146 acute ischemic stroke cases, 235 were excluded due to hepatitis, and 1,978 for alcohol. Enrolled acute ischemic stroke reduced from 11,933 to 7,313 due to missing data: triglycerides (3,501), γ-glutamyl transferase (1,119), and blood lipids (zero). From these, 79 had no follow-up. 7,234 were included in the 3-month follow-up analysis.]

FIGURE 1
 Flowchart of patient selection. CNSR-III stands for the Third China National Stroke Registry.




TABLE 1 Clinical characteristics of participants stratified by quartiles of remnant cholesterol.
[image: Table displaying characteristics of participants divided into quartiles based on remnant cholesterol levels. Categories include demographics, medical history, NAFLD presence, medication use, and cholesterol metrics. Significant trends and values such as age, gender distribution, BMI, cardiovascular conditions, and lipid levels are highlighted, alongside p-values indicating statistical significance.]

According to the FLI, 1,350 (18.7%) patients were classified as having possible NAFLD and 3,780 (52.3%) were diagnosed with NAFLD. The crude prevalence of NAFLD among the acute ischemic stroke (AIS) patients is shown in Table 1.



3.2 Association between the RC and 3-month poor functional outcome

Among the 7,234 patients, 98.9% completed the 3-month follow-up or were deceased, while 1.1% were lost to follow-up. In the univariate analysis, the rates of the poor functional outcomes (mRS 3–6) at 3 months were 12.1 and 18.5% for the patients in the highest quartile of the remnant cholesterol (RC) levels (Q4), compared to those in the lowest quartile of the RC levels (Q1). The odds ratio (OR) for the poor functional outcomes was 0.98(95% CI: 0.96–1) for the highest quartile (Q4) compared to the lowest quartile (Q1). A significant trend was observed across the RC quartiles and poor functional outcomes (p for trend <0.001). This association persisted after adjusting for age, sex, smoking status, alcohol consumption, BMI, hypertension, diabetes, coronary heart disease (CHD), NIHSS score at admission, TOAST classification, antihypertensive medication, and antiplatelet therapy (p for trend = 0.039). Details are provided in Table 2.



TABLE 2 Adjusted ORs of the outcomes at 3 months according to RC quartile categories.
[image: Table displaying modified Rankin Scale (mRS) scores of three to six by quartiles of remnant cholesterol, labeled Q1 to Q4. Counts and percentages are shown, with Q1 having 334 individuals (18.5%), Q2 with 293 (16.1%), Q3 with 238 (13.2%), and Q4 with 218 (12.1%). Unadjusted and adjusted odds ratios with confidence intervals are listed for Q2 to Q4, using Q1 as reference. P-values for trend are less than 0.001 for unadjusted and 0.039 for adjusted data.]



3.3 Subgroup analysis

Figure 2 presents the unadjusted and adjusted odds ratios (ORs) and forest plots from the logistic regression analyses examining the association between the remnant cholesterol (RC) percentile groupings (Q1 as the reference group) and the risk of the poor functional outcomes, stratified by NAFLD status. Compared to the individuals in Q1, those in Q2, Q3, and Q4 of the RC had adjusted ORs of 0.98 (95% CI: 0.95–1.02), 0.94 (95% CI: 0.91–0.97), and 0.96 (95% CI: 0.93–0.99), respectively. The ORs were lower in the individuals with NAFLD compared to those without NAFLD or with possible NAFLD (P for interaction = 0.038).

[image: Forest plot displaying the odds ratios (OR) and confidence intervals (CI) for three subgroups: NAFLD, Possible NAFLD, and No NAFLD. Each group is divided into four quartiles (Q1-Q4), with Q1 as the reference. The plot provides both unadjusted and adjusted ORs. The p-trend values indicate significance for NAFLD (0.008) and overall interaction (0.038) across categories.]

FIGURE 2
 Relationship between NAFLD and poor functional outcomes based on RC quartile categories.




3.4 Association between the remnant cholesterol and poor functional outcomes

The restricted cubic spline (RCS) analysis showed no evidence of a non-linear relationship between remnant cholesterol (RC) levels and poor functional outcomes (p-value for non-linearity = 0.9327). A linear trend was observed, with an OR of 1 at an RC value of 0.56. The RCS plot is shown in Figure 3.

[image: Line graph showing relationship between RC and OR with a 95% confidence interval. The line curves downward slightly, with a confidence band widening at both ends. The p-value for nonlinearity is 0.9327.]

FIGURE 3
 Restricted cubic spline plot of remnant cholesterol and poor functional outcomes.





4 Discussion

In this prospective registry study, we found that higher levels of the remnant cholesterol (RC) were associated with a reduced likelihood of the poor functional outcomes in the patients with ischemic stroke. Specifically, a linear relationship between the RC and poor outcomes was observed, with an RC value of 0.56 serving as the threshold where the odds ratio crossed 1. In addition, non-alcoholic fatty liver disease (NAFLD) was found to modify the relationship between the RC and poor functional outcomes, as indicated by a significant interaction (p-value for interaction = 0.038). These findings suggest that RC may serve as a potential predictor of functional recovery in ischemic stroke patients, with NAFLD playing a role in modifying this association.

To date, evidence on the relationship between blood lipids and stroke prognosis is limited, with existing results being controversial. A recent retrospective study involving 165 patients who underwent mechanical thrombectomy found that elevated remnant cholesterol was associated with a less favorable prognosis (mRS ≤ 2) in patients with non-large artery atherosclerosis strokes (adjusted OR = 0.31, 95% CI: 0.11–0.85, p = 0.023) (23). Conversely, LDL-C has been reported to exhibit a U-shaped relationship with infarct volume in strokes caused by large artery occlusion, with higher early LDL-C concentrations being associated with better clinical outcomes (mRS 0–2) at 3 months (24). Similarly, cholesterol levels were found to be negatively associated with poor outcomes at 3 months (β = −0.17, p = 0.031) (25). However, these studies were small-sample observational studies and lacked evidence from larger, multicenter studies. The results of the current study are inconsistent with previous findings but align with Hutanu’s research. Interestingly, in our multicenter, nationwide, prospective registry cohort, high levels of the remnant cholesterol were associated with a decreased risk of poor functional outcomes at the 3-month follow-up in patients with NAFLD. However, this relationship was not observed in the stroke patients without NAFLD.

Potential mechanisms may explain why elevated RC levels in the presence of NAFLD could be associated with better stroke outcomes. One possibility is the “obesity paradox,” where a higher body mass index (BMI) is sometimes linked to better outcomes after ischemic stroke (26–28). Our study found that the patients with higher RC levels had higher BMI values at admission, and NAFLD is associated with increased obesity (29). This could suggest that obese patients, due to chronic low-grade inflammation, might develop tolerance to inflammatory responses and hypercatabolic states, which may confer some protection against stroke (30). In addition, cholesterol might serve as a buffer against free radicals released during ischemic injury, potentially limiting infarct expansion (31). Furthermore, brain-derived neurotrophic factor (BDNF), which is critical for the central nervous system’s development and recovery, has been associated with blood lipid levels. Higher BDNF levels have been reported to be correlated with lower HDL and higher triglyceride concentrations (21), which might influence stroke recovery and outcomes.

To the best of our knowledge, this study is the first to explore the association between residual cholesterol and poor prognosis following acute ischemic stroke and its interaction with NAFLD. However, our study has several limitations. First, NAFLD was defined using the fatty liver index because liver biopsy and ultrasonography are not suitable for large sample sizes. Nevertheless, the fatty liver index is a well-established, non-invasive biomarker for predicting hepatic steatosis and has been validated in both Chinese (32) and global populations (20). In addition, as a cohort study, we were unable to explore the detailed pathophysiological mechanisms underlying the effects of RC abnormalities on stroke outcomes in the NAFLD patients. Further research with specifically designed studies is needed to validate and gain a better understanding of these findings. Baseline differences between the included and excluded patients were also observed, but we believe that these differences did not likely substantially affect the results, given our adjustments for potential confounders. However, residual confounding and limited generalizability must be considered when interpreting the findings.



5 Conclusion

We found an inverse relationship between RC levels and poor functional outcomes in patients with ischemic stroke, which was influenced by NAFLD. Future studies on optimal target RC levels in patients with NAFLD are needed.
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Aim: Evaluate the correlation between ischemic stroke and genetic variations related to inflammation and endothelial function.
Methods: This was a multicenter cross-sectional research conducted in southwestern China. Residents aged ≥40 years voluntarily join in the face-to-face survey in 8 communities. 2,377 participants were at high risk of stroke, of which 429 had a previous history of ischemic stroke. We selected the 429 ischemic stroke patients as the research subjects, and adopted a 1:1 matching method to select 429 healthy people with a 2-year age difference and the same gender and hypertension as the control group. We detected genotypes of 19 variants in 10 genes related to inflammation and endothelial function. Analyze gene–gene interaction through generalized multifactor dimensionality reduction (GMDR).
Results: Analysis found no statistically significant differences in age, gender, hypertension, BMI, and smoking history between ischemic stroke patients and healthy control group. Compared with the healthy group, ischemic stroke group has a higher proportion of diabetes, heart disease, dyslipidemia, stroke family history, and a higher proportion of lack of exercise. HABP2 rs7923349, NOS2A rs8081248, HABP2 rs932650 were related to stroke in univariate analysis. GMDR analysis showed significant gene–gene interactions between HABP2 rs7923349, HABP2 rs932650. After adjusting for covariates, high-risk interaction genotypes between these two variants were independently associated with higher stroke risk (OR, 3.578, 95% CI: 2.618–4.890, p < 0.001).
Conclusion: This study found that specific variations in genes related to inflammation and endothelial function are associated with ischemic stroke. The high-risk interactive genotypes among HABP2 rs7923349, HABP2 rs932650 distinctly increased the risk of ischemic stroke.
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1 Introduction

Stroke is one of the leading cause of death and adult disability in China (1, 2), of which ischemic stroke accounts for the majority (3). Ischemic stroke is a multifactorial, complex disease that is a combination of genetic and environmental factors (4–6). Even after good control of stroke risk factors (environmental factors) such as diabetes, hypertension, hyperlipidemia and smoking, stroke still occurs in some people (7), it suggests that genetic factors are crucial in the onset of stroke. In rare cases, stroke can be directly caused by monogenic disease, where a rare mutation in a gene is sufficient to cause disease (8). However in most cases, genetic risk factors contribute to the risk for stroke as part of a multifactorial susceptibility (9). Genome-wide association studies identified the risk loci for ischemic stroke and its subtypes related to atrial fibrillation (PITX 2 and ZFHX 3), coronary artery disease (ABO, chr9p21, HDAC 9 and ALDH 2), blood pressure (HLDH 2 and HDAC 9), pericyte and smooth muscle cell development (FOXF 2), coagulation (HABP2), carotid plaque formation (MMP 12), and neuroinflammation (TSPAN2) (10). A more precise strategy is to construct a genetic risk score for ischemic stroke and combining the genetic risk score with risk factor profile and clinical information may eventually lead to better risk prediction (11). Therefore, identifying the etiology of stroke, including genetic etiology, is of great significance for preventing stroke. But, so far, the impact of genes on stroke is not fully understood.

Atherosclerosis is the most prominent cause and risk factor of ischemic stroke. Atherosclerosis is a chronic inflammatory process. Chronic inflammation and vascular endothelial injury play an important role in the initiation and development of atherosclerosis. Chronic inflammation and vascular endothelial function are encoded and regulated by related genes, mutations or polymorphisms of these regulatory genes may impact the occurrence and development of atherosclerosis, and thus affect the susceptibility to stroke. Gardener et al. (12) studied 197 SNPs of 48 inflammatory and endothelial function related genes in 287 patients, and found that 10 genes were closely related to carotid atherosclerosis, revealing the role of inflammatory and endothelial function related genes in the development of atherosclerosis. However, the number of cases in this study was small, and no prospective follow-up was conducted on the cases. The impact of these gene gene interactions and gene environment interactions on atherosclerosis and stroke was not discussed. Therefore, our research group selected these 10 genes, and the 19 variants to further discuss the relationship with atherosclerosis and stroke. Our previous research has confirmed that some inflammation and endothelial genes are related to carotid atherosclerosis (13). However, further study is required to determine whether these genes are associated with ischemic stroke.

Based on the China National Stroke Screening Survey (CNSSS) program, which has been expounded in our previous research (14), we conducted this study: (1) Comparison of general information between ischemic stroke patients at high-risk stroke populations and healthy control group; (2) the relationship between 19 SNPs in genes related to endothelial function and inflammation and stroke, as well as the impact of gene–gene interaction between the 19 SNPs on stroke. In general, these findings are pivotal for identifying the genetic causes of ischemic stroke and contribute to better prevention of cerebrovascular events.



2 Materials and methods


2.1 Study population

This community-based multicenter cross-sectional survey was part of the CNSSS approved by the Chinese Stroke Screening and Prevention Committee (Grant No. 2011BAI08B01) (15). The research plan was checked and consented by the Ethics Committee of the involved hospitals (the Affiliated Hospital of Southwest Medical University, the People’s Hospital of Deyang City, and Suining Central Hospital). Prior to enrollment, written informed consent forms were acquired from all participants.

The review and organization of this survey can be discovered in past publications by our team (14–16). In short, we randomly selected 8 communities in Sichuan from May 2015 to September 2015 and conducted a structured face-to-face questionnaire survey on residents aged≥40 years who had lived in the communities for over 6 months. The questionnaire includes detailed information about demographic characteristics, history of chronic diseases (such as hypertension, diabetes, dyslipidemia, and atrial fibrillation), behavioral factors, physical examination, and family and personal history of stroke.



2.2 Assessment of risk factors and definition of high-risk stroke populations

We evaluated eight common risk factors, including hypertension, diabetes mellitus, coronary artery disease, dyslipidemia, overweight/obesity, smoking, lack of exercise, and stroke family history. We have described the detailed diagnostic criteria in previous studies (16). If these individuals have at least three of the eight conventional risk factors for stroke mentioned above, or have a history of stroke, they are defined as a high-risk stroke population (14–16).

Determine stroke history through self-report and neuroimaging examinations (computed tomography or magnetic resonance imaging) (14). We selected ischemic stroke patients as the research subjects among high-risk populations for stroke, and adopted a 1:1 matching method to select healthy people with a 2-year age difference and the same gender and hypertension as the control group.



2.3 Data cleaning procedures

Out of 16,892 participants, 2,893 individuals were defined as high-risk stroke populations, in high-risk stroke populations, 429 had a previous history of ischemic stroke. The detailed program is shown in Figure 1.

[image: Flowchart depicting a study conducted in Sichuan, China. The study involved face-to-face surveys with 18,595 adults aged over forty in 2015. Questionnaires were completed by 17,413 participants, with a response rate of 93.6 percent. After excluding 521 incomplete questionnaires, 16,892 valid records remained. Within these, 2,893 high-risk stroke participants underwent carotid ultrasonography and DNA collection, with 2,377 providing DNA samples. Of these, 429 had a history of cerebral infarction. A control group of 429 healthy individuals was selected using a 1:1 matching method. The study examined genotypes of 19 variants in 10 genes related to inflammation and endothelial function.]

FIGURE 1
 Flow chart in this study.




2.4 Genotyping

Nineteen SNPs in 10 genes concerned with endothelial function and inflammation were obtained from NCBI database1 following the standard: (1) the variants might cause amino acid changes; (2) the variants have been evaluated in the past studies (12, 17); (3) the minor allele frequency > 0.05; (4) nonsynonymous variants.

DNA was extracted from peripheral blood using an modified phenol/chloroform method (17, 18), and genotypes of the 19 SNPs were assessed by using matrix-assisted laser desorption/ionization time of flight mass spectrometry method. In brief, each SNP gene possessed a specific genotype, with two amplification primers and one extension primer. The reaction mix was desalted by adding 6 mg of cation exchange resin (Sequenom Inc., San Diego, CA), mixed, and resuspended in 25 μL of water. Once the primer extension reaction was completed, the samples were spotted onto a 384-well spectroCHIP (Sequenom Inc., San Diego, CA) using a MassARRAY Nanodispenser (Sequenom Inc., San Diego, CA) and genotyped using the MALDI-TOF mass spectrometer. Genotyping was performed in real time with MassARRAY RT software, version 3.0.0.4, and analyzed using the MassARRAY Typer software, version 3.4 (Sequenom Inc., San Diego, CA). The investigators were unaware the clinical data of participants.



2.5 Statistical analysis

The data were analyzed using SPSS 22.0 (SPSS Inc. New York, New York, USA). Continuous variables are described as median and interquartile intervals, while categorical variables are described as percentages. Intergroup differences in the baseline characteristics and genotype distributions of the 19 SNPs were evaluated by χ2 test or Fisher’s exact test (categorical variables) and Nonparametric tests (continuous variables).

Use the χ2 test to evaluate the allele frequency of Hardy–Weinberg equilibrium. Gene–gene interactions between the 19 SNPs were analyzed using generalized multifactor dimensionality reduction (GMDR) method (19), as we previously described (17, 18). We used multivariate logistic regression analysis to assess the stroke risk associated with high-risk interacting genotypes and reported the hazard ratio (HR) with a 95% confidence interval (CI). Input variables with statistical significance when the p value < 0.05 in univariate analysis into multivariate logistic regression analysis for adjustment. All tests are 2 sided, p value < 0.05 was supposed to statistically significant.




3 Results


3.1 Baseline characteristics of ischemic stroke patients and healthy control group

Among the 2,893 high-risk stoke populations, 429 had a history of ischemic stroke. Analysis found no statistically significant differences in age, gender, hypertension, BMI, and smoking history between the two groups (Table 1). Compared with the healthy group, ischemic stroke group has a higher proportion of diabetes, heart disease, dyslipidemia, stroke family history, and a higher proportion of lack of exercise (Table 1).



TABLE 1 Baseline characteristics of ischemic stroke patients and healthy control group.
[image: Comparison table showing variables among stroke patients and a healthy group, each with 429 participants. Key variables include age, body mass index, gender distribution, hypertension, diabetes, coronary artery disease, smoking history, dyslipidemia, lack of exercise, and stroke family history, with corresponding p-values indicating statistical significance.]



3.2 Genotype distributions in objects with and without ischemic stroke

The genotype distributions of the 19 SNPs evaluated in this study were in Hardy–Weinberg equilibrium (p value > 0.05). Three genes involved in inflammation and endothelial function were associated with ischemic stroke (HABP2 rs7923349, NOS2A rs8081248, HABP2 rs932650, Table 2).



TABLE 2 Genotype distributions in objects with and without ischemic stroke.
[image: Genotype distribution table compares stroke patients and healthy controls, each group with 429 individuals. The table lists genes like TNFSF4, IL6R, and NOS2A, with genotypic frequencies and p-values for differences. Most p-values exceed 0.05, indicating non-significance, except for HABP2 and NOS2A, showing p-values of 0.001 and 0.000, respectively.]



3.3 Gene–gene interactions between the 19 variants

We evaluated the relationship between high-order interactions of 19 variants and ischemic stroke using GMDR method. Significant gene–gene interaction was discovered in the 19 variants, and the optimal interaction model for ischemic stroke is the interaction between HABP2 rs7923349 and HABP2 rs932650, in which the sign test was 10 and cross-validation consistency was 10/10 (p = 0.001; Table 3). The p-value of the prediction error based on permutation test is 0.016.



TABLE 3 GMDR analysis of the best models, prediction accuracies, cross-validation consistencies, and p-values for ischemic stroke.
[image: A table comparing models with columns for best model identifiers, training balanced accuracy, testing balanced accuracy, cross-validation consistency, and sign test p-value. Model combinations range from 1 to 19. Training accuracies range from 0.6492 to 0.9938, and testing accuracies range from 0.5400 to 0.7636. Cross-validation consistency varies from 4/10 to 10/10. The p-value of the sign test is mostly 0.0010, with a few higher values. The table footnote mentions generalized multifactor dimensionality reduction and represents certain numbers as genetic variants.]



3.4 Different genotype combinations and the risk of ischemic stroke

Subsequently, the correlation between different genotype combinations and stroke risk in two interacting variants were evaluated. It was found that compared with the individuals with wild-type genotype of the two variants (rs7923349 GG, rs932650 TT), five genotype combinations associated with a higher risk of ischemic stroke, including rs7923349 TT, rs932650 TT (OR = 3.53, 95% CI: 1.78–6.99, p = 0.000); rs7923349 GT, rs932650 CC (OR = 21.28, 95% CI: 2.76–166.67, p = 0.000); rs7923349 GT, rs932650 CT (OR = 2.41, 95% CI: 1.55–3.75, p = 0.000); rs7923349 GG, rs932650 CC (OR = 50.00, 95% CI: 6.85–333.33, p = 0.000); rs7923349 GG, rs932650 CT (OR = 4.00, 95% CI: 2.58–6.21, p = 0.000) (Table 4). We defined the above five genotype combinations as high-risk interaction genotypes, while other genotype combinations that did not reach statistical significance (p > 0.05) are considered low-risk interaction genotypes.



TABLE 4 Different genotype combinations and the risk of ischemic stroke.
[image: A table displaying genetic data with variants rs932650 and rs7923349. Each variant has associated genotypes (TT, GT, GG) with odds ratio (OR), confidence interval (95%CI), and p-values. OR values range from 1 to 50, with p-values indicating significance for most entries, including 0.086 and 0.237 for some genotypes. The table uses wild-type genotype as a reference.]



3.5 Correlation between high-risk interactive genotypes and ischemic stroke

There were 249 carriers of the high-risk interactive genotypes among 429 ischemic stroke patients, 180 carriers in healthy control group. The proportion of high-risk genes carried by ischemic stroke patients is higher than that of healthy individuals (58.0% [249/429] vs. 25.2% [108/429], χ2 = 95.372, p < 0.001).

In addition, we used multivariate logistic regression to evaluate the risk of ischemic stroke associated with high-risk interaction genotypes between HABP2 rs7923349 and HABP2 rs932650. The high-risk interactive genotypes were assigned as one, while the low-risk interactive genotypes were assigned as zero. Other variables that showed a significant correlation (p < 0.05) with ischemic stroke in univariate analysis were adjusted by inputting them into the multivariate logistic regression model. The results showed that after adjusting for covariates, high-risk interaction genotypes in HABP2 rs7923349 and HABP2 rs932650 were independently associated with higher stroke risk (OR, 3.578, 95% CI: 2.618–4.890, p < 0.001,Table 5). Furthermore, we used the H-L test to judge the goodness of fit of the multivariate logistic regression model, and the results showed that the model had a good fit (χ2value = 13.100, p = 0.108).



TABLE 5 Association between high-risk interactive genotypes and ischemic stroke.
[image: Table showing risk factors for strokes with odds ratios (OR), 95% confidence intervals (CI), and p-values. Significant factors include stroke family history (OR 2.712, p=0.000), diabetes (OR 1.577, p=0.025), and the genotype HABP2 rs932650 CC (OR 11.110, p=0.001).]




4 Discussion

In this study, we selected 429 patients with a history of ischemic stroke from the high-risk stroke populations as the experimental group, and matched 429 healthy controls with similar age, gender, and hypertension history. Compared with the control group, the experimental group has a higher proportion of diabetes, heart disease, dyslipidemia, stroke family history, and a higher proportion of lack of exercise. In single SNP analysis, we found that two endothelial function related gene variants (HABP2 rs7923349, HABP2 rs932650) and one inflammation related gene variant (NOS2A rs8081248) were significantly associated with ischemic stroke. Moreover, GMDR analysis showed significant gene–gene interactions between HABP2 rs7923349, HABP2 rs932650, and high-risk interaction genotypes between these two variants were independently associated with higher stroke risk.

Genetics has been discovered to play an important role in the initiation of stroke. In large-scale genomic research, multiple genetic associations have been found between various risk factors and ischemic stroke itself (20, 21). Nevertheless, the exact mechanism and etiology of stroke development are very complex and have not been fully described yet (22). Our team’s previous research has shown that endothelial and inflammatory genes are relate to carotid atherosclerosis (13), this study aims to investigate whether endothelial and inflammatory genes are associated with ischemic stroke. As far as we know, our study is the first to investigate the possible association between genetic variations related to inflammation and endothelial function and ischemic stroke in the Chinese population.

Inflammation plays a vital role in the increase of inflammatory cell migration and the initiation of atherosclerosis (23, 24). Inflammatory gene polymorphism may affect the progression and development of atherosclerosis through direct or indirect interaction with vascular risk factors (25). The inducible nitric oxide synthase (iNOS) encrypted by the NOS2A gene is one of the important inflammatory mediators released by macrophages (26), the NO catalyzed by it can react with peroxy anion to form peroxynitrite, which can cause endothelial damage, promote the inflammatory reaction of vascular wall, and promote the progress and development of atherosclerosis. In addition, the expression of iNOS can induce the expression of matrix metalloproteinase 9 gene (matrix metalloproteinase, MMP-9) (27), MMP-9 can decompose collagen components in atherosclerotic plaque, leading to instability of atherosclerotic plaque and eventually leading to ischemic stroke. Our previous research has also shown that NOS2A is associated with unstable plaques (17). In this study, The NOS2A gene is associated with stroke, implying its essential role in different stages of stroke.

Endothelial function control platelet adhesion and aggregation, interactions between platelets and immune cells, capillary tension, and adhesion between endothelial cells to maintains the vascular barrier. Endothelial dysfunction may damage the integrity of blood vessels and is related to diverse human diseases, for instance coronary artery disease, atherosclerosis and stroke (28). The hyaluronic acid binding protein 2 (HABP2) gene encodes a cell adhesion protein (hyaluronic acid binding protein 2) that regulates vascular integrity. This gene may be a genetic susceptibility locus for stroke (29), which is concordance with this study.

Stroke is a sophisticated disease because it does not follow Mendelian inheritance patterns, which may be the outcome of gene–gene interactions (17, 18). Single gene methods may not be effective in identifying the genetic causes of complex diseases, therefore evaluating gene gene interactions is necessary for studying the genetic mechanisms of stroke. In this study, we used GMDR analysis to assess the gene–gene interactions between 19 variants and ischemic stroke. The most remarkable finding in our study was the significant gene–gene interaction between HABP2 rs7923349 and HABP2 rs932650. High-risk interaction genotypes between these two variants were independently related to higher stroke risk, indicating that the synergistic interaction between these two variants leads to ischemic stroke. GMDR analysis emphasizes the complexity of genetic effects and the potential synergistic effects of variants in increasing stroke risk. In addition, past studies have also explored the roles of different genes in stroke (18, 30). Nevertheless, the molecular mechanisms underlying the interaction between these two variants are still unclear. One possible illustration is that these two variants can encode and regulate endothelial function related enzymes, which participate in the important pathogenic mechanisms of ischemic stroke. Therefore, further research is needed to explore the molecular mechanisms underlying the interactions between these two variants.

Although our findings are encouraging, but there has several limitations. First, our study was a case–control study, we choose patients with ischemic stroke in the high-risk populations and a healthy control group. Therefore, there may be selection bias, and because it is a retrospective study, due to self-reported questionnaires, there may be recall bias. The small sample size and the selection of high-risk stroke individuals based on predefined criteria may exclude participants with atypical presentations or less common risk factors, potentially leading to skewed results. Our research results can only suggest a possible association between genes and stroke. Because this study is a retrospective study, it is difficult to obtain all the examination results of stroke patients, so it is difficult to distinguish various stroke types, therefore the etiology of our patients included atherosclerosis, arteriolar occlusion, and perhaps a small number of unknown causes. Prospective research is needed in the future to explore the genetic risk factors in different etiologies of stroke. Second, this study only conducted a sampling survey on residents aged ≥40 years; as a result, our conclusion cannot be extended to all populations in southwestern China. Third, although we have examined the role of several important genes related to endothelial function and inflammation, there are still some known and unknown genes that have not been studied. Moreover, the molecular mechanism of gene interaction was not further explored in this study. In the future, more research involving genetic variations should be conducted to further elucidate the impact of gene–gene interactions on ischemic stroke.



5 Conclusion

In this study, we identified the associations of variants in HABP2 rs7923349, HABP2 rs932650, NOS2A rs8081248 with stroke. There was an obvious gene–gene interaction observed in HABP2 rs7923349, HABP2 rs932650, the high-risk interaction genotype between the two variants is an independent risk factor for ischemic stroke. According to our research results, active intervention in traditional risk factors, such as dyslipidemia and diabetes mellitus, may be very important to reduce the risk of stroke in high-risk stroke population with high-risk interactive genotypes. In addition the gene–gene interactive analysis used in our study may be very beneficial in elucidating the sophisticated genetic risk factors for ischemic stroke. Further research exploring the molecular mechanisms underlying interactions between genetic variants is essential to deepen our understanding of the genetic mechanisms underlying stroke.
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Objective: This study aims to elucidate the potential impact of basal metabolic rate on ischemic stroke at the genetic prediction level through a two-sample Mendelian randomization analysis.
Methods: Using summary data from genome-wide association studies, we obtained information on basal metabolic rate and ischemic stroke from a large-scale genome-wide association study. MR analysis used inverse variance weighting, weighted median, MR-Egger, simple mode, and weighted estimation. Sensitivity analyses, including the MR-Egger method, MR-PRESSO, Cochran’s Q-test, and leave-one-out assessment, were performed to assess the reliability of the results.
Results: Genetic susceptibility to basal metabolic rate was significantly associated with ischemic stroke in multiple models, including the inverse variance weighting model (OR, 1.108 [95% CI: 1.005–1.221]; p = 0.0392), the weighted median method (OR, 1.179 [95% CI: 1.020–1.363]; p = 0.0263), and MR-Egger (OR, 1.291 [95% CI: 1.002–1.663]; p = 0.0491). These results indicate a positive causal relationship between basal metabolic rate and ischemic stroke. The MR-Egger intercept and Cochran’s Q-test indicated the absence of heterogeneity and horizontal pleiotropy in the analyses of basal metabolic rate and ischemic stroke.
Conclusion: The MR analysis suggests a positive correlation between basal metabolic rate and ischemic stroke.
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 basal metabolic rate; ischemic stroke; causal relationship; Mendelian randomization; MR analysis


1 Introduction

Ischemic stroke (IS) accounts for the majority of stroke cases, representing 87% of all occurrences (1). The narrow therapeutic window, the risk of complications, and limited treatment efficacy impose significant constraints, resulting in only a small proportion of patients receiving treatment (2). Therefore, it is particularly important to focus on preventing potential risk factors for IS and reducing its incidence in the early stages.

Basal Metabolic Rate (BMR) is a critical indicator of the minimum metabolic activity necessary to sustain life, and also a significant component of total energy expenditure. An individual’s BMR is primarily influenced by factors such as age, genetic makeup, body weight, environmental temperature, and overall health status (3). High blood pressure is a well-established risk factor for IS, and recent studies have demonstrated that an increase in BMR can lead to elevated blood pressure (4). Furthermore, IS is closely linked to brain energy metabolism (5). Disruption of the brain’s energy metabolism process can exacerbate the condition. Current Mendelian randomization (MR) studies on BMR primarily focus on its causal relationship with cardiovascular diseases and its association with inflammatory markers. Furthermore, a cross-sectional study (6) on stroke patients indicated that individuals with IS had higher BMR levels, though it did not elucidate the causal relationship. Therefore, based on the aforementioned evidence, we raise the question: Is there a causal relationship between BMR and IS?

Understanding the interaction between BMR and IS is essential for revealing the underlying mechanisms. This study not only provides a new perspective for predicting the occurrence of IS but may also offer scientific evidence to reduce its incidence and improve disease management. However, clarifying the causal relationship is challenging due to the intricate interactions among physiological factors. Although randomized controlled trials (RCTs) are considered the gold standard for causal inference, they are complex in design and resource-intensive. Traditional observational studies (7), however, are susceptible to reverse causality, confounding factors, and sample size limitations. In contrast, MR effectively addresses these limitations by leveraging data from genome-wide association studies (GWAS) and using single nucleotide polymorphisms (SNPs) as instrumental variables, offering a more reliable approach to uncovering causal relationships between exposures and clinical outcomes (8).



2 Materials and methods


2.1 Study design

Mendelian randomization (MR) studies must satisfy three core assumptions: (1) the instrumental variables (IVs) must be strongly associated with the exposure. (2) The IVs must be independent of any confounding factors. (3) The IVs must affect the outcome only through the exposure, with no direct effect on the outcome beyond the exposure (9). This study uses BMR as the exposure variable and IS as the outcome variable. We perform a two-sample MR analysis to investigate the causal relationship between BMR and IS. The specific research methodology is shown in Figure 1.

[image: Flowchart illustrating a study on the association between basal metabolic rate and ischemic stroke in a European-ancestry cohort. The process starts with filtering cohort results involving basal metabolic rate and SNPs, leading to exposure analysis. Confounders potentially interfere before reaching the outcome of ischemic stroke. Assumptions guide the pathway with cross-marks indicating points where assumptions are unmet.]

FIGURE 1
 Schematic representation of the MR study.




2.2 Data source

The data for BMR and IS were obtained from the GWAS database.1 The GWAS dataset for BMR (GWAS ID: ebi-a-GCST90029025) was obtained from the UK Biobank by Po-Ru Loh and colleagues using the BOLT-LMM Bayesian mixed model association method, which resulted in a cohort analysis of 534,045 participants and identified 11,973,469 SNPs (10). Similarly, the GWAS dataset for IS (GWAS ID: ebi-a-GCST90018864) included 484,121 participants (11,929 cases and 472,192 controls) and 9,587,836 SNPs (11). Both datasets focused on European populations to minimize biases from racial differences and are publicly available in the IEU GWAS database. Therefore, no additional ethical approvals are required. Further details on these data can be found in Supplementary Table 1.



2.3 Selection of instrumental variables

To satisfy assumption 2, we selected instrumental variables for BMR based on genome-wide significance (p < 5e−8). Using the clump function from the TwoSampleMR package in R (version 4.3.3), we performed linkage disequilibrium analysis (r2 < 0.001, window size >10,000 kb) to ensure the independence of the instrumental variables. Subsequently, we excluded SNPs with intermediate allele frequencies, palindromic SNPs, and incompatible SNPs from the selection.

To eliminate potential confounding SNPs associated with the outcome variable, we used the PhenoScanner database.2 Previous studies have identified risk factors causally associated with IS, including blood lipids (12), blood pressure (13), and type 2 diabetes (14). In this study, these risk factors are regarded as potential confounders. Therefore, we excluded SNPs associated with blood lipid levels, blood pressure (including both diastolic and systolic pressure), and type 2 diabetes. Finally, to ensure the robustness of our analysis, we applied a stringent threshold for statistical strength, setting F > 10 as the criterion for strong associations to minimize the potential for weak instrument bias. If F < 10, the corresponding SNP should be excluded (15). The formula for calculating the F-statistic is presented below:

[image: Formula for F, calculated as the fraction of \(N - K - 1\) over \(K\), multiplied by the fraction \(R^2\) over \(1 - R^2\).]

In this context, R2 represents the proportion of variance in BMR explained by the SNP, indicating the extent to which the instrumental variable accounts for the exposure (16). N represents the sample size of the GWAS, and K denotes the number of instrumental variables.

The selection of IVs in this study adhered to a rigorous step-by-step process based on the outlined methodology. Initially, we used the “TwoSampleMR” package in R to select 598 SNPs for the analysis of IS. Subsequently, 28 palindromic SNPs were excluded from the analysis. Additionally, 48 SNPs were excluded due to their association with potential confounding factors related to IS. Following this, we applied the MR-PRESSO method, which excluded 234 outlier SNPs (Supplementary Table 2). The remaining 288 SNPs were then subjected to F-statistic calculation. The F-statistics for these 288 SNPs ranged from 11.408 to 290.562, with all values exceeding 10, indicating that the potential for weak instrument bias was minimized. The combined R2 value for these 288 SNPs was 2.03%, demonstrating their robustness. Consequently, these 288 SNPs were ultimately included in our study (Supplementary Table 3).



2.4 Statistical analysis

In this study, we aim to establish the causal relationship between BMR and IS using several methodologies, including the Inverse-Variance Weighted (IVW) method, the Weighted Median (WME) method, the MR-Egger method, the weighted method, and the simple model. The core concept of the IVW method is to combine the effects of multiple genetic instrumental variables on exposure and outcome, with weights inversely proportional to the estimated variance (17). This weighting approach aims to provide more accurate and reliable results by giving greater weight to instrumental variables with lower standard errors. This method enhances the robustness of the estimation process by reducing the impact of random errors. Pleiotropy occurs when a genetic variant affects multiple phenotypes or biological pathways (18).

In MR studies, pleiotropy in IVs can lead to biased estimates of the causal relationship between exposure and outcome. The MR-Egger regression method is designed to address pleiotropy in instrumental variables, offering a method to detect and correct for bias caused by directional pleiotropy. When assumption 3 of Mendelian randomization is violated, MR-Egger regression is necessary to produce a robust estimate of the causal relationship between exposure and outcome (19). Heterogeneity refers to significant variation in effect estimates among different instrumental variables, which may indicate pleiotropy or other underlying issues. To detect such heterogeneity, we applied the IVW method and MR-Egger regression to identify SNPs with heterogeneity, followed by Cochran’s Q statistic to quantify the heterogeneity (20). Subsequently, we performed sensitivity analyses, such as leave-one-out analysis, to determine whether any individual SNPs significantly influence the primary causal relationship (21). Additionally, when horizontal pleiotropy is below 50%, the MR-PRESSO method is recommended, incorporating the MR-PRESSO global test to detect horizontal pleiotropy. The MR-PRESSO outlier test excludes outlier SNPs and estimates corrected results (18).

The “Two Sample MR” R package was used for all two-sample MR analyses and associated sensitivity tests. The MR-PRESSO analysis was performed using the R package “MR-PRESSO.” Statistical analyses were conducted in R (version 4.3.3), with a significance threshold set at p < 0.05 to determine statistical significance.




3 Result


3.1 MR analysis: influence of the BMR on IS

We used the IVW method to analyze the relationship between BMR and IS, revealing a potential positive genetic correlation between BMR and the risk of IS (odds ratio [OR], 1.090 [95% CI: 1.004–1.182]; p = 0.0396). The WME yielded similar results (OR, 1.151 [95% CI: 1.018–1.301]; p = 0.0244). Nonetheless, upon employing the MR-Egger method for analysis, we did not observe a statistically significant association between BMR and IS (OR, 1.139 [95% CI: 0.915–1.418]; p = 0.2454) (Supplementary Table 4; Figure 2). After removing 234 outlier SNPs, the MR-Egger intercept showed no evidence of directional pleiotropy (Egger intercept = −0.002, p = 0.2010). The MR-PRESSO global test rigorously scrutinized horizontal pleiotropy (p < 0.05), providing evidence of no statistically significant directional horizontal pleiotropy in our analysis (Supplementary Table 5). We conducted Cochran’s Q test both before and after removing outliers. Before outlier removal, the results indicated significant heterogeneity (MR-Egger: Q value = 598.632, p = 0.009; IVW: Q value = 598.842, p = 0.010) (Supplementary Table 6). Although we observed some heterogeneity in our analysis, the impact on our results was minimal due to the use of a random effects model. After the removal of outliers, our analysis showed no substantial heterogeneity (MR-Egger: Q value = 311.501, p = 0.144; IVW: Q value = 313.293, p = 0.1370) (Supplementary Table 6). Finally, we conducted IVW analysis (OR, 1.108 [95% CI: 1.005–1.221]; p = 0.0392), WME (OR, 1.179 [95% CI: 1.020–1.363]; p = 0.0263), and MR-Egger (OR, 1.291 [95% CI: 1.002–1.663]; p = 0.0491) on the final set of 288 SNPs (Supplementary Table 4; Figure 2). All results were statistically significant. The findings from the MR-Egger and weighted median sensitivity analyses supported the conclusions drawn from the IVW analyses, further reinforcing the consistency of the results. Scatter plots and funnel plots are provided in the supplementary figures (Supplementary Figures 1, 2). Additionally, our thorough examination using the leave-one-out analysis (Supplementary Figure 3) failed to detect any specific SNPs that significantly altered the overall relationship between BMR and IS. Thus, based on this comprehensive assessment, we confidently assert that BMR exerts a positive causal influence on IS.
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FIGURE 2
 Forest plots of Mendelian randomization analyses of the causal effects of BMR on IS before and after MR-PRESSO. (A) Forest plots of Mendelian randomization analyses of the causal effects of BMR on IS at before MR-PRESSO. (B) Forest plots of Mendelian randomization analyses of the causal effects of BMR on IS after MR-PRESSO.




3.2 Reverse MR analysis

In this study, we also conducted a reverse MR analysis to assess the causal impact of IS on BMR. The data sources for this analysis were consistent with those mentioned earlier. We initially selected instrumental variables associated with IS, resulting in 14 SNPs (Supplementary Table 7). After performing the MR analysis, we found no significant causal effect of IS on BMR in IVW analysis (OR, 1.004 [95% CI: 0.9708–1.0380]; p = 0.8224) (Supplementary Table 8).




4 Discussion

We conducted MR analysis, and the final results indicated a positive effect of BMR on IS. We also performed various sensitivity analyses to ensure the robustness of our findings. This study found a significant association between BMR and the risk of IS, consistent with previous findings, and further established the causal relationship between BMR and IS. Previous studies have mainly focused on specific populations or short-term analyses, whereas this study strengthens the evidence by validating the robustness of this relationship using large samples and long-term data. However, these results may be influenced by certain confounding factors.

The first potential factor is that an increase in BMR indicates a higher energy demand from the body, including respiratory metabolism, organ function, neural activity, and muscle activity (22, 23). Energy production is closely related to mitochondria, the organelles primarily responsible for adenosine triphosphate (ATP) production. When BMR increases, energy demands rise, leading to a significant increase in mitochondrial workload, which may elevate the risk of mitochondrial dysfunction (24, 25). Furthermore, research has indicated a positive correlation between resting metabolic rate (RMR) and various aspects of mitochondrial function, including small molecule transport across mitochondrial membranes, as well as inner and outer membrane transport and mitochondrial transfer (26). RMR and BMR are closely related, as both describe energy expenditure during rest. Although they differ, they often have similar values and are generally considered equivalent in the study (27, 28). This correlation between BMR and mitochondrial transport suggests that an excessively high BMR may lead to an increase in mitochondrial transport rates, potentially causing decompensation. This decompensation may result in an imbalance in the internal mitochondrial environment, such as disturbances in cellular calcium ion flux, which may disrupt mitochondrial function (29, 30), indirectly indicating that a high BMR may lead to mitochondrial dysfunction.

Mitochondrial dysfunction can lead to several consequences, including energy metabolism disorders, redox imbalance, increased apoptosis, cellular calcium ion imbalance, and disrupted mitochondrial autophagy (31). Recent studies on the cellular and molecular mechanisms associated with IS have suggested that redox imbalance, cellular calcium ion dysregulation, and disruptions in mitochondrial autophagy may be linked to IS (32–34). Interestingly, an MR analysis examining the relationship between BMR and vascular disease risk, based on mitochondrial aging theory, also concluded that increased BMR can lead to a surge in reactive oxygen species (ROS) (35). These findings are consistent with our results.

An increase in ROS primarily results from redox imbalance, leading to enhanced oxidative stress. Calcium ion dysregulation is associated with mitochondrial transport; when mitochondrial transport increases, cellular calcium ion concentrations tend to rise, potentially increasing the risk of IS. Mitochondrial autophagy is a crucial physiological process, and its disruption can trigger a cascade of adverse effects (36). A potential mechanism underlying these effects could be that the pathogenesis of IS involves oxidative stress and inflammatory responses. Disruption of mitochondrial autophagy could exacerbate oxidative stress, leading to excess ROS production and increased release of inflammatory cytokines (34, 37). These pieces of evidence suggest that the causal relationship between BMR and IS may be driven by underlying mitochondrial dysfunction, warranting further exploration of the biological mechanisms involved in future studies.

Thyroid-stimulating hormone (TSH) levels may play a crucial role in the observed association between BMR and IS. Research indicates that thyroid hormone secretion is correlated with BMR levels and plays a critical role in regulating basal metabolic rate (38). As BMR increases, the hypothalamus reduces the release of thyrotropin-releasing hormone (TRH), which subsequently lowers TSH release, leading to a decrease in thyroid hormone production (39). This physiological process is regulated by the hypothalamic–pituitary-thyroid (HPT) axis. A reduction in TSH levels can increase the likelihood of hyperthyroidism (39, 40). An MR study investigating the impact of thyroid function on stroke risk through atrial fibrillation, along with another study examining stroke risk within the normal thyroid function range, found a significant association between higher TSH levels within the normal range and lower stroke risk, potentially mediated by atrial fibrillation (41, 42). Elevated BMR may increase the risk of IS due to its effect on TSH levels.

Furthermore, thrombosis is a direct pathological cause of IS (43). An MR study suggested that higher BMR may increase the risk of venous thrombosis in the lower limbs, potentially through BMR-induced endothelial dysfunction, which creates a pro-inflammatory and pro-coagulant environment in the vascular system (44). Although IS is caused by arterial thrombosis in the brain, the underlying mechanisms in the vascular system are similar. Therefore, we hypothesize that the causal relationship between BMR and IS may be mediated by thrombosis, and further investigation is needed to confirm the link between BMR and cerebral blood vessels.

The results of this study suggest a potential causal relationship between high BMR levels and IS, indicating that elevated BMR could serve as an early risk marker for IS. Monitoring individual BMR levels, especially in populations with metabolic abnormalities, could help identify high-risk individuals early, enabling timely intervention. This provides a new perspective for clinical practice and stroke prevention strategies. Furthermore, future studies could investigate whether lifestyle changes or pharmacological treatments can help individuals with elevated BMR maintain it within the normal range, potentially aiding in the prevention of IS. If successful, these approaches could expand clinical strategies for stroke prevention and open new avenues for reducing stroke risk in individuals with elevated BMR.

This study presents an MR analysis of the relationship between BMR and IS, providing new insights into early stroke prevention for individuals with elevated BMR. While numerous studies have explored BMR and cardiovascular health, research specifically investigating BMR and IS is still lacking, making this study innovative in its focus. Furthermore, the use of MR analysis reduces the impact of confounding factors and biases, enabling more robust causal inferences.

Despite these strengths, our study has several limitations. First, the GWAS data used in this analysis were derived from European populations, raising uncertainty about the applicability of the results to non-European populations. Second, although IS was used as the outcome measure, we did not conduct subgroup analyses by gender, age group, or geographic region due to the limitations of the GWAS database, which limits our ability to assess the stability of outcomes across different subgroups. Third, due to the inability to extract data on hemorrhagic stroke, our analysis was restricted to IS.



5 Conclusion

In conclusion, our research findings suggest that a higher BMR may increase the risk of IS. Intervention measures aimed at improving BMR may be beneficial in reducing the incidence of IS.
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Antidepressants (selective serotonin reuptake inhibitors)

Fluoxetine, sertraline, paroxetine, Ischemic, ICH Legg, 2021 Death at the end of treatment: RR 1.01,95% C1 0.82-124;

citalopram, and escitalopram studies, n=6,090, F=0%).

AE at the end of treatment (six studies, 11=6,080):

Seizures: RR 1.40,95% CI 1.00-1.98; p=0.05, F =45%

Bleeding: RR 1.08, 95% CI0.69-1.70;

Fractures: RR 2.35,95% 1.62-3.41; p <0.01, I'=

Antidepressants (tri- or tetracyclic)

Maprotiline Ischemic Dam, 1996 Maprotiline group (11=17): 2 dropped out because they moved, |
because of seizures, and 2 due to sedation.

Nortriptyline Ischemic, ICH Mikami, 2011 Nortriptyline dose adjusted due to blood levels above therapeutic

rang L

2, sedation 2, and GI sympton

Botanicals
Di huang yin zi Ischemic Yu, 2015 No SAE reported.

Sixin DHYZ group complained of nausea for several days, which

disappeared later

. five in placebo group reported nausea. No patient
in both groups left the study because of side effects.

Ginkgo biloba Ischemic 080 (two studies,

All-cause mortality: RR 1.21, 95% C1 0.29-5.09;

Extracranial hemorrhage: RR 0.82,95% C1 0.43-157;
547, F=0%).

=0.55 (five

studies,

AEs: RR 118, 95% C10.51-2.71; p=0.70 (six studies, n'=794, = 54%).
SAE: RR 0.6, 95% CI0.11-3.84; p=0.64 (two studies, =430,

9%).

Vascular events: RR 0.73,95% C1 0.34-157;
n=339).

0.43 (one study,

Cardiovascular events: RR 0.93, 95% C1 0.19-4.52; p=0.92 (one study,
n=339).
Ginkgo biloba Ischemic 1, 2020 “Acute stage”: No trial reported all-cause mortality or SAEs. No trial

reported recurrence rate outcome. AEs: one trial (n=64) did not

report any ADR. One trial (n=106) reported dizziness 1 and nausea |
on ginkgo vs. dizziness 1 in control group. One trial (1=88) only
reported facial flushing (2) on ginkgo. AEs disappeared afier
symptomatic treatment, one dropped out due to AE. Vascular events:

RR 0.70, 95% C1 0.44-1.14; p=0.15 (two studies, 11=406, ' =0%).

“Convalescence stage”: Recurrent rate RR 0.57,95% C1 0.26-1.25;

P
0.41-2.81; p=0.90 (two studies, 396, I

16 (two studies, =396, ' =0%). Mortality RR 1.07, 95% CI

46%). AEs: one trial (1=64)

reported no AE. One trial (1=346) on 6 months of treatment reported
vomiting 3, blood sugar change 2, myocardial infarction 1, nephritis 1,
sick sinus syndrome 1, and pneumonia 2. Only vomitingis considered

related to the study treatment.

MLC601/MLC901 ICH Kumar, 2020 No SAE was reported. Side effects included a mild case of flushing and
amoderate case of lp ulcer. No GI side effects were reported.

MLC601/MLC901 Ischemic Harandi, 2011 No SAE leading to discontinuation. Common AEs: mild and transient
nausea and vomiting in 7 on MLC601. No abnormal changes in blood
count or renal and liver function.

MLC601/MLCI0L Ischemic Gonzlez-Fraile, 2016 Not reported

MLC601/MLC901 Ischemic Venketasubramanian, 2015 By month 24, rates of death and any vascular or other medical events
were similar between study groups. No difference in the rates of renal
or hepatic AEs. Neoplasms were reported in 4 in MLC601 group
(gynecologic 1, lung 2, and urinary 1) vs. 4 in placebo group

(parathyroid 1, lung 2, and urinary 1).

Panax notoginseng ICH Xu,2015 Hematoma volume: 47 days MD ~0.37, 95% CI =160 t0 0.87, p=0.56
(six studies, n=648, I'=29%); 10-14days MD ~3.80, 95% C1 =5.87 to
~1.74, p=0.0003 (three studies, 11=332, ' =45%); 20-21 days MD
~4.82,95% CI =8.32 to —1.33, p=0.007 (four studies, n =355,
P=80%); and 28-40 days MD =5.15, 95% C1 =5.97 to =4.32,
p<0.00001 (four studies, n1=437, I'=36%).

Edema volume: MD 10.78, 95% CI 9.07-12.49, p<0.00001 (three
74, P =0%).

studies, 1

Death: OR 2.78, 95% CI 1.52-5.08, p-
%).

0009 (seven studies, 11=715,

Panax notoginseng Ischemic Chen, 2008 AEs: RR 130, 95% C1 0.47-3.54 p=0.61 (three studies, 11=268).

Death: RR 0.55, 95% C10.08-3.99, p=0.55 (eight studies, =660,

F=0%)
Calcium antagonists
Nimodi ¢, flunarizine, isradipine, Ischemic, ICH Zhang, 2019 Death at the end of treatment: Overall RR 1.06, 95% CI 0.93-1.20 (22
nicardipine, fasudil, and lifarizine studies, 1=6,323); nimodipine RR 1.02, 95% CI 0.88-1.19 (16 studies,

n=5,163), flunarizine RR 1.31,95% CI 0.94-1.82 (three studies,
=790).

Death at the end of follow-up: Overall RR 107, 95% C1 098117 (31
studies, 11=7,483); nimodipine RR 1.05, 95% C10.96-1.16 (24 studies,
,312); flunarizine RR 1.34, 95% CI 101177 (three studies,
n=790); isradipine RR 1.05, 95% C10.60-1.85 (one study, 11=234).

Recurrent stroke at the end of follow-up: Overall RR 0.93, 95% CI
0.56-1.54 (nine studies, n=2,460); nimodipine RR 0.98, 95% CI 0.96-
111 (six studies, n=1,677); flunarizine RR 0.82, 95% CI 0.35-1.97
(two studies, n=764).

AEs: Overall RR 1.18, 95% CI 0.81-1.74 (13 studies, n=5,095);
nimodipine RR 0.93, 95% CI 0.74-1.16 (11 studies, n1=4,604);
flunarizine RR 3.16, 95% CI 1.91-5.21

(onestudy, n=331)

Hypotension: Overall RR 1.43, 95% CI 0.61-3.38 (six studies,
n=1,667); nimodipine RR 1.26, 95% CI 0.50-3.14 (five studies,
n=1,648); and others RR 5.50, 95% CI 0.30-101.28

(one study, n=19).

e, nicardipine, and SAH Dayyani, 2022 All-cause mortality:

nimodipine OR 0.73, 95% C1 0.53-1.00; ARR =335 95% CI -6.00 to
~0.00;

nicardipine OR 0.87, 95% CI 0.56-1.35;

magnesium OR 0.93, 95% C1 0.70-1.25.

Magnesium ICH Naidech, 2022 Not reported
Magnesium Ischemic or Avgerinos, 2019 Death at 90 days: OR 1.10; 95% C1 0.94-1.29; p=0.24 (five studies,
hemorrhagic n=4,264, P =0%).

AEs meta-analysis not feasible but overall no serious side effects

reported.
Choline nucleotides

Citicoline Ischemic Marti-Carvajal, 2020 All-cause mortality: RR 0.94, 95% C1 0.83- 35 (eight studies,

SAEs: cardiovascular RR 1.04,95% C10.84-129 (three studies, n=3,591,
P=0%); CNS RR 1.30,95% CI 1.07-1.59, p=0.008 (three studies, n=3,591,
P=93%); respiratory RR 1.01,95% C1 0.78-1.31 (three studies, n=3,591,
P=0%); gastrointestinal RR 0.64, 95% C1 0.40-1.00 (three studies, n=1,370,
P=69%); musculoskeletal RR 1.52,95% C10.50-4.60 (two studies,
1=1,293, P=0%); renal RR 2.04, 95% C1 0.99-4.22 (three studies, n=1,560,
%); hematologic RR 1.27, 95% CI 0.46-3.51 (three studies, n=1,560,
9%); severe hepatic RR 147, 95% C1 0.484.49 (one study, n=267).

Non-serious AEs: No difference in cardiac disorders, pyrexia,

constipation, U, headache, nausea and vomiting, agitation,
hemorrhagic transformation of stroke, pneumonia, and hypotension

(one study, n=2,298),

Citicoline +1.. tPA or/and Ischemic Agarwal 2022 o significant difference between groups.
endovascular thrombectomy (EVT) Mortality at 90 days: 5/49 (10.2%) vs. 7/50 (14%), p=0.468.
Lower respiratory tract infection: 3/49 (6.1%) v. 5/50 (10%).
Symptomatic ICH: 3/49 (6.1%) vs. 3/50 (6%).
UTIE: 2/49 (4.1%) vs. 3/50 (6%).
Cholinergics
Donepezil “Stroke” Berthier, 2006 AEs: donepezil 8 (61%) vs. placebo 3 (23%) (7/=2.42, p=0.119).
Donepezil: rritability 4 (30%), insomnia and tiredness 2 (15%), seen
only during donepezil titration. Recurrence of poststroke seizures 2
(15%) seen during donepezil maintenance.
Placebo group: headache 1, abnormal dreams 1, and anoresia 1.
Pre-stroke donepezil, rivastigmine, or | Ischemic Wakisaka, 2021 Not reported

galantamine

CNS stimulants

Amantadine, modafinil Ischemic, ICH, and Gagnon, 2020 Amantadine: potential AEs in 5/10 (50%) publications. 5/12 in one

SAH study experienced potential AEs, but data were not reported by type of
brain injury (TBI, SAH, or encephalitis, stroke). Visual hallucinations
are the most common AE across all studies, occurring in 3 (2%)
Scizures were abserved in 2/12 in one study, both rechallenged with

amantadine and seizures did not recur.

Modafinil: potential AEs evaluated in 7/12 (58%) publications. AEs in one
study not broken down by di

se state (multiple sclerosis vs.stroke). In 97
‘modafinil-treated patients, most common AEs were dizziness 5 (5%), dry
eyes or mouth 5 (5%), anxiety 4 (4%), and sleep disturbances 4 (4%). No
severe AE reported. 14 stopped study drug, nine due to presumed AEs
(dizziness 2, anxiety 2, rash 1,and unknown 4).

Amphetamine Ischemic Goldstein, 2018 One withdrew consent, one moved away from study site, one
transferred to rehabilitation facility closer to home. One with remote
history of seizure disorder had a possible uncomplicated partial
seizare. One had bilateral lower extremity and deep venous
thrombosis (DV'T), was found to have colon cancer with hepatic
metastases, and died of sepsis in the acute care hospital.

AEs that did not prompt withdrawal from the study included
I recurrent stroke 2 months after completing the lat study assessment
and one DVT treated with an IVC filter. No treatment-associated SAE

occurred.
Methylphenidate Ischemic Lokk, 2011 No adverse side effects were reported.
Colony stimulating factors

Erythropoietin (EPO), granulocyte  Ischemic, ICH Bath, 2013 Death at the end of trial: EPO OR 1.98, 95% CI 1.17-3.33;
colony stimulating factor (GCSF) (three studies, =729, =0%); GCSF OR 1.3,95% C10.79-2.13;
p=0.30 (eight studies, =546, =0%).

SAE: EPO OR 1.3, 95% CI 0.89-1.9; p=0.18 (one study, n=522);
GCSF OR 1.1495% CI 0.79-1.65; p=0.48 (six studies, 11=494, ' =0%).
Infection: GCSF OR 0,92 95% C1 0.51-1.68;
%)

.79 (six studies,

n=494,T
WEC count: EPO MD 0.52, 95% CI -0.08-1.12; p=0.09 (one study,

=522); GCSE MD 28.03, 95% C1 23.32-32.73; p<0.0001 (eight
24, P =84.77%).

studies,

RBC count: EPO MD 0.17, 95% C1 0.06
62,1
studies, n=94, I'=

127; p=0.0 (two studies,
1%); GCSF MD 0.04,95% CI =0.19-0.28, p=0.71 (three
0%).

CD34+ GCSE SMD 1.81,95% CI 1.06-2.57; p<0.0001 (five studies,

n=150, I'=64.04%).

Ischemic, ICH Chen, 2021 All-causes death RR 1.73, 95%CI 0.61-4.92; p=0.735 (I =0.0%).
Recurrent stroke RR 0.43, 95% CI 0.14-1.32; p=0.214 (=33.1%).
On active treatment, one study reported headache, bone pain, and
transient liver function abnormality; another study reported 1 bone
pain 1, DVT I; another study reported bone pain 6, headache 3;
another study reported gastrointestinal reactions 19, bone pain 15,
fever 12,and DVT 1.

GCSE Ischemic, ICH Huang, 2017 Mortality OR 1.23, 95% C10.76-1.97; p=0.40 (F=0%).

SAE's OR 1.11,95% CI 0.77-1.61; p=0.57 (P =0%).

EPO-+human choriogonadotropin | Ischemic Cramer, 2014 No significant difference in death, SAE, or AE between groups.

(hCG) SAE: 12in 11 patients (placebo 2, low-dose 3, medium-dose 4, and high-
dose 3). Most common: cardiac arrest (6) and new stroke (4). None
considered possibly, probably,or definitely related to study drug, Rates
between groups P>0.5, two-tailed Fisher's exact test. 8 fatal (study mortality
rate 8:3%: placebo 1, low-dose 1, medium-dose 3, high-dose 3; p>0.5).

1 asymptomatic DVT on medium-dose, 0 pulmonary embolism or
‘myocardial infarction.
AE: placebo 52.2%, low-dose 45.8%, medium-dose 79.2%, and high-

dose 320 (n.s).

Dopaminergics

Levodopa Ischemic, ICH Ford, 2019 132 SAEs in 107 (18%) participants: 74 n 57 (19%) on co-careldopa vs.
58in 50 (18%) on placebo. Only 2 (3%) on co-careldopa vs. 1 (2%) on

placebo suspected to be related to trial medication. No SUSARS reported.
Deaths: co-careldopa 22/308 (7%) vs. placebo 17/285 (6%).

Deaths within 8 weeks: co-careldopa 6 (2%) vs. placebo 1 (0%); none

considered likely related to study treatment

Vomiting: co-careldopa 19 (6%) vs. placebo 9 (3%).

Ischemic, ICH Cramer, 2009 Five SAEs, placebo 1 (fall), ro

facial sensorimotor symptoms, and death from bile duct cancer),

role 4 (new ischemic stroke, UTI,

deemed unrelated to study medic

Non-serious AEs, deemed possibly or probably related to study

‘medication: sleepiness (8 vs. 1), fatigue (6 vs. 0), and dizziness (3 vs.2).

Bromocriptine, pergolide, Ischemic, ICH Conroy, 2005 Not reported.
pramipesole, carbidopa/levodopa,

and amantadine
Ergots

Hydergine “Stroke” Bochner, 1973 No AE reported.

Gamma-aminobutyric acid (GABA) agonists

Clomethiazole, diazepam Ischemic, ICH Liu, 2018 No significant differences in SAEs in all trials.

Frequent AEs on chlormethiazole: somnolence and rhin
,95% CI 3.50-5.95; p <0.0001
R 4.75,95% CI 2.67-

Somnolence: chlormethiazole RR 4.
527, I'=61.95%). Rhiniti

(two studies, -

8.46; p<0.0001 (two studies, n=2,527, '=53.32%).

Methylxanthines

Aminophylline Ischemic Bath, 20042 Death within 4weeks: OR 1.12,95% CI 0.49-2.56; p=0.79 (two
studies, n=119, P=0%)

Pentoifylline, propentofylline Ischemic Bath, 2004b Death within 4weeks: pentoxifyline OR 0.65, 95% CI 0.41-1.04;
=007 (four studies, n=763, I'=64.0%); propentofylline OR 049,
95% C1 0.05-5.10; p=0.05 (one study, n=30).
AEs: two trials found an excess of nausea and vomiting in patients on
pentoxifylline.

“Theophylline + thrombolysis Ischemic Modrau, 2020 Death: theophylline 0, placebo 2. Causes of death: symptomatic ICH

and complete infarction of MCA territory.

Hematoma type I or Il at 24 h: theophylline 5 (15%) vs. placebo 6
(19%).

ICH of any type: theophylline 10 (30%) vs. placebo 8 (26%).
New stroke within 90 days theophylline 0 vs. placebo 1.

No stat

ally significant difference found between groups for any of
the safety outcomes.

Monoamine oxidase (MAO) inhibitors

Moclobemide Ischemic, ICH Laska, 2005 21 SAEs, all requiring hospitalization: moclobemide 12, placebo 9.
None were judged to be drug-related. No death during treatment. Two
died during the 6-12-month follow-up period.
66 AEs reported as drug-related: moclobemide 33, placebo 33.
10 discontinued moclobemide: 5 depression, 3 anxiety or confusion, 2

refused to continue. 13 discontinued placebo: 8 depression, 1 ansiety, |

diarrhea, and 3 refused to continue.

Selegiline Ischemic, ICH Bartolo, 2015 A selegiline 9, placebo 8—shoulder pain 1 vs. 2, depression 2 vs. 1,

gastrointest

al 3 vs. 2. respiratory infection 1 vs. 3, and urinary

infection 2 vs. 0.

No difference in the frequency or pattern of AEs between groups.

Mood stabil

lithium Ischemic Mohammadianinejad, 2014 High serum level (1.6 mmol/L) 1
No SAE. Non-serious AEs attributed tolithium: dry mouth 3, mild
transient muscle twitches 1.

Neuropeptides

Cerebrolysin Ischemic Ziganshina, 2020 Death at the end of follow-up RR 0.90, 95% C1 0.61-1.32; p=0.58 (six
studies, 11=1,517, P=0%)
SAEs at the end of follow-up RR 1.15,95% C1 0.81-1.65; p=0.44 (four
studies, n=1,435, =0%).
Non-fatal SAEs at the end of follow-up RR 2.15, 85% CI 1.01-4.55;
=005 (four studies, 1,435, ' =0%)

Cerebrolysin Ischemic Bornstein, 2018 Death OR 0:81, 95% C1 0.50-1.31; p=0.39 (eight studies, 1=1869, '=0%).
SAES OR 108, 95% C1 0.73-1.59; p=0.70 (seven studies, 11=1780,

=0%).
AES OR 1,02, 95% CI 0.83-1.26; p=0.84 (eight studies, 1= 1880,
= 28.8%).

Cerebrolysin + rehab Ischemic Chang, 2016 SAE: cerebrolysin 1 (cholecystits with gallstone), placebo 1
(hemorrhagic transformation), and none related to study medication.
Death:
Vital signs and laboratory values are similar between treatment groups.

Cerebrolysin SAH Woo, 2020 Mortality at 30 days (cerebrolysin 0, placebo 3); at 3months OR 0.46,

95% C10.33-0.63; and at 6 months OR 0.46, 95% C1 0.33-0.63.
SAEs comparable between study groups.

N-Methyl-D-Aspartate (NMDA) agonists

Cycloserine Ischemic, ICH Cherry, 2014 No AE reported.
NMDA antagonists
Memantine Ischemic Beladi Moghadam, 2021 Four on memantine experienced nausea without vomiting, memantine

discontinued.

Memantine +constraint induced Ischemic, ICH Berthier, 2009 No AE documented. One withdrew on placebo due to a seizure episode

aphasia therapy L week afte termination of constraint-induced aphasia therapy.

e/noradrenergics

Ischemic, ICH Ward, 2017 Vital signs not significantly different between groups. Mental fatigue,
slecpiness, and exhaustion reported in both groups, no clear

relatedness to atomosetine.

Reboxetine “Stroke” Zittel, 2007 One patient reported short period of nausea on reboxetine but was
able to complete the investigation without impairment. No AF in the
placebo group.

Opioid antagonists

Naloxone, nalmefene Ischemic Ortiz, 2021 Not reported

Peripheral chemoreceptor agonis

Almitrine-raubasine Ischemic 1, 2004 AEs reported in 3 (8%) on almitrine-raubasine (GPT increase 1,

insomnia 2) vs. 1 (3%) on placebo (ibrinogen increase 1), p>0.05. All
AEs mild, of short duration and resolved quickly without any

treatment.
Potassium channel blockers

Dalfampridine Ischemic Page, 2020 Most common treatment-emergent AEs on dalfampridine: fal, urinary

tract infection, diz

iness, nasopharyngitis, and headache; on placebor
fatigue, nasopharyngitis, all, arthralgia, pain in extremity, back pain,

headache, and hypertension.
Seizure: dalfampridine 0, placebo |
No hepatic abnormality, no death.
Pyrazolones

Edaravone ICH Qin 2022 All-cause mortality: RR 0.51 95% C10.11-2.32;
85, =0%)

=0.38 (three studies,

Hematoma volume (seven studies): MD —4.7195% CI 5.86 to —3.56;
8%).

P<0.00001 (seven studies, 1= 588, I
AE: RR 1,67 95% CI0.92-3.06; p=0.09 (six studies, n =456, I'=0%).
24 out of 231 on edaravone developed AE, most frequently reported:
kidney impairment,liver impairment, and skin irritation.

Edaravone Ischemic Fidalgo, 2022 ICH: OR 0.72,95% C10.44-1.19; p=0.21 (10 studies, F'=78%).

90-days mortality: OR 0.50, 9% CI 0.45-0.56; p=0.42 (five studies,
0%).

n=25,129,

Edaravone +i. tPA Ischemic Hu, 2021 ICH: OR 0.4, 95% C10.29-0.66; p < 0.00001 (eight studies, n=946,
2=0%)

Mortality: OR 043, 95% CI 0.13-1.42; p=0.87 (four studies, n=442,

%)

Edaravone dexborneol Ischemic Xu,2021 AEs: edaravone-dexborneol 558 (93.16%) vs. edaravone 559 (93.95%).
SAEs: 54 (9.02%) vs. 47 (7.90%).
Deaths: 8 (1.34%) vs. 10 (1.68%).

Racetams

Piracetam Ischemic Ricci, 2012 Death at 1 month: OR 1.32, 95% C10.96-1.82;
n=1,002, F=35.37%).

.09 (three studies,

Death at 12 weeks: OR 1.32; 95% C1 0.97-1.80;
n=927)

=0.08 (one study,

Piracetam “Stroke” Zhang, 2016 AEs such as gastrointesti

1 discomfort, anxiety, restlessness or sleep

disturbance, vertigo, tiredness

, irritabiliy, agitation, and seizures

recorded after treatment, but only one trial reported possible

treatment-related AE. Six trials reported no AE considered as drug-

related, no significant difference in frequency of AES betyween groups.
Vasodilators

Buflomedil Ischemic Wu, 2015 Death within 3months: four studies (n=325) reported no death. Four
studies (n=731) reported at least one death: RR 0.45, 95% CI 0.14-
1.46; p=0.18 (F=0%).

AEsin 17 trials, 38 of 955 on buflomedil had AEs, most commonly
headache 13 (two stopped) and GI reactions 12. Other AEs:

drowsing

3, pruritus 3, transient dizziness 2, lower blood pressure 2,
face flushing 2, and gum bleeding 1. Among 944 controls, two GI

reactions.
Cinepazide Ischemic Ni, 2020 AE: cinepazide 82% vs. control 84.1%. Most common: constipation

(260 v5.26.5%, p=0.82). Hypokalemia: cinepazide 6.1% vs. control
10.5% (p=0.0004). Other AEs did not differ signif

antly between
groups.

No clinically significant changes in vital signs, most clinical laboratory
parameters, and ECG between groups.

23 deaths (cinepazide 10, control 13), none attributed to study drug. 18
were related to multiple organ dysfunctional syndrome, cerebral

hernia, and acute myocardial infarction, five deaths unknown cause.
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Antidepressants (selective serotonin reuptake inhibitors)

Fluoxetine, Ischemic, | Legg, 2021 SRIMA 1302976 | Tmpairment (NIHSS, | At the end of Low ROB studies: SMD ~0.39,95% CI ~1.12-  CLD
sertraline, IcH RCTS) etc) treatment 0.33; p=0.29 (one study, fluoxetine, #=30)
paroxetine, Motor deficit (FMA, | At the end of Low ROB studies: SMD 0.03,95% C1 ~0.02100.08; A
citalopram, and SIS strength, etc.) treatment =023 (sx studies, fluoxetine, n=5518, F =75%)
escitalopram
Independence At the end of Low ROB studies: RR 0.98,95% CI 0.93-1.03; A
(“typically mRSOto | treatment =037 (five studies,allfluoxetine, n= 5,926,
) F=32%)
Al studies: citalopram RR 0.90,  All studies: RR 0,97, 95% C10.93-101;p=0.18  B-R
95% C10.82-0.98;p=0.01 (one  (eight studies, n=6,792, I* =59%)
study, n=642) Fluoxetine RR 098, 95% C1 0.94-1.03;
(six studies, n=6,039, F =56%)
Sertraline RR 100, 95% C10.9-1.04; p=100
(one study, n=111)
Disability (BL, FIM, Atthe end of Low ROB studies: SMD 0.00,95% CI-0.05t0 | A
SIS, ADL, etc.) treatment 0.05; p=0.98 (five studies, all fluoxetine,
n=5436, F =0%)
Al studies: SMD ~0.18, 95% BR
C1-0.23 t0 ~0.14; p<0.00001
(32 studies, n=7,667, I =94%)
Fluosetine SMD ~0.09, 95% CI
~0.13 10 =0.04; p=0.006 (19
studies, n=6,590, I =87%)
Sertraline SMD ~1.38, 95% CI
~1.76 t0 ~0.99; p<0.00001
(one study, n=130)
Paroxetine SMD ~1.29,95% CI
1155 to ~1.03; p<0.00001 (five
studies, n =293,  =85%)
Citalopram SMD ~0.68,95%
CI-0.88 to ~0.48; p<0.00001
(fve studies, 1= 446, F =95%)
Escitalopram SMD ~0.67,95%
CI-1.00 to ~0.34; p<0.0001
(two studies, n =208, F =99%)
Antidepressants (tri- or tetracyclic)
Maprotiline Ischemic | Dam, 1996 RCT 6 HSS 3months 483£13.8v5. 46899 (ns) 1
HSS motor 3months 3224471316250 (ns)
HSS gait 3months 4815v5.46£13 (ns)
B 3months 4794155 v 5412211 (n.s.)
good recovery (HSS | 3months 5/14 (36%) vs. 6/16 (38%) (n.5.)
gait + BI)
Nortriptyline Ischemic, | Mikan RCT 83 (Ischemic | mRS 3,6,9,and Mixed model time-treatment cip
IcH 74,1CH9) 12months interaction [t (105)=2.91,
p=0.004] nortriptyline
compared to placebo
FIM 3,6,9, 12months | Mixed model time-treatment
interaction [t (153)=1.71,
p=0.0089] nortriptyline or
fluoxetine compared to placebo
Botanicals
Di huang yin zi Ischemic | Yu, 2015 RCT &7 FMA dweeks MD 12,95% CI ~40-6.4 cip
Sweeks MD7.0,95% CI1.6-124
12weeks MD 6.5,95% C10.7-123
BI Aweeks MD 3.7,95% CI -1.0-8.4
Sweeks MD 23,95% CI ~1.9-6.5
12wecks MD 4.5,95% C103-87
Ginkgo biloba Ischemic  Chong, 2020 SRIMA 1,466 (13 NIHSS Attheend of study | MD —2.87, 95% CI ~401 to cip
RCTY) ~1.74; p<0.00001 (five studies,
n=167, F =85%)
B Attheend of study | MD 9.52, 95% CI 4.66-14.38;
p=0.00001 (three studies,
=535, F =87%)
mRS Attheend of study | MD ~0.50, 95% CI ~0.63 to
~0.37; p<0.00001 (two studies,
=193, F =0%)
Ginkgo biloba Ischemic  Ji,2020 SRIMA 1829 (15 NIHSS “Acute” MD 139, 95% CI-2.15 to cip
RCTS) ~0.62 p=0.0004 (three studies,
=504, F =0%)
“Convalescence” | MD: ~1.15,95% CI =176 to
0. 0003 (two studies,
n=424, F =0%)
NEDS “Acute’ Improved >18%: 279/303 vs.
233/304, RR 1.20, 95% CI
1.12-1.29; p<0.00001 (seven
studies, n =607, I =0%)
“Convalescence” | Improved >18%: 279/303 vs.
233/304, RR: 1.17,95% CI
1.09-1.27; p<0.0001 (four
studies, n =613, I* =0%)
Bl “acute” MD5.72,95% CI 3.11-8.3%;
P<0.0001 (two studies, n=425,
“Convalescence”
MLC60I/MLC901 | Ischemic | Harandi, 2011 RCT 150 EMA Aweeks 771341922 v5. 63,50+ 24215 BR
p<0001
Sweeks 8251414.27 vs. 72,06+ 21.41;
p=0001
12weeks 86221234 vs. 74362 18.1;
<0001
MLC60I/MLC90L | Ischemic | Gonzdlez Fraile, 2016 SRIMA 1,936 (5 BI>65,mRSO-Lor | Imonth RR 2.40,95% CI 1.28-4.51 BR
RCTS) DTER item #8=0 (two studies, n =605, I* =7.6%)
3months RR 1.37,95% C10.85-221 (three studies,
n=1331, F =83.6%)
Atthe end of RR 1.64,95% CI 1.05-257;
treatment (1 or p=0.031 (fve studies, 1 =1936,
3months) P =802%)
MLC60I/MLC901 | Ischemic | Venketasubramanian,  RCT 880 mRS 6months MRS 0-1 OR 1.49,95% CI BR
2015 L1201
12months MRS 0-1 OR 1.41,95% CI
105-1.90
18 months mRS 0-1 OR 1.36,95% CI
101-1.83
24months Ordinal OR 1,08, 95% C10.85-1.37
mRS 0-1 OR 129, 95% C10.96-174
B Smonths BI 295 OR 155,95% CI 114~
210
12months BI > 95 OR 122, 95% C10.89-1.6
18 months BI 2 95 OR 131, 95% C10.95-1.79
24months BI > 95 OR 136, 95% C10.99-1.86
MLC60I/MLC901 | ICH Kumar, 2020 Cohort 66 NIHSS 3months Mean baseline 12.78.3, mean at 3months 5.2:46.6 (month 3 vs. baseline cip
study p<00001)
Ges 3months Mean baseline 12.8+3.1, mean at 3months 14,513 (month 3 vs. baseline
p=0001)
mRS 3months mRS 0-1 baseline 6 (9.1%), mean at 3months 15 (36.6%) (month 3 vs. baseline
p=0001)
Panax notoginseng | Ischemic | Chen, 2008 SRIMA 660 (SRCTY) | Neurological deficit |~ At the end of No improvement RR 0,29, 95% cip
(NIHSS, CNS, ESS, treatment (14 C10.18-0.47, p=0.00001
$55, mESSS, etc.) 28days) (seven studies, n=597, F =0%)
mESSS MD -5.39,95% CI
~7.76 10 =3.02 p<0.00001
(two studies, n=206,  =0%)
Death or dependency | At the end of RR 0.63,95% C10.45-0.88;
(BI <60, mRS 3-5, follow-up (28days) | p=0.0072 (two studies, n=165,
etc) 3
Panax notoginseng | ICH Xu,2015 SRIMA 1,891 (20 “Effectiveness rate” Atthe end of OR2.70;95% CI 2.16-3.38; BR
RCTY) treatment (2,3,0r | p<0.00001 (13 studies,
Aweeks) n=1,435, F =0%)
Neurological deficit | At the end of MD 4.36; 95% CI 3.07-5.65;
score treatment (7,15, | p<0.00001 (six studies, n=434,
21,28,0r 30days) | F=0%)
B Atthe end of MD 11.73;95% CI 19.31-4.16;
treatment (140r | p=0.002 (two studies, n=78,
28days)
Calcium antagonists
Ischemic,  Zhang, 2019 SRIMA 7731 (34 Death or dependency | At the end of Overall RR 1.05,95% CI0.98 to L13;p=0.16 A
IcH RCTs; two (MRS >3,GOS <4,BI | follow-up (22 studies, n=6,684, F =28.8%)
studies <60, TSS >3, Mathew Nimodipine RR 1.06, 95% CI 0.97 to 1.14;
nicardipine, and included 225 | Tmpairment Scale =7) p=0.19 (19 studies, n=6,093,
fasudil, lifarizine ICH) P =3226%)
Flunarizine RR 0.81,95% C1 0.34 to 1.94;
p=0.19 (2 studies, n=357, I =64.44%)
Isradipine RR 1,01, 95% CI0.74 to 1.4;
(1 study, n=234)
Others RR 0.98, 95% C1 058 to 1.66 (3 studies,
n=370)
Nimodipine, SAH Dayyani, 2022 SRIMA 523425 Gos Atthe end of GOS 2 4 nimodipine 508 2 4: nicardipine OR 0.95,95% C10.69 10 A
nicardipine, RCTY) follow-up OR1.46,95% CI1.07t01.99; 132
magnesium absolute risk increase (ARI) Magnesium OR 1.29, 95% C1 095 to 1.75
8.25,95% CI 155 10 14.09
mRS Atthe end of MRS < 2 nicardipine mRS < 2 magnesium OR 1,01, 95% CI 0.77 to
follow-up OR850,95% CI 134 057,77 134
ARI29.8,95% CI 6.41 to 34.81
Magnesium Ischemicor | Avgerinos, 2019 SRIMA 43477 mRS 90days mRS < 1: OR 105, 95% C1 092 to 1.20; A
hemorrhagic RCTY) (3 studies, n=4,111, F =0%)
SMD ~0.25,95% CI ~0.50 t0 0.00; p=0.05 (6
studies, F =82%)
Ischemic stroke only studies: cip
WMD -0.96,95% CI ~1.34 to
~0.58; p<0.00001 (3 studies,
0%)
Bl 90days BI>60: OR 1.05,95% C10.9210 119 p=048 (4 | A
studies, n=4,171, P =0%)
BI>95: OR 0.95,95% CI0.76 10 1.20; p=0.70 (3
studies, n=4,111, P =54%)
SMD 0.03,95% CI-0.07 t0 0.13;
studies, F =20%)
Magnesium IcH Naidech, 2022 RCTsub- | 268 NIHSS 90days 6(21024)v5.5 (210 21);p=056 BR
analysis mRS 90days. mRS < 2: 38 (26%) vs. 43 (35%); P=0.16.
Choline nucleotides
Citicoline Ischemic | Marti-Carvajal, 200 SRIMA 4543 (10 NIHSS 6wecks NIHSS < 1: RR 1,08, 95% C10.96 to 1.21; A
RCTY) P=0.19 (4 studies, n=3,950, F =27%)
mRS 90days MRS <3:RR L11,95% CI0.97t0 1.26;p=0.13 A
(4 studies, n=3,668, F = 1%)
B 90days BI>50: RR 1.26,95% CI0.71 0 226;p=043 (1 | A
study, n=77)
BI> 95: RR 103, 95% CI 094 to 1.13; p=0.53 (4
studies, n=2,850, F =24%)
BI > 85: RR 3.13,95% CI 110 1D
108913 p=0.03 (1 study, n=63)
Citicoline +ix. tPA | Ischemic | Agarwal, 2022 RCT 9 NIHSS 90days NIHSS < 2: OR 0.96, 95% CI 039 to 2.40; cip
or/and EVT p=0934
mRS 90days MRS < 2: OR 092, 95% CI 0.40 t0 2.05; p=0.7
B 90days BI > 95: OR 0,87, 95% C10.22 to 2.98; p=0.564
Cholinergics
Donepezil “stroke” Berthier, 2006 RCT 2 Aphasia quotient of 16wecks Mean change 6.4:+3.8,95% CI D
WAB 41310881 v5. 35£2.7,95%
CI193105.22;p=0037;
Cohenis d=0.87
Communicative 16 wecks Mean change 8.29.3 vs. 2490, p=n.s.
Activity Log
Picture naming on 16weeks Mean change 4.6:+5.8, 95% CI
PALPA 0.110 5.0 vs.~1.0+63, 95% CI
~03105.0;
=092
Auditory phonemic 16wecks Mean change 3.4£6.6 vs. 30+7.3 (ns)
discrimination-word
pairs
Auditory lexical 16weeks Mean change 8.0+15.5 vs. 15 £4.5; (n.s.)
decision
Word repetition 16 weeks Mean change 0.7+ 1.8 vs. 1.0%29; (ns.)
Nonword repetition | 16weeks Mean change ~0.2:5.2vs. 24£2.3; (ns.)
Picture naming 16wecks Mean change 4.6:£5.8 vs. ~10£6.3; (s
Spoken word-picture | 16weeks Mean change 2.6:4.4vs. 0.1 £3.9; (ns.)
matching
Spoken sentence- 16weeks Mean change 2.6+3.4vs. 16 3.5; (ns.)
picture matching
Pre-stroke Ischemic  Wakisaka, 2021 Cohort 805 NIHSS During 22 points increase: BNR
donepezil, study hospitalization ‘multivariable OR 0.5, 95% CI
rivastigmine, or 03110 0.8 p=0.01
galantamine Propensity matched: OR 0.47,
95% C10.25 0 0.86; p=0.02
mRS 3months MRS > 3 multivariable OR
068, 95% C10.46 10 0.99;
p=0048
Propensity matched: OR 061,
95% C10.40 10.0.92; p=0.02
Central nervous system stimulants
Amantadine, Ischemic, | Gagnon, 2020 SR Amantadine | Amantadine: 11 Quantitative analyses not performed due to heterogeneity in outcome measures. c1p
Modafini] 1CH, SAH AE1ZE0. | Wniguomeasres st 1RCT (moderate quality) reported consistent improvements in the Conta Recovery
studies) 46 domains reported Scale—revised and Disability Rating Scale on day 5, 3months, and 6 months (all
p<0.03). None of the late post-stroke studies were of high quality; among the 4
control groups, only 2 showed improvement: increased word findingin 3 in an on-
off-on-off study, and improved activity and intellectual, motor, and emotional
function. 4 of § case reports improvement
Modafinil Modafinil: 31 unique Quantitative analyses not performed due to heterogeneity in outcome measures.  C-LD
HE138(12; medsiresitiIle 1 RCT (high quality) showed fatigue was not improved at 90 days (p=0.3), although
studies) domains reported the FSS (p=0.019), FSS-7 (p=0.04), 55-QOL work/productivity (p=0.007),
language (P0.012), UE function (p=0.02). 1 RCT (cross-over design) 3 to
38months after stroke showed reduced fatigue (MFL-20, p < 0.001), §5-QOL
(p=0.01) with 6 weeks treatment. In 2 later post-stroke studies with control groups,
fatigue was reduced during 3 months of modafinil for diencephalon or brainstem
strokes but not for cortical strokes. In 18 patients, 5 who continued modafinil for
1year scored higher than 13 who did not. No difference in fatigue betiween groups
in a retrospective study (very low quality). 6 of 7 case reports suggested
improvement.
Ischemic | Goldstein, 2018 RCT 6 NIHSS Atthe end of Mean 10.47 (SEM 0.98) v5.9.86 (1.30); p=0476  BR
treatment
3months Mean 861 (SEM 1.00) vs. 8.64 (1.01); p=0941
Mean change —4.84 (0.75) vs. -4.96 (0.77);
p=0974
CNs. Atthe end of Mean (SEM) p=0.645
treatment
3months Mean (SEM) p=0.738
Mean change 1.95 (0.27) vs. 2.04 (0.33)
Pp=0.662
FMA At the end of Mean 35.58 (SEM 4.41) vs. 38.5 (477); p
treatment
3months Mean 42.10 (SEM 4.61) vs. 44.68 (4.89); p=0.63
Mean change 1865 (2.27) vs. 20.83 (2.94);
p=058
6-min Walk Test Atthe end of Mean 367.59 (SEM 70.32) vs. 335.26 (73.56) fi;
treatment p=0732
3months Mean 536.90 (SEM 95.21) vs. 422,12 (93.48) fi
p=0478
Mean change 359.71 (70.07) vs. 222.13 (64.14)
i p=0.156
ARAT Atthe end of Mean 67.09 (SEM 4.40) vs. 71.46 (4.07);
treatment p=0271
3months Mean 70.62 (SEM 4.37) vs. 77.68 (4.58);
p=0.129
Mean change 7.24 (2.72) vs. 12.83 (3.69);
p=0.082
mRS Atthe end of “not significant”
treatment
3months ‘mean change 0.71 [SEM 0.14] vs. 0.92 (0.13);
p=029
FIM Atthe end of Mean 85.63 (SEM 4.34) vs. 8121 (4.17);
treatment Pp=0588
3months Mean 98.29 (SEM 5.04) vs. 97.12 (4.26);
p=0597
Mean change 3829 (3.31) vs. 34.46 (2.810);
Pp=0.461
sis 3months Mean 53.93 (SEM 3.11) vs. 53.44 (2.74);
=092
Mean change 18.04 (2.23) vs. 17.58 (3.49);
p=0.61
Methylphenidate | Ischemic | Lokk, 2011 RCT 78 NIHSS 3months MPH 2.92.6 vs. LD 182 vs. MPH + LD cip
373 vs. placebo 4.0 3.6 (p=0.089)
smonths Mean change: MPH ~33%14  MPH 2625 vs. LD 1.7 19 vs. MPH +LD|
Vvs.LD=26212vs. MPH+LD 353 vs. placebo 3.62.8 (p=0.104)
~3.6+16 vs. placebo ~19£ 1.4
(P=0.001)
EMA 3months MPH 57.0+35.3 vs. LD 66.331.7 vs.
MPH +LD 57.7£37.1 vs. placebo 53.4.£34.4
(p=0685)
6months MPH 58.0+35.5 vs. LD 682314 vs.
MPH + LD 56.9:435.5 vs. placebo 54.4£34.2
(P=0597)
Mean change: MPH 19.713.7 vs. LD
2184122 vs. MPH+LD 23.1 £19 vs. placebo
133127 (p=0.169)
B 3months MPH 7158216 vs. LD 7675+ 12.4 vs.
MPH + LD 72,37+ 1.4 vs. placebo 7050+ 14.4
(p=0548)
6months Mean change: MPH 25,5142 MPH 77.4% 14,5 vs. LD 845 8.5 vs. MPH + LD
vs.LD30£189vs. MPH+LD  83215.4 vs. phacebo 73.25 £ 14.1 (p=0.343)
305£13.3vs. placebo 165£9.6
(p=0011)
Colony stimulating factors
EPO, GCSF Ischemic, | Bath, 2013 SRIMA 1275 (11 NIHSS Atthe end of EPO MD ~2.20,95% CI ~1001 t0 5.61;p=0.58  C-LD
ICH RCTS) treatment (1 study, n=40).
GCSF MD ~0.40,95% CI 18210 1.01,p=058 A
(5 studies, n=203, F =0%)
Death or dependency | At the end of EPO OR 1.01,95% CI0.7210 142,p=094(2 A
(mRS or BI) follow-up studies, n=562, ' =0%)
GCSF OR 1.28,95% C1 0.8 to 1.85;
studies, n=500, F =0%)
EPO, GCSF Ischemic, | Chen, 2021 SRIMA 485 (SRCTS) | NIHSS Atthe end of SMD ~0.40, 95%CI ~0.93 to 0.13 (6 studies, A
IcH follow-up P =79.7%)
Bl Atthe end of SMD 0.04, 95%CI ~0.38 t0 0.46 (5 studies, A
follow-up P =543%)
GCSF Ischemic, | Huang, 2017 SRIMA 1,037 (14 NIHSS 3months MD —0.16,95% CI ~102 to 0.70; p=0.72 (8 A
IcH RCTY) studies, n=563, F =92%)
B 3months MD 865, 95% C1098 t0 1632; cip
=003 (6 studies, n=171,
EPO +human Ischemic | Cramer, 2014 RCTdose- 96 NIHSS 90days Median (IQR) change: low dose —8 (97510 C-LD
choriogonadotropin escalation 3.25), medium dose ~7:5 (10 to ~11.5), high
study dose 6 (=910 ~5); all active —8 (=9 to ~3.25)
vs. placebo —8 (=10 to =5); p=0.31
mRS 90days “no significant difference between groups”™
BI 90days “no significant difference between groups”
Dopaminergics
Levodopa Ischemic, | Ford, 2019 RCT 593 RMI>7+abletowalk | Sweeks OR0.78,95% C10.53 to 1.15; p=0.212 BR
IcH >10m
RMI Sweeks Adjusted MD ~0.35, 95% CI ~0.89 10 0.19;
p=0.198
Smonths Adjusted MD 0.14, 95% CI ~0.50 to 0.7;
Pp=0.662
12months Adjusted MD 0.17, 95% CI ~0.54 t0 0.88;
p=0637
Nottingham Extended | Sweeks Adjusted MD 1,02, 95% CI ~1.27 to 3.30;
Activities Daily Living p=0382
smonths Adjusted MD 0,027, 95% CI 272 to 2.78;
p=0985
12months Adjusted MD 1,04, 95% CI ~1.56 to 3.64;
Pp=0.434
B Sweeks Adjusted MD =022, 95% CI ~0.87 t0 0.43;
p=0511
smonths Adjusted MD —0.33, 95% CI ~1.08 to 0.41;
p=0378
12months Adjusted MD ~0.22. 95% CI ~1.04 10 0.59;
Manual ability measure | 8weeks adjusted MD ~0.10, 95% CI ~0.46 t0 0.26;
p=0585
smonths Adjusted MD —0.15, 95% CI ~0.57 to 0.27;
p=0478
12months Adjusted MD ~0.16, 95% CI ~0.59 t0 0.28;
p=0479
mRS Sweeks OR 0.87,95% CI0.63 0 1.21;p
Smonths OR0:81,95% C10.57 to 1.14;
Ropinirole Ischemic, | Cramer, 2009 RCT 3 FMA 12weeks ‘Time x group interaction term (repeated- i
ICH ‘measures ANOVA) was not significant
Gait vel 12wecks ‘Time x group interaction term (repeated-
‘measures ANOVA) was not significant (data
shown in graph)
Gait endurance 12weeks ‘Time x group interaction term (repeated-
‘measures ANOVA) was not significant
B 12wecks ‘Time x group interaction term (repeated-
‘measures ANOVA) was not significant
SIS-16 12weeks ‘Time x group interaction term (repeated-
‘measures ANOVA) was not significant
Bromocriptine, Ischemic,  Conroy; 2005 Cohort 919 Rehabilitation length | At discharge Moderate stroke 18.0 vs. overall 152 (+28) days | BNR
pergolide, IcH study of stay (p=0011t00.05) (worse)
pramipexole, Severe stroke 28.4 vs. overall 24.9 (+3.5) days
carbidopa/ (p=0.001 to 0.01) (worse)
levodopa,
FIM Atdischarge Moderate stroke 18.1 vs. overall 22.4 (~4.3)
amantadine
(p<0.001)
Severe stroke 22.8 vs. overall 24.5 (~1.7)
Ergots
Hydergine “stroke” Bochner, 1973 RCT+cross- | 21inRCT | “motor function” 12weeks MRC change arm +1.04 vs. +0.90 (p>0.10) cip
—— MRC change leg +1.36 vs. +0.85 (p>0.10)
Hand grips 105 +3.15 vs. +3.10 (p>0.10)
Elbow flexion 105 +2.22 vs. +2.70 (p>0.10)
Walk 121t +5 5. +6 (p>0.10)
Time to st up +4v. 46 (p>0.10)
‘Time to drink 90 mL water ~0.4 vs.
(p>0.10)
18 weeks MRC change arm +0.16 vs. ~0.05 (n.5)
MRC change leg 0.1 vs. +0.15 (n.s.)
Dynamometer change ~3.1 vs. +14.2 (n.s.)
Hand grips 105030 vs. +0.09 (n.s.)
Elbow flexion 105 +0.35 vs. +0.56 (n.s.)
Walk 12t ~3.17 vs. ~0.53 (n.5)
Time to sit up +0.17v5. +1.43 ()
Gamma-aminobutyric acid (GABA) agonists
Clomethiazole, Ischemic, | Liu, 2018 SRIMA 3838 (SRCT) | NIHSS 3months CLASS-H (ICH, 1= 198): mean change ~45vs.  BR
diazepam IcH ~10 (p=036)
CLASS-I (ischemic, n=1,169): median (IQR)
change ~5.5 (11,17) vs. 6.0 (=10, 16)
(p=0.68)
555 3months No difference in total score (p=056,0.06,023) A
or in motor power score (p=0.96) (3 studies)
BI> 60 or mRS <3 3months Overall: RR=1.0,95% C1 0.94 10 1.06,p=093 (5 A
studies, 3,758, F =0%)
Chlormethiazole RR 0.9, 95% C10.92 to 1.05;
=057 (4 studies, n=2,909, F =0%)
Diazepam RR 107,95% C10.93 to 122; p=0.36
(1 study, n=849)
Ischemic: RR 1.0, 95% C10.93 to 1.08; p=0.92 (4
studies, n=3,394, F = 1831%)
ICH: RR 0.97,95% CI0.81 to 116;
studies, n=387, F =0%)
Total Anterior Circulation BR
Syndrome: RR 133, 95% CI
L0810 1.63; p=0.01 (2 studies,
Death or dependency  3months Overall: RR 1.01,95% C1095 to 108 p=078 (5 A
(BI <60 0rmRS 2 3) studies, n=3,758, ' =0%)
Clomethiazole: RR 1.03,95% C10.96 to 1.11;
p=0.41 (4 studies, n=2,909, F =0%)
Diazepam: RR 0.94,95% CI0.82 10 107 p
(1 study, n=819)
ICH: RR 0.99,95% C10.75 to 1.30; p=0.92 (2
studies, =292, F =0%)
Ischemic: RR 104, 95% C10.96 t0 1.12;
(4 studies, n=2,646, F =0%)
Methylxanthines
Aminophylline Ischemic | Bath, 2004a SRIMA 119(2RCTS) | Death o neurological | 4wecks OR0.87,95% C1041t0 1.8, p=073 (2 studies,  BR
deterioration n=119, F =0%)
Death or disability Atthe end of OR0:64,95% C10.2410 168 p=036 (1 study,  C-LD
follow-up n=73)
Pentoifylline, Ischemic  Bath, 2004b SRIMA 793 (SRCTY) | Death or disability Atthe end of OR95% C10.49,95% C1020 10 120:p=0.10(2  BR
propentofylline follow-up studies, n=200, F =0%)
Theophylline + Ischemic | Modrau, 2020 RCT 6 NIHSS 24h Mean change unadjusted MD  >50% improvement: unadjusted OR 26,95% CI | C-LD
thrombolysis -3.4,95% CI ~6.7 10 ~0.1, 0.9107.5, p=0.070; adjusted OR 3.0, 95% CI 1.0
Pp=0044; adjusted MD 36, 109.0;p=0056
95% CI~7.1 to ~0.1; P=0.043
mRS 90days mRS 0-1: unadjusted OR 1.1, 95% C1 0.4 to 3.1,
p=0.802; adjusted OR 1.3, 95% CI 0.4 t0 4.0;
Pp=0.610.
Ordinal OR 1.44, 95% CI 058 t0 3.59; p=0.432
Monoamine oxidase (MAO) inhibitors
Moclobemide Ischemic,  Laska, 2005 RCT 8 ANELT and Reinvang’s | 6months Overall (1=76) and Completers (1=65): no cip
IcH “Grunntest for afasi” differences between moclobemide and placebo
coefficient groups (values only shown in graphs)
12months No further recovery from aphasia compared to
6months (1=56)
Ischemic,  Bartolo, 2015 RCT 47 FIM 2weeks Median 63 (IQR 430 72) vs. 56 (52 to 76); cip
IcH pns
6wecks Median 93 (IQR 74 to 112) vs. 76 (66 to 105);
pens.
Mood stabil
Lithium Ischemic | Mohammadianincjad, | RCT 66 Modified NTHSS 30days Mean change: cortical: Mean change: ~234:£2.13 (1 =32) vs c1p
2014 —430£1.88 (1=13) vs. 164125 (n=34); p=0.402
200£124 (n=14); Noncortical: ~1.00 +0.88 (n=19) vs.
~140£1.23 (n=20);p=0336
Hand subsectionof | 30days Mean change: cortical: Mean change: 2.34:2.00 (n=32) vs. 150+2.17
FMA 400070 (v=13) vs. (n=34);p=0.070
142191 (n=14); p=0.003
25% regained: 14 (43.8%)vs.  Noncortical: 1.21£ 181 (n=19) vs. 1.55+239
Placebo 5 (147%); p=0.009  (n=20);p=0.647
Cortical: 11 (84.6%) vs. 3 5% regained: noncortical: 3 (15.8%) vs. 2
(21.4%); p=0.002 (10%); p=0661
Neuropeptides
cerebrolysin Ischemic  Ziganshina, 2020 SRIMA 1,601 (7 death or dependency | at the end of Data not available for analysis A
RCTS) follow-up
cerebrolysin Ischemic | Bornstein, 2018 SRIMA 1879 9 NIHSS 21 or 30days MW 0,60, 95% C10.56 to 0.64; BR
RCTY) P<0.0001 (9 studies, n=1,879)
NIHSS > 4 OR 1.60,95% CI
10310248 p=0035 (5
studies, 1=1705, P =63.73%)
mRS 90days (Only NTHSS > 12 at baseline)
MW 0,61, 95% C10.52 t0 0.69;
P=001;MD 039, 95% CI 006
=002 (3 studies,
0%)
Cerebrolysin + Ischemic  Chang, 2016 RCT 6 FMA 21days, 2months, | Subgroup with FMA <50at | Overall (data shown only in graphs): ANOVA  C-LD
rehabilitation 3months baseline (data shown onlyin  no significant interaction effect between time
graphs: ANOVA for EMA total  and type of intervention for total, arm, or leg
scores. No differences in improvement of scores
at 3months.
Cerebrolysin SAH Woo, 2020 RCT 50 GOSE 3months SOSE 5 to 8 15/25 vs. 16/25 (n.s) D
6months GOSE 5 to 8: OR 149, 95% CI0.43 t0 5.17;
ordinal analysis p=0.80
mRS 3months MRS 0to 3: 18/25 . 17/25 (n.s.)
6months MRS 010 3: OR: 3.45;95% C10.79 10 15.01;
ordinal analysis p=0.76
B 6months Mean: 9128 vs. 90.+24; (n.5)
BI > 75: 23/25 vs. 18/25; (n.5)
N-Methyl-D-Aspartate (NMDA) agonists
Cydloserine Ischemic, | Cherry, 2014 RCT 20 platform 3days (means of each group before and after presented  C-LD
IcH balance task in graphs) ANOVA F=0.00, df=1,p=0993
Spooning beans 3days (means of each group before and after presented
in graphs) ANOVA F=0429, df=1,p=0521
Associative recognition | 3days (means of each group before and after presented
task in graphs) ANOVA F=0.159, df=1,p=0.695
Single-legstanceon | 3days (means of each group before and after presented
the balance beam in graphs) ANOVA F=0.067, df=1,p=0798
NMDA antagonists
Memantine Ischemic | Beladi Moghadam, 2021 | RCT 53 NIHSS Sdays Mean change ~2.96£0.10 vs. cip
~1.24£0.96; p<0.0001
B 3months Mean change 6.00£2.62 vs.
3.96£1.76; p=0002
Memantine + CIAT | Ischemic,  Berthier, 2009 RCT 28 WAB 16wecks Aphasia Quotient 40 (SE0.7)  Spontaneous Speech 0.5 (0.2) vs. ~0.7 (0.2); i
IcH v.0.8 (0.5 p=0.002 p=0077
Naming 0.7 (0.1)vs. 0.1 (0.1);  Auditory Comprehension 0.3 (0.1) vs.
p=00015
Repetition 0.3 (02) vs. 0.5 (0.1); p=0.988
18 weeks Aphasia Quotient 85 (09) vs.  Repetition 0.3 (0.1) vs. 0.6 (02); p=0.
35(08)
Spontaneous Speech 22 (0.3)
V.09 (0.4):p=0.024
Auditory Comprehension 0.4
(0.1) v5.00 (0.1); p=0.037
Naming 1.2 (0.1) vs. 0.3 (0.2
P=0009
20weeks Aphasia Quotient 89 (1.1)vs.  Auditory Comprehension 0.4 (0.1) vs. 0.2 (0.9);
43(0.6);p=0.005 p=0122
Repetition 0.5 (0.2) vs. 0.8 (09); p=0.969
Spontancous Speech 23 (0.4)  Naming 1.0 (0.2) vs. 0.4 (0.1); p=0.064
vs.12(03):p=0.035
2weeks Aphasia Quotient 6.0 (0.8) vs.  Spontancous Speech 17 (0.4) vs. 1.1 0.3); p=0.119
39(0.8),p=0.041 Auditory Comprehension 0.2 (0.1) vs. 0.1 (0.2);
Pp=0354
Repetition 0.3 (0.1) vs. 0.4 (0.2);
Naming 0.7 (0.1) vs. 0.2 (0.
8 weeks Spontaneous Speech 27 (0.3)  Aphasia Quotient 10.1 (1.0) v5.7.2 (L.1);
v5. 16 (0.2): p=0.045 Pp=0083
Auditory Comprehension 0.5 (0.1) vs. 0.1 (0.1);
p=0233
Repetition 0.4 (0.1) vs. 1.1 (02); p=0.376
Naming 1.3 (02) vs. 0.9 (0.2); p=0.368
Communicative 16wecks 32.(15) vs.0.2 (L4); p=0.182
Activity Log 18weeks 6.0 (1.3) vs. 10 (2.2); p=0.040
20weeks 3.4(2.0) vs.0.7 (2.3 p=0.142
2weeks 3.1(1.8) vs. 0.7 (1.8); p=0.269
A8 weeks 40/(2.0) vs. 1.0 (2.7); p=0.289
Norepinephrine/noradrenergics
Atomoxetine Ischemic, | Ward, 2017 RCT 12 FMA Atthe end of MD of change 7.2, 95% CI 1.6 cip
IcH treatment
Imonth MD of change 6.1, 95% CI ~1.3 to 13.5:p=0.10
ARAT Atthe end of MD of change 2.3, 95% CI =19 t0 6.6; p=0.25
treatment
Tmonth MD of change 3.6,95% CI ~2.8 to 10.0;
‘Wolf Motor Function | At the end of MD of change 0.09, 95% CI ~0.13-0.31; p=0.39
Test treatment
Tmonth MD of change 0.10, 95% CI ~0.14-0.34; p=0.40
Reboxetine “stroke” Zittel, 2007 RCTeross- | 10 Grip strength 15hafter ANOVA treatment vs. placebo L
over study treatment F=9.8, P=0.003; affected vs.
nonaffected hand: F=6.65,
P=0012; interaction F=4.81,
p=0031.
Hand tapping 15hafter ANOVA interaction drug x
treatment affected hand F=4.04, p=0.048
9-hole-pegtest 15hafter “no difference”
treatment
Opioid antagonists
Naloxone, Ischemic | Ortiz, 2021 SR 96 (4 studies)/ | Neurological score, Post.treatment, No statistical analysis performed because of different outcomes used. D
nalmefene 916(3 CNS, B, NSs, GOS, 10days, 2weeks, 1 of 4 studies on naloxone reported statistically significant results (=44, NSS
studies) NIHSS, GCs 20days, 3months | bageline 61.50 £20 and 2weeks 75.46:+ 1623 vs. baseline 76,65 +11.13 and 2 weeks
8210£18.01; p<0.01).
10f 3 studies on nalmefene was statistically significant (1 =236, NIHSS at 20 days
172575, 205, p<0.05; GCS at 10days 9.5+29 vs. 8.1 £2.7, p<0.05)
Peripheral chemoreceptor agonists
Almitrine-raubasine | Ischemic | Li, 2004 RCT 7 NEDS Tmonth Mean 6744, c1p
B p=0038
Mean change 3
1943.5,p=0034
2months Mean 49442 5. 795, Mean change 5.43.6 vs. 3.7£4.2, p=0.060
p=0014 (0.013 Pearson)
3months Mean 42443 v5.66£5.6, Mean change 6.1 £3.8 vs. 5.0 £47, p=0.241
p=0043 (0.023 Pearson)
Imonth Mean 88.6:415.5 v, 75,8293,
p=0021
Mean change 146 13.8 vs.
33+142,p=0001
2months Mean 93.3:4 144 vs. 81.3£27.0,
p=0021
Mean change 193 13.6 vs.
88140, p=0.002
3months Mean 96.6:+12.3 vs. 83,2280,
p=0011
Mean change 22,6+ 14.7 vs.
107170, p=0.002
Potassium channel blockers
Dalfampridine Ischemic | Page, 2020 RCT 377 2-min Walk Test 12weeks >20% improvement: 17/121 (14.0%) vs.23/121  BR
(19%) vs. 17/126 (13.5%) (n.s.)
Mean increase in distance (feet): 19.4:39.6 vs.
20,4383 vs. 1492400 (n.s.)
Walk-12 12weeks Mean 48,3254 vs. 493260 vs. 45.4£23.0
Mean change ~3.01 vs. 149 vs. -5.78 (n.s.)
Timed Upand Go 12weeks Mean change ~0.48 +6.0 v -0.25£7.4 vs.
040£45 (n5)
Pyrazolones
Edaravone Ischemic  Fidalgo, 2022 SRIMA 50536 (19 mRS 3months mRS < 1 (overall) OR 1.26, mRS < 1 (RCTs only) OR 1.43,95% C1092to BR
studies) 95% CIL0410 154 p=002(9 222 p=0.11 (3 studies, n =336, I =0%)
studies, n=26,458, I = 53%)
MRS <2 (overall) OR 131, mRS <2 (RCTs only) OR 180, 95% C10.90 to
95% CI1L03 10 167 p=003 (9 357 p=0.09 (3 studies, F =19%)
studies, I =56%)
Edaravone +i.v. Ischemic | Hu, 2021 SRIMA 187717 NIHSS Atthe end of MD 3.95,95% CI 292 t0 499; BR
®A RCTS) treatment P<0.00001 (15 studies,
n=1719, F =92%)
7days MD5.11,95% CI 28410 7.37;
P<0.00001 (6 studies, n=741,
P =95%)
14days MD 3.11,95% CI 2.23 10 3.9%
P<0.00001 (9 studies, n=1,182,
£ =80%)
Edaravone- Ischemic | Xu,2021 RCT 1,194 NIHSS 14days Mean change MD ~0.40,95%  NIHSS 0-1: OR 0.99, 95% CI0.75 to 131, B-R
dexborneol CI-0.72t0 ~0.08; p=0.01 =093
30days NIHSS 0-1: OR 1.12,95% CI0.88 to 1.41;
p=037
90days NIHSS 0-1: OR 1.08, 95% C10.86 to 1.36;
Pp=051
mRS 90days MRS < 1: OR 1.42,95% CI 112
101.81;p=0.004
Commeon OR 1.28, 95% CI 1.04
BI 14days BI> 95: OR 1.02,95% C10.80 to 1.28; p=0.90
30days BI > 95: OR 1.06,95% C10.84 to 1.33; p=0.65
90days BI > 95: OR 1.13,95% C1 0.8 to 1.44, p=0.34
sis 90days MD 2.67,95% CI -15.30 to 20,65 p=0.77
Edaravone IcH Qin, 2022 SRIMA 345438 NIHSS Not reported MD ~5.44 95% CI ~6.44 to c1D
RCTS) ~4.44; p<0.00001 (21 studies,
=104, F =95%)
Bl Not reported MD 8.4495% CI 7.65 10 9.23;
P<0.00001 (15 studies, n=863,
F=6%)
“Total efficiency rate” | At the end of RR 1.2695% CI 1.22t0 1313
follow-up P<0.00001 (30 studies,
n=2481, F =1%)
Racetams
Piracetam Ischemic | Ricci, 2012 SRIMA 1,002(3 Bl 12weeks BI<85OR0.90,95% CI 0,67 to 1.20;p=0.47 (1 BR
RCTS) study, n=723)
Death or dependence | 12weeks OR 101,95% CI0.7710 132 p=095 (I study,  BR
(B1 <85) n=923)
Piracetam “stroke” Zhang, 2016 SRIMA 261 (7RCTS) | Global language at the end of SMD 023, 95% CI ~0.03 t0 0.49; p=0.08 (7 cip
performance follow-up studies, F =47%)
<12weeks SMD 0.49,95% C10.21 10 0.78;
S12weeks P=0.0007 (5 studies, n=199, SMD -0.15,95% CI -0.54 to 0.24; p=0.44 (3
F=0%) studies, =103, F =10%)
Repetition Atthe end of SMD 0.13,95% CI ~0.17 t0.0.44; p=0.39 (5
follow-up studies, F =12%)
<12weeks SMD 0.19,95% CI-0.13 t0 0.50; p=0.24 (4
studies, n=159, F =37%)
>12weeks SMD 0.27,95% CI -0.20 to 0.74; p=0.26 (2
studies, n=71, F =0%)
Naming ability Atthe end of SMD 0.23,95% CI-0.08 t0 0.54; p=0.14 (5
follow-up studies, I =0%)
<12weeks SMD 0.23,95% CI-0.09 t0 0.54; p=0.16 (4
studies, n=159, F =0%)
>12weeks SMD 0.08,95% CI -0.38 t0 0.55; p=0.72 (2
studies, n=71, F =0%)
Written language Atthe end of SMD 0.35,95% C10.04 10 0.66;
follow-up =003 (5 studies, F =0%)
P SMD 0.49,95% C10.18 10 0.81;
P=0.002 (4 studies, n=159, ~
>12weeks “ SMD 020, 95% CI =027 to .
%)
) studies, n=71, I =0%)
Comprehension Atthe end of SMD 0.21,95% CI -0.10 to 0.51; p=0.19 (5
follow-up studies, F =0%)
<I12weeks SMD 0.17,95% CI -0.14 to 0.48; p=029 (4
studies, n=159, F =0%)
>12weeks SMD 0.30,95% CI-0.17 t00.77; p=021 (2
studies, n=71, F =0%)
Vasodilators
Buflomedil Ischemic Wi, 2015 SRIMA 2756 (26 S8, ESS Atthe end of SMD —0.98,95% CI ~1.21 to c1p
RCTS) treatment ~0.75; p<0.0001 (seven
studies, n =745, P =53%)
css Atthe end of “Significant improvement’: RR
treatment 1.19,95% CI 1.14-1.25,
P<0.0001 (20 studies, n=2,374,
P =32%)
BI Atthe end of MD 15.0,95% CI 5.83-24.17,
treatment =00 (1 study, n=85)
Death and disability | 3months RR071,95% C10.53-0.94;
(BI <.60) =002 (1 study, n=200)
Cinepazide Ischemic | Ni, 2020 RCT 937 mRS 90days MRS < 2: 284 (60.9%) vs. 236 BR
(50.1%); unadjusted p=0.0004,
adjusted for age p=0.001
mRS > 2: OR 0.607, 95% CI
0.460-0.501
BI 90days BI > 95: 53.4 vs. 46.7%;

unadjusted p=0.0230, adjusted
forage p=0012

BI <95: OR 0.719,95% CI
0542-0956

ANELT, Amsterdam-Nijmegen-Everyday-Language-Test; ANOVA, analysis of variance; ARAT, Action Research Arm Test; BI, Barthel Index; C1, confidence intervals CIAT, constraint induced aphasia therapy; CNS, Canadian Neurological Scores CSS, China Stroke.

Scale; df, degree of freedom; DTER, Diagnostic Therapeutic Effects of Apoplexy Score; EPO, erythropoietin; ESS, European Stroke Scale; EV'T, endovascular thrombectomy; FIM, Functional Independence Measure; FMA, Fugl-Meyer Assessment; GCS, Glasgow Coma
Scale; GCSE, granulocyte colony stimulating factor; GOS, Glasgow Outcome Score; GOSE, GOS-extended; HSS, Hemispheric Stroke Scale; ICH, intracerebral hemorrhage; IQR, interquartile range; LD, levodopa; MA, meta-analysis; MD, mean difference; mESSS,
modified Edinburgh-Scandinavian Stroke Scale; MPH, Methylphenidate; mRS, modified Rankin Scale; MW, Mann-Whitney; NFDS, Neurological Functional Defict Score; NIHSS, National Insttutes of Health Stroke Scale; .5, not significant; NS, Neurological Status
Score; OR, odds ratio; PALPA, Psycholinguistic Assessment of Language Processing in Aphasia; RCT, randomized clinical triak RMI, Rivermead Mobilty Index; ROB, risk of bias; RR, risk ratio; SAH, subarachnoid hemorrhage; SEM, standard error of the mean SIS,
Stroke Impact Scale; SMD, standardized mean difference; SR, systematic review; SSS, Scandinavian Stroke Scale; tPA, tissue plasminogen activator; TS, Toronto Stroke Scale; WAB, Western Aphasia Battery.






OPS/images/fneur-15-1346177/fneur-15-1346177-t001.jpg
Level of evidence  Definitiol
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Meta-analyses of moderate-quality RCTs.
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Meta-analyses of such studics.

C-LD (limited data)
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Meta-analyses of such studics.
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C-EO (expert opinion)

Consensus of expert opinion based on clinical experience.
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gastrointestinal bleeding OR concomitant P-glycoprotein inhibitors
Rivaroxaban
Full dose: 15mg OD.
Reduced dose: 10mg OD if CCr <50 mL/min
Apixaban
Full dose: mg BID
Reduced dose: 2.5mg BID if 2 of 3: age > 80 years OR body weight <60kg OR
SCr 21.5mg/dL
Edoxaban
Full dose: 60mg OD.
Reduced dose: 30 mg OD if body weight <60 kg OR CCr <50mL/min OR
concomitant P-glycoprotein inhibitors.
Antiplatelets
Select one of the following drugs
Aspirin: 75-200mg OD
Clopidogrel: 50 or 75 mg OD
Prasugrel: 3.75mg OD
Ticlopidine: 100mg BID OR 200mg OD
Gilostazol: 50 or 100 mg BID

BID, Twice daily; CCr, Creatinine clearance; INR, International normalized ratio; OD, Once
daily; SC, Serum creatinine.
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Inclusion criteria:

. Acute ischemic stroke or TIA 8-360days after symptom onset.

Age: >20years

3. Patients with non-valvular atrial fibrillation (chror

or paroxysmal) who started

or continued taking oral anticoagulants

4. Patients with one of the following atherothrombotic diseases:
aHistory of ischemic heart disease (myocardial infarction, angina pectoris,
coronary artery bypass graft, or PCI)
bHistory of peripheral artery disease (symptomatic peripheral arterial
occlusive disease, lower-extremity bypass surgery/angioplasty/stenting).
Carotid artery stenosis (symptomatic or asymptomatic, >50% diameter), a
history of carotid artery stenting or carotid endarterectomy.
d.Intracranial artery stenosis (>50% stenosis of the diameter of a major
intracranial artery: intracranial internal carotid artery, anterior cerebral artery
Al and A2, middle cerebral artery M1 and M2, posterior cerebral artery P1 and
P2, vertebral artery, and basilar artery; a history of intracranial stent placement
or intracranial bypass surgery).
e History of ischemic stroke due to large-artery atherosclerosis or small-vessel
ocelusion,
5. Patients with modified Rankin Scale score <4.
6. Patients who can take oral medications.
7. Patients who can complete a follow-up survey:

8. Provision of written informed consent either directly or by a suitable surrogate.

Exclusion criteria:

History of myocardial infarction or acute coronary syndrome within the past

12months.

Patients who underwent PCI with drug-eluting stents within the past 12months
or PCI with bare-metal stents within the past 3 months.

3. Patients who underwent carotid artery, intracra

, or lower-extremity stent

placement within the past 3months.

History of symptomatic intracranial hemorrhage or gastrointestinal blecding
within the past 6months,

Hemorrhagic diathes

s or blood coagulation disorders.
Platelet counts <100,000/mm* at enrollment.

Severe anemia (hemoglobin <7g/dL)

ERE R

Severe renal failure (¢.g, creatinine clearance <15 mL/min) or chronic
hemodialysis.

9. Severe liver dysfunction (Grade B or C of the Child-Pugh classification).
10.Pregnant women

1L Active cancer

12.Expectation of survival <2years

13 Anticoagulants or antiplatelets scheduled to be
du

nued for >4 weeks

g the follow-up period.
14.Planned revascularization procedure during the follow-up period.
15.Patients enrolled in other trials.

16.Pa

nts judged as inappropriate for this study by the investigators

PCI, Percutaneous coronary intervention; TIA, Transient ischemic attack.
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. N = 400: Ischemic stroke or TIA within 8 — 360 days
Prior to : e 5 : .
Screen potential participants by inclusion and exclusion
Enrollment e .,y
criteria, and obtain informed consent.
Randomize
[OAC monotherapy arm] [Combination therapy arm]
N =200 N =200
Single anticoagulant Single anticoagulant
+
Single antiplatelet
V|_5|t.1 Perform baseline assessments
within 3 days G
Visit2 Follow-up assessments of study endpoints and safety
6 months @
Visit 3 .
Follow-up assessments of study endpoints and safety
12 months &
\l/lsg)lrtn?)nths Follow-up assessments of@tudy endpoints and safety
Visit 5

Final
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Variables

Youden
index J

95% C

p-value

NLR
Albumin (g/L)

Peak NT-proBNP.
(pg/mL)

Combined Diagnosis

NLR, Neutrophil-to-Lymphocyte Ratio; NT-proBNP, N-terminal pro-B-type natriuretic peptide. Bold values indicate statis

0863
0723
0824

0959

0.639
0.404

0578

0.894

Specificity Cut-off
Value
0831 6914
0712 33.80
0847 9474.50
0932 0300

tical significance (p<0.05).

0.773-0.954
0.599-0.847

0.718-0.930

0.920-0.998

<0.001
0.001

<0.001

<0.001
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Variables Regression standard error Wald 22 OR (95% CI) p-value

coefficient
Type of AMI -3834 2005 3657 0,022 (0.000, 1.100) 0056
Initial GRACE score 0020 0012 2456 1020 (0.995, 1.045) 0117
Initial NIHSS score 0088 0083 1120 1092 (0.927, 1.287) 0290
Hemoglobin ~0.006 0.021 0072 0.994 (0955, 1.036) 0788
NLR 0336 0.145 5372 1.400 (1.053, 1.860) 0.020
Albumin ~0363 0183 3956 0.695 (0.486, 0.995) 0.047
Peak NT-proBNP 0.000 0,000 4007 1000 (1,000, 1.000) 0.045
Peak hs-cTn 0.000 0,000 0427 1000 (1,000, 1.000) 0513
D-dimer 0092 0139 0440 1,097 (0.835, 1.440) 0507

AMI, acute myocardial infarction; NLR, neutrophil-to-lymphocyte ratio; NT-proBNP, N-terminal pro-B-type natriuretic peptide; hs-cTn, high-sensitivity cardiac troponin; GRACE, Global
Registry of Acute Coronary Events. Bold values indicate statistical significance (p<0.05).
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Subgroup Total Event(%) Adjusted OR (95%Cl) P for interaction
Age,year 0635
<60 44 6(136)  036(0.11-1.14) —_———
=60 76 16(21.1)  0.55(0.29-1.06) ——i
Sex 0.109
Male 68 7(103)  027(0.11-068) —o——i
Female 52 15(288)  0.72(0.35-1.49) —
Smoke 0.995
No 106 19(17.9)  0.49(0.27-0.86) —e—i
Yes 14 3(14)  029(004-1.93) ————————>
Hypertension 0.692
No 44 7(159)  04(013-123) ——
Yes 76 15(197)  045(0.23-087) —e—i
Diabetes mellitus 0.417
No 95  16(168)  041(0.22-079) ——i
Yes 2% 6(24) 0.73(025-2.11) —————>
History of stroke 0.607
No 107 18(168)  0.42(023-077) ——i
Yes 13 4(308)  073(0.17-3.08) ———————>
Heart diseases 0.965
No 106 19(17.9) 047 (0.26-0.83) ——
Yes 14 314)  03(0.02-364) — >
T T T
05 1 15

OR (95%Cl)
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747 acute ischemic stroke patients

38 without depression tests

709 patients included

54 exclueded
14 with history of depression
or other psychiatric impairment

22 with history of tumor or
other severe systemic diseases

18 diagnosed as transient
ischemic attack

655 patients included

22 without data of monocyte,

lymphocyte, neutrophi

633 patients included

R E—

[

l

120 with intravenous thrombolysis

513 without intravenous thrombolysis

score matching

116 with intravenous

116 without intravenous

thrombolysis

thrombolysis
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Crude model Model 1 Model 2

OR (95% CI) P-value OR (95% CI) P-value OR (95% CI) P-value

GPR levels 1810 (1313-2.495) 0.001 1926 (1.380-2.688) 0.001 1852 (1.276-2.688) 0.001

GPR levels (quartiles)

Ist Reference Reference Reference

2nd 1858 (0.936-3.686) 0.076 1900 (0.922-3.919) 0.082 1672 (0.752-3.718) 0208
3rd 2.389 (1.212-4.708) 0.012 2.425 (1.186-4.960) 0.015 1830 (0.831-4.030) 0133
dth 3.564 (1.926-7.210) 0.001 4104 (1.936-8.699) 0.001 3.201 (1.357-7.551) 0.008

Cl, confidence interval; GPR, glucose-to-potassium ratio; OR, odds ratio. Model 1 adjusted for age and sex; Model 2 adjusted for demographic characteristics and variables with a p<0.1 in the
univariate analysis including diabetes, baseline NIHSS score, pre-treatment ASPECTS, poor collateral status, successful reperfusion, sICH, and vessel occlusive site.
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Variables Total patients Unfavorable outcome at 3 months

(n=27E) Yes (n=151) No (n=122)

Demographic characteristics

Age, years 7092119 74199 6691130 0.001

Men, n (%) 161 (59.0) 84(55.6) 77 (63.1) 0211

Risk factors, n (%)

Hypertension 183 (67.0) 105 (69.5) 78 (63.9) 0328

Diabetes mellitus 80(29.3) 53 (35.1) 27 (22.1) 0019
35(12.8) 21(139) 14(115) 0550

Current smoker 102(37.4) 51(33.8) 51(418) 0173

Coronary heart disease 39(143) 26(172) 13.(10.7) 0123

Clinical data

Systolic blood pressure, mmHg 13634225 1373233 13514215 0429

Diastolic blood pressure, mmHg 826+14.1 8294137 8212146 0624

‘Time from onset to recanalization, min 3370 (230.0, 540.0) 3515 (233.0,564.0) 3110 (222.0,506.0) 0250

Baseline NIHSS, score 140 (10, 180) 150 (12.0,19.0) 120 (8.0,15.0) 0.001

Baseline ASPECTS, score 9.0(8.0,9.) 80(80,9.) 9.0(80,10.0) 0.001

Stroke etiology, 1 (%) 0.105

Large-artery atherosclerosis 118 (432) 64 (42.4) 54(44.3)

Cardio-embolism 125 (45.8) 76(50.3) 49 (40.2)

Others/unknown 30(11.0) 11(7.3) 19(15.6)

Previous rt-PA treatment, (%) 122 (447) 64 (42.4) 58 (47.5) 0394

Poor collateral status, 1 (%) 134 (49.1) 84(55.6) 50 (41.0) 0016

Successful reperfusion, 1 (%) 242(88.6) 126 (834) 116 (95.1) 0003

SICH, n (%) 25(92) 22(146) 3029 0.001

Location of the occlusive artery, n (%) 0065

Middle cerebral artery 195 (71.4) 101(66.9) 94(77.0)

Internal carotid artery 78(286) 50(33.1) 28(23.0)

Laboratory data

GPR 226£099 246£1.13 2004071 0.001

Hs-CR, mg/L. 85(32,229) 97(3.2,24.0) 74(29,202) 0253

ASPECTS, the Alberta stroke program early computed tomography score; GPR, Glucose-to-potassium rato; Hs-CR, Hyper-sensitive C-reactive protein; NIHSS, Nationalinstitute of health
stroke scale; SICH, Symptomatic intracranial hemorrhage.
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Variables In-hospital mortality  Discharge alive (n = 59) p-value

(n=26)
White blood cell 9.86 (817, 14.65) 1550 (1234,17.77) 895 (7.36,11.74) <0.001
Neutrophils 7.86 (570, 12.17) 13.04 (975, 15.39) 613 (4.70,8.79) <0.001
Lymphocytes 1.43 (1,00, 2.06) 1.08(0.77,1.67) 154(1.20,2.09) 0.005
Hemoglobin 1162742749 102.77425.08 1222242656 0.002
Platelets 227.00 (166.00, 309.00) 22750 (140.0, 309.0) 22200 (166.0,313.5) 0.508
NLR 5.87(3.02,1072) 12,59 (7.70, 18.55) 381 (2.67,6.41) <0.001
Total protein 6591789 65.14:8.99 66254742 0553
Albumin 35122475 32742467 36172442 0.002
Triglycerides 1.25(0.99, 1.67) 120 (0.88,1.67) 127(0.99,1.65) 0.564
Total cholesterol 443137 4242122 4514143 0397
High density lipoprotein 0.93 (083, 1.16) 0.93 (086, 1.16) 096 (0.82,1.17) 0815
Low density lipoprotein 2984106 284099 305110 0415
Creatinine 99.20 (69.20, 125.70) 113.20 (82220, 162.20) 90.40 (66.10, 119.50) 0.083
Uricacid 3765414046 33753216481 39373212603 0.089
D-dimer 205 (1.02,4.81) 5.16 (254, 14.64) 142(0.90,3.25) <0.001
Fibrinogen 429(337,5.61) 4,68 (3.43,6.53) 423(3.35,5.49) 0.203
Peak hs-cTn 3399.0(1045.0, 6057.0) 6057.0 (34183, 8623.0) 2433.0 (63850, 4277.0) <0.001
Peak NT-proBNP 5826.0(2343.0, 13,179) 14856.5 (7866.0, 33555.0) 37900 (20845, 7301.0) <0.001

NLR, Neutrophil-to-Lymphocyte Ratio; NT-proBNP, brain natriuretic.
Reference ranges: WBC: 3.5-9.5% 10A9/L, neutrophils: 1.8-6.3x 1049/L, lymphocytes: 1.1-3.2x 10A9/L, hemoglobin: 13.0-17.5g/dL, platelets: 125-350 x 10A9/L, Total protein: 65-85g/L,
albumin: 40-55g/dL, triglycerides: <1.7mg/dL, Total cholesterol:3.0-5.7 mmol/L, HDL-C: >1.04mmol/L, LDL-C: <4.21 mmol/L, creatinine: 57-111 umol/L, uric acid: 208-428 uumol/L,
D-dimer: <5.5mg/L, fibrinogen: 2.0-4.0g/L, peak cTnT: <14ng/L, peak NT-proBNP: <125 pg/mL.

ical significance (p<0.05).
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Variables In-hospital mortality  Discharge alive (n = 59) p-value

(n=26)

Acute reperfusion therapy

Intravenous thrombolysis 7(8.24) 3(11.54) 4(678) 0.670
Mechanical thrombectomy 6(7.06) 3(1154) 3(508) 0541
Percutaneous coronary 45(52.94) 10(38.46) 35(59.32) 0.062
intervention

Antiplatelet therapy strategy 0.014
No antiplatelet therapy 9(1059) 5(19.23) 4(678)
Single antiplatelet therapy 21(24.71) 10(38.46) 11 (18.64)
Dual antiplatelet therapy 55(64.71) 114231 44(74.58)
Anticoagulation therapy 44(51.76) 18(69.23) 26 (44.07) 0.037

Bold values indicate statistical significance (p<0.05).
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In-hospital mortality Discharge alive

(n=26) (n=59)
Age, year 7100 (64.00, 78.00) 7650 (65.00, 80.00) 7100 (62,50, 77.50) 0.158
Sex, male 55(64.71) 14(53.85) 41(69.49) 0219
Smoking 36 (42.35) 10 (38.46) 26 (44.07) 0644
Alcohol 12(14.12) 4(15.38) 8(13.56) >0.99
Initial symptom, AMI 42 (49.41) 14(53.85) 29(49.15) 0815
Order of infarction 0273
Cardiac-cerebral 39 (45.88) 13 (50.00) 26 (44.07)
Cerebral-cardiac 27(31.76) 10 (38.46) 17 (28.81)
Concurrent 19(2235) 3(1154) 16(27.12)
Past medical history
Diabetes 26(30.59) 7(2692) 19 (32.20) 0799
Hypertension 60(70.59) 17.(65.38) 43 (72.88) 0,606
Dyslipidemia 27(31.76) 6(23.08) 21(35.59) 0317
History of PCI 13.(15.29) 6(23.08) 7(11.86) 0.204
History of stroke 17(2000) 4(15.38) 13(22.03) 0568
Atrial fibrillation 33(38.82) 13 (50.00) 20(33.90) 0227
Active malignant tumor 6(7.10) 4(15.49) 2(339) 0.068
Clinical feature of AMI
Type of AMI, STEMI 48(56.47) 20(76.92) 28 (47.46) 0.017
Killip 111 ~1V 25(29.41) 18 (69.20) 6(10.20) <0.001
LV thrombus 9(10.98) 3(13.04) 6(10.17) 0.750
Valvular disease 23(28.05) 8(34.78) 15(25.42) 0422
Ventricular aneurysm 13(15.85) 5(21.74) 8(13.56) 0501
Regional wall abnormalities 68 (82.93) 18 (78.26) 50 (84.75) 0522
Baseline GRACE score 16100 (131,00, 179.00) 194.00 (175.00, 224.00) 150.50 (12400, 168.50) <0.001
MACE 24(28.24) 20(76.92) 4(678) <0.001

Clinical feature of AIS

TOAST dlassification 0099
Large-artery atherosclerosis 25(29.41) 7(2692) 18 (30.51)
Cardioembolism 45(52.94) 14(53.85) 31(52.54)
Small-artery occlusion 7(8.24) 0(0.00) 7(11.86)
Other determined etiology 2(235) 1(385) 1(169)
Undetermined etiology 6(7.06) 4(15.38) 2(3.39)

Occluded vessel

Left anterior circulation 42(50.00) 13 (50.00) 29(50.00) >0.99
Right anterior circulation 46 (54.12) 13 (50.00) 33(55.93) 0613
Vertebrobasilar artery 13.(15.29) 5(19.23) 8(13.56) 0525
Baseline NIHSS score 7.00 (4.00, 15.00) 16.00 (12.00, 27.00) 5.00 (2.00,9.50) <0.001
Baseline mRS score 3.00 (1.00, 5.00) 5.00 (4.75, 5.00) 2.00 (1.00, 4.00) <0.001
Brain herniation 4(4.71) 3(11.54) 1(1.69) 0.083
Hemorrhagic transformation 7(824) 3(1154) 4(678) 0670

AMI, acute myocardial infarction; PCI, percutaneous coronary intervention; STEMI, ST-elevation myocardial infarction; LV, left ventricular; GRACE, Global Registry of Acute Coronary
Events; MACE, major adverse cardiac events; AIS, acute ischemic stroke, NIHSS, National Institutes of Health Stroke Scale; mRS, modified Rankin Scale.
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Data Sample  Ethnic

source size  origin
Fatigue UKB 449,019 European Ukb-b-929
Ischemic GISCOME 6,021 Mixed PMC6511098
stroke network
outcome

GISCOME, Genetics of Ischemic Stroke Functional Outcome; UKB, UK Biobank.
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ME (95%Cl) PTE Effect 1 Effect 2

Cholesteryl esters to totallipids ratio in

~0.13(=0.25,-0.02) ~9.03 0.40 0.26
large VLDL
Concentration of very large VLDL
y ~0.13(~0.25,-0.01) -9.03 043 0.25
particles
Free cholesterol in large VLDL ~0.13 (~0.24,~0.03) -9.03 039 032
Free cholesterol to total lipids ratio in
~0.22(~0.37,-0.06) -15.28 049 031
very large VLDL
Phospholipids in large VLDL ~0.15(~0.26, -1042 0.41 034
Phospholipids in very large VLDL ~0.13(~0.24,-0.02) -9.03 0.40 0.28
Phospholipids to total lipids ratio in
~0.17 (~031,-0.03) ~1181 047 026
large HDL
Total lipids in very large VLDL ~0.14(~0.26,-0.03) -972 043 030
Triglycerides in small VLDL ~0.11(=0.20,-0.01) ~7.64 038 027
“Triglycerides to total lipids ratio in large
e " = ~0.10 (=0.19,~0.02) -694 036 0.22

HDL

ME, mediation effect; CI, confidence nterval; PTE, percentage o total effect; Efect 1, faigue o liid metabolites; Effect 2, lipid metabolites to the poor functional outcome afer ischemic
stroke; HDL, high-density lipoprotein; VLDL, very-low-density lipoprotein.
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Controls (n = 22)
Left Right

hemisphere hemisphere
0° to 30° 03 (=2,2.6) —0.8 (-2.8,1.2)
0° to 70° —0.2(-2.6,2.3) —2(-42,02)
0° to 90° —3.5(-59,-12) —3.5(=5.5,-1.6)
sitting
0° to 90° ~19(~4.3,0.4) —3.5(-55-15)
standing

p-value for
interaction

0.76

Data are expressed as changes in MCA mean velocity (cm/s) with respective 95%
confidence intervals.
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pered P-value

sign group  sign group
(n=113) (n =18)

Recanalization, 1 (%) 92/112 (82.14) 15/18 (83.33) 0.902
Stent, 1 (%) 4/110 (3.64) 1/16 (6.25) 0.617
Angioplasty, 7 (%) 9/110 (8.18) 6/16 (37.5) 0.001
Tirofiban, (%) 12/76 (15.79) 7/12 (58.33) 0.001
Good outcome at 3 34/96 (35.42) 5/16 (31.25) 0.746
month follow-up, 7 (%)

Poor outcome at 3 39/96 (40.63) 6/16 (37.5) 0813
month follow-up, 7 (%)

Death at 3 month 20/96 (20.83) 5/16 (21.25) 0.354
follow-up, 1 (%)

HT, (%) 42/110 (38.18) 3/17 (17.65) 0.099
PH2, n (%) 12/110 (10.91) 2/17 (17.65) 0.917
SICH, n (%) 21/108 (19.44) 2/18 (11.11) 0.397

HT, hemorrhagic transformation; PH2, parenchymal hematoma type 2; SICH, symptomatic
intracranial hemorrhage.
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Clot pattern 27.74(7.01-109.84) 0.000
LAA 3.46 (0.99-12.03) 0.051
Age >65 years 0.27 (0.08-0.97) 0.058

4.49 (1.23-16.34) 0.026

Onset-to-door time >5h

Clot pattern, Age >65 years,
Onset-to-door time >5h

0.897
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With Without

residual residual
stenosis stenosis
Number 23 108
Age, SD 62(13.1) 67.5(12.5) 0.029
Atrial fibrillation, 7 (%) 4(17.4) 62(57.4) 0.000
Male sex, 71 (%) 17 (73.9) 57 (53.17) 0.070
Hypertension, 1 (%) 14 (60.9) 61(56.5) 0.699
Diabetes, 7 (%) 4(17.4) 15 (13.9) 0.824
Smoking, 1 (%) 7 (30.4) 21(194) 0.445
Hypercholesterolemia, n (%) 4(17.4) 27 (25.0) 0.651
Clot pattern tapered sign, 13 (56.5) 6(5.6) 0.000
7 (%)
Onset-to-door time (mins) 4911 273.1 0.000
median (IQR) (320.9-661.4) (232.2-314.1)
TOAST (LAA), 1 (%) 12 (52.2) 16 (14.8) 0.000
IV of TPA, 1 (%) 8 (34.8) 36(33.3) 0.882
Initial NIHSS score, 18.5 (15-25) 18 (15-23)
median (IQR]
Occlusion site, (%) 0.007
ICA 8 (36.4) 36 (33.3)
MCA 5(22.7) 56 (51.9)
VBA 9 (40.9) 16 (14.8)

SD, standard deviation; TOAST, Trial of Org 10172 in Acute Stroke Treatment; LAA, large
vessel atherothromboembolic; IV, intravenous injection; TPA, tissue plasminogen activator;
ICA, internal carotid artery; MCA, middle cerebral artery; VBA, vertebro-basilar artery.
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p-value C-statistic IDI (relative p-value

IDI)

Model 1 1573987 Ref. 07127 (0.6137- Ref. Ref. Ref. Ref. Ref.
08116)

Model 1589821 05187 0.7023 (0.6026- 03759 0.0027 (0.0569) 06287 00271 0.8892

14TBIL 0.8020)

Model 1546813 0.0299% 0.7251 (0.6290- 07220 0.0410 (0.3203) 0.0442% 02531 01929

1+DBIL 08213)

Model 1+IBIL 159.0595 05603 0.7130 (0.6144- 0.9741 0.0033 (0.0293) 05242 03373 0.0828
09117)

Model 2 1431433 Ref. 0.6553 (0.5502- Ref. Ref. Ref. Ref. Ref.
0.7603)

Model 1448260 05732 0.6563 (0.5516- 09275 0.0029 (0.0711) 05785 0.0663 07330

24TBIL 07611)

Model 1393811 0.0164% 0.7020 (0.6020~ 02326 0.0468 (0.4762) 0.0296* 03287 0.0909

2+DBIL 0.8020)

Model 2+IBIL 1447274 05190 0.6734 (0.5697~ 0.1821 0.0045 (0.0808) 04476 0.1497 04412
0.7771)

AIC, Akaikes information criterion; IDI, integrative discrimination improvement; NRI, net reclasification improvement; Ref, reference. Model 1: conventional model: age, NIHSS on
ion, hypertension, diabetes, hyperglycemia, AF, smoking, TOAST types, UA, HDL, LDL. Model 2: hyperglycemia, AF, UA. *p<0.05.
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According to the data source article:

2084 patients with acute ischemic stroke
January 2010 and December 2016 based
on a single-center prospective registry
system in South Korea.

-

1906 participants were included in the

original study

178 patients met the exclusion criteria:
(1) lack of laboratory information or
dysphagia test within 24 hours of
admission (n=72);

(2) no modi
Scale(mRS) score data after
hospitalization (n=106)

three-month Rankin

According to our study:

1889 participants eventually entered the

study

17 participants with abnormal and
extreme RAR(greater or less than three
standard deviation from the mean)were
excluded






OPS/images/fneur-15-1381055/fneur-15-1381055-t005.jpg
Variables in women Univariate Multivariate

OR (95% CI)* OR (95% CI) p-value

Age 1,000 (0.970-1.030) 0985
Hypertension 1110 (0.457-2.694) 0818
Systolic BP 1010 (0.992-1.028) 0295
Diastolic BP 0,999 (0.962-1.038) 0971
Diabetes 1820 (0.837-3.957) 0131
Hyperlipidemia 2,002 (0.923-4.344) 0079 2,194 (0.930-5.176) 0073
Coronary heart disease 0556 (0.173-1.785) 0324
Smoking history 1,656 (0.265-10.338) 0589
Drinking history 2.204(0.194-25.071) 0524
Stroke or TIA| 0.715 (0.292-1.749) 0462
Atrial fibrillation 0.118 (0.014-0.976) 0.047% 0.042
NIHSS score on admission 1055 (0.948-1.175) 0329
TOAST type 0,806

Large-artery atherosclerosis Reference

Cardioembolism 0.500 (0.041-6.082) 0587

Small-artery occlusion 1000 (0.424-2.359) 1.000

Undetermined cause 0.571(0.139-2.342) 0437
T 1179 (0.834-1.666) 0351
HDL 1520 (0.377-6.128) 0556
LDL 1280 (0.817-2.005) 0282
Lp(a) 0.999 (0.997-1.001) 0263
6 1130 (0.676-1.888) 0642
HbAlc 1050 (0.861-1.280) 0.631
hs-CRP 1,000 (0.949-1053) 0.994
D-dimer 1191 (0.754-1.880) 0454
UA 0.996 (0.991-1.000) 0.067 0.995 (0.990-1.000) 0050
TBIL 1,069 (0991-1.153) 0083
DBIL 1519 (1.020-2.263) 0.040% 1717 (1.106-2.666) 0.016*
IBIL 1074 (0.983-1.173) 0113

95% CI,95% confidence interval; BP, blood pressure; TIA, transient ischemic attack; TC, total cholesterol; TG, total triglycerides; HDL, high-density lipoprotein; LDL, low-density lipoprotein;
Lp(a), lipoprotein a; HbALc, glycosylated hemoglobin; hs-CRP, high sensitivity C-active protein; UA, uric acid; TBIL, total bilirubin; DBIL, direct bilirubin; IBIL, indirect bilirubin. *p<0.05.
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Subgroup END outcome Unadjusted OR Adjusted OR

n (%) (95% ClI) (95% CI)
Women
TBIL Tl 12(316) 1.0(reference) 10(reference)
T2 18 (48.6) 2,053 (0.802-5.254) 0.134 2,637 (0.861-8.081) 0.090
k&) 21(67.7) 4.550 (1.645-12.584) 0.004* 5.240 (1.496-18.347) 0010
p for trend 2130 (1.282-3.539) 0.004* 2,303 (1.232-4.308) 0.009*
DBIL Tl 11(30.6) 1.0(reference) 1.0(reference)
T2 20(57.1) 3.030 (1.143-8.036) 0.026* 3.890 (1.243-12.169) 0020
k&l 20(57.1) 3.030 (1.143-8.036) 0.026* 3.549 (1.089-11.566) 0.036*
p for trend 1730 (1.067-2.805) 0.026* 1.897 (1.055-3.414) 0.033*
IDBL Tl 12(333) 1.0(reference) 10(reference)
T2 18(51.4) 2118 (0.812-5.525) 0.125 2.896 (0.933-8.987) 0.066
k&) 21(60.0) 3.000 (1.139-7.900) 0.026* 3.006 (0.905-9.986) 0072
p for trend 1730 (1.067-2.805) 0026 1723 (0947-3.134) 0075
Men
TBIL Tl 45(563) 1.0(reference) 10(reference)
T2 56 (63.6) 1361 (0.733-2529) 0.329 1.643 (0.844-3.200) 0144
ksl 41(58.6) 1.100 (0.575-2.104) 0.774 1106 (0.545-2.244) 0.780
p for trend 1056 (0.762-1.465) 0.743 1.069 (0.748-1.528) 0713
DBIL TI 48(593) 1.0(reference) 10(reference)
T2 45(57.7) 0.938 (0.499-1.762) 0.841 0.944 (0.473-1.885) 0871
k&) 49(62.0) 1123 (0.595-2.118) 0.720 1051 (0.526-2.099) 0.388
p for trend 1059 (0.72-1.452) 0.724 1026 (0.726-1.449) 0885
IDBL Tl 47 (58.0) 1.0(reference) 1.0(reference)
T2 48(61.5) 1157 (0.614-2.183) 0.652 1.304 (0.663-2.563) 0441
k&) 47(59.5) 1,062 (0.566-1.994) 0.850 1094 (0.552-2.168) 0797
p for trend 1031 (0.752-1415) 0.848 1050 (0.745-1.481) 0781

95% Cl, 95% confidence interval. Adjusted for age, NIHSS on admission, hypertension, diabetes, hyperglycemia, AF, smoking, TOAST types, UA, HDL, LDL. *p<0.05.
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Variable Adjusted odds

ratio (95% CI)

ICA PSV, cm/s 1.004 (1.001 t0 1.007) 0.037
Current smoking 3.425 (1.086 10 10.801) 0.036
Baseline LDL-C, mg/dL 0.984 (0.968 t0 1.001) 0.066
Symptomatic CAS 4453 (0913 10 21.720) 0.065

CAS, carotid artery angioplasty with stenting; Cl, confidence interval; ICA, internal carotid
artery; LDL-C, low-density lipoprotein cholesterol; PSV; peak systolic velocity. 'Adjusted for
age, sex, current smoking, alcohol, LDL-C, symptomatic CAS, and ICA PSV. The values with
bold type represent statistically significant results with a p-value <0.05.
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Tertiles NoENDn ENDn (%)  Statistics p-value® Statistics p-value®

(%)

Women

TBIL I 26 (68.4) 12(31.6) 7 0.003* 7 0.003*
] 19 (51.4) 18 (48.6)
kel 10 (323) 21(67.7)

DBIL I 25(69.4) 11(306) 0.025* 0.024%
T2 15 (429) 20(57.1)
kel 15 (42.9) 20(57.1)

IDBL I 24(66.7) 12(333) 0.025* 0.024%
T2 17 (48.6) 18(51.4)
T3 14(40.0) 21(60.0)

Men

TBIL I 35(43.8) 45(56.3) £ =0.107 0744 £ =0082 0774
T2 32(36.4) 56 (63.6)
kel 29 (41.4) 41(58.6)

DBIL I 33(407) 48 (59.3) £=0.124 0724 £=0128 0720
T2 33 (423) 45(57.7)
kel 30(38.0) 49 (62.0)

IDBL I 34(42.0) 47(58.0) £=0037 0.848 £=0036 0.850
T 30(385) 48(61.5)
kel 32(40.5) 47 (59.5)

Women: TBIL: T1: <11 yumol/Ls T2: 11-15pmol/L; T3: >15 pmol/Ls DBIL: T1: <1.8pmol/L; T2: 1.8-2.5 umolL; T3: >2.5pmol/Ls IBIL: T1: <9.4umol/L; T2: 9.4-12umol/Ls T3: >12pmol/L.

Men: TBIL: T1: <12wmol/Ls T2: 12-18umol/L T3: >18 pumol/Ls DBIL: T1: <21 ymol/Ls T2: 2.1-3.2umol/Ls T3: >3.2umol/L; TBIL: T1: 10,2 umol/L; T2: 10.2-14.5 pmol/Li T3: >14.5pmol/Ls
linear-by-linear association; "T3 vs. T1; *p<0.05.
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Variable Overall Asymptomatic Symptomatic [ ISR (=) group ISR (+) group B
(n=15)

(n=189) CAS (n=67) CAS (n=122) (GESVZ))
Baseline LDL-C, mg/dL 9344386 88.6437.6 960391 0211 9454391 8082312 0.190
Final LDL-C, mg/dL 7342254 7642231 7174265 0227 7454256 60.1£19.4 0.034
Antiplatelet treatment 0531 0.221
Mono therapy 65 (34.4) 25(37.3) 40 (328) 62 (35.6) 3(202)
Dual therapy 124(65.6) 42(627) 82(67.2) 112 (644) 12(80.0)
Type of statins 0365 0543
Atorvastatin 146 (77.2) 51(76.1) 95(77.9) 133 (76.4) 13 (86.4)
Rosuvastatin 32(16.9) 10(149) 22(18.0) 31017.8) 1(67)
Others. 11(5.8) 6(9.0) 5(4.) 10(5.7) 1(6.7)
Lipid lowering treatment" 0.019 0.264
Low intensity statin 5026) 3@5) 2(1.6) 5029) 0(00)
Moderate intensity statin 118 (624) 49(73.1) 69(56.6) 111 (63.8) 746.7)
High intensity statin 66(349) 15 (224) 51(41.8) 58(333) 8(533)

CAS, carotid artery angioplasty with stenting; LDL-C, low-density ipoprotein cholesterol ISR, in-stent restenosis; TG, triglyceride. "The intensity of statin therapy was categorized according to
the 2018 American Heart Association guidelines. The data are mean:+standard deviation or numbers of patients (%). P-value for Fisher’ exact tet for categorical variables and Student’s t-test
for continuous variables. The values with bold type represent statistically significant results with a p-value <0.05.
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TBIL M(IQR)
No END
END
pvalue®

DBIL M(IQR)
No END
END
pvalue®

IBIL M(IQR)
No END
END

prvalue®

Women
13.00 (10.00-16.00)
12,00 (10.00-15.00)
13.00 (12.00-18.00)

0.033*
2.15(1.60-2.80)
2,00 (1.60-2.70)
240 (1.90-3.15)

0.078
10,55 (8.68-14.10)
9.60 (8.00-12.10)
1140 (9.50-15.30)
0037+

Men Statistics

15.00 (11.00-19.00)

15.00 (10.25-19.00)
15.00 (11.00-19.25)
0592

270 (190-3.63) 7=-3326
2,60 (1.73-3.68)
2.73(2.00-3.63)
0.368
1220 (8.88-15.86) 7=-2312
1210 (8.43-15.96)
1228 (9.00-15.83)

0717

“Women vs. men; "No END group vs. END group. *p <0.05. M(IQR), median (interquartile range, IQR).

0.001%

0.021%
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Variable Overall  Asymptomatic =~ Symptomatic ISR(-) group ISR(+) group

(n=189) CAS (n=67) CAS (n=122) (n=174) (n=15)
DSA
Stenosis site, left 104 (55.0) 41(61.2) 63(51.6) 0207 97(55.7) 7(46.7) 0.498
Pre-procedure degree of stenosis
79.6+10.3 80.0£9.5 79.4£10.7 0.703 79.5£10.5 80.9+7.9 0612
(NASCET), %
Stenosis location 0276 0313
Common carotid artery 2(11) 5(75) 5(41) 8(46) 2133)
Bifurcation 56 (29.6) 0(0.0) 3(25) 3(17) 0(0.0)
Internal carotid artery 131(69.3) 62(92.5) 114 (93.4) 163 (93.7) 13 (86.7)
Ireegular or ulcerated plaque
153 (81.0) 58 (86.6) 95(77.9) 0.145 142 (81.6) 11(733) 0434
surface!
Calcification 6(3.2) 4(6.0) 31(254) 0.104 6(3.4) 0(0.0) 0.465
cpu
ICA PSV, cm/s 333.6+1658 3159+153.2 34341721 0.276 326.0+165.2 422.5+151.3 0.030
ICA EDV, em/s 1289+89.7 121.2+78.2 13314954 0.385 126.0+90.0 162.6+83.9 0.129
CCA PSV, cm/s 80.756.6 80.0£9.5 81.6+64.5 0.769 81.5+58.7 7154219 0514
CCAEDY, cms 206£137 2102120 203+146 0761 208141 18,082 0457
ICA/CCA PSV ratio 52+36 4525 5.6+4.0 0.021 5.0+34 7.0£34 0457
Echolucent 49(25.9) 18(26.9) 31(254) 0.827 46 (26.4) 3(20.0) 0.585
Procedural factors
Post-stent adjunctive balloon
23(122) 14 (20.9) 9(7.4) 0.007 23(13.2) 0(0.0) 0.133
dilation
Post-procedure degree of stenosis
207£122 1954125 2135121 0333 205125 21289 0434

(ECST), %

CAS, carotid artery angioplasty with stenting; CCA, common carotid artery; CDU, carotid Doppler ultrasonography; DSA, digital subtraction angiography; ECST, European carotid surgery
rial; EDV, end-diastolic velocity; ICA, internal carotid artery; ISR, in-stent restenosis; NASCET, North American symptomatic carotid endarterectomy trial; PSV, peak systolic velocity.
"Plaque classification based on the 1994 American Heart Association standard criteria. The data are mean £ standard deviation or numbers of patients (%). P-value for Fisher's exact test for
categorical variables and Student’s t-test for continuous variables. The values with bold type represent statistically significant results with a p-value <0.05.
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No END group END group Statistics

n 151 193
Age, year M(IQR) 70(63-77) 70 (63-78) 0987

Male 1 (%) 96 (63.6) 142(736) 7 =397 0.046%
Risk factors n (%)

Hypertension 122 (808) 148 (76.7) £ =0848 0357

Diabetes 64 (42.4) 91(47.2) £=0777 0378

Hyperlipidemia 63 (41.7) 94 (487) 0.197

Coronary heart disease 17(113) 24(124) r=0112 0738

Smoking history 64(42.4) 91(47.2) 7=0777 0378

Drinking history 36 (23.8) 50(25.9) £ =0.193 0.661

Stroke or TIA 38(253) 55(28.5) 1 =0.428 0513

Atrial ibrillation 17(113) 5(26) 7 =10632 0.001

TOAST type n (%) 0093

Large-artery atherosclerosis 43 (285) 65(33.7)

Cardioembolism 9(6.0) 3(16)

Small-artery occlusion 79(52.3) 106 (54.9)

Other determined cause 00 00

Undetermined cause 20 (13.2) 1998

NIHSS score M(IQR)

NIHSS score on admission 40-6) 4(3-6) 0.048*
Motor score on admission 2(1-3) 202-4) 0052

Laboratory tests

TC, mmol/LM(IQR) 470 (3.84-5.46) 478(4.11-561) 0345

HDL, mmol/L M(IQR) 1.05 (0.87-1.21) 106 (0.90-1.20) 0782

LDL, mmol/LmSD 3.15£080 3264090 0254

Lp(a), mg/L M(IQR) 107.00 (54.81-228.50) 90.00 (53.75-169.00) 0.239

TG, mmol/L MIQR) 140 (1.08-2.09) 144 (1.09-2.00) 0989

HbALG, % M(IQR) 6.20 (5.80-7.80) 6.20 (5.70-8.00) 0.808

hs-CRP, mg/L M(IQR) 111 (0.10-3.39) 101(0.10-3.92) 0973

D-dimer, mg/L M(IQR) 039 (0.23-0.80) 0.36 (0.20-0.70) 0.420

UA, pmol/L m 5D 3392749153 3182228735 0.032%
TBIL, pmol/L M(IQR) 14.00 (10.00-18.00) 14.00 (11.50-19.00) 0052

DBIL, pmol/L MIQR) 240 (1.70-3.20) 260 (2.00-3.50) 0.029%
IBIL, jimol/L M(IQR) 1150 (8.30-15.00) 12,10 (9.20-15.70) 1714 0086

TIA, transient ischemic attack; TC, total cholesterol: TG, total triglycerides; HDL, high-density lipoprotein; LDL, low-density lipoprotein; Lp(a), lipoprotein a; HbAL, glycosylated
hemoglobin; hs-CRP, high sensitivity C-active protein; UA, uric acids TBIL, total bilirubin; DBIL, direct bilirubin; IBIL, indirect bilirubin. *p <0.05. m:+SD, mean + standard deviation;
M(IQR), median (interquartile range, IQR).
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Variable Overall Asymptomatic ~ Symptomatic P ISR(-) group  ISR(+) group [

(n=189) CAS (n=67) CAS (n=122) (n=174) (n=15)
Age, years 704577 70479 704276 0971 706477 683483 0.287
Male sex 166 (87.8) 59 (88.1) 107(87.7) 0943 152 (87.4) 14(933) 0.497
Vascular risk factor
Diabetes 86(45.5) 30 (44.8) 56 (45.9) 0.882 77 (44.3) 9(60.0) 0240
Hypertension 162(85.7) 58 (86.6) 104 (85.2) 0.804 149 (85.6) 13 (86.7) 0913
Dyslipidemia 139(735) 45(67.2) 94(77.0) 0.141 127 (73.0) 12(80.0) 0555
Previous stroke 98(51.9) 30 (44.8) 68(55.7) 0.149 92(52.9) 6(400) 0338
Chronic heart disease 47(249) 22(328) 35(28.7) 0552 51(29.3) 6(400) 0387
Cancer 18(9.5) 9(134) 9(7.4) 0175 18 (103) 0(00) 0.19
Peripheral artery disease 421) 20.0) 2016) 0539 423) 0(00) 0553
Atrial fibrillation 10(53) 1015) 9(7.4) 0.084 9(52) 1(67) 0.804
HNRT 7(7) 5(7.5) 2(1.6) 0.043 7(40) 0(0.0) 0429
Current smoking 47(249) 15 (224) 32(262) 0559 40 (23.0) 7(467) 0.042
Alcohol 70 (37.0) 21(313) 49(40.2) 0.230 61(35.1) 9(60.0) 0055
Symptomatic CAS 122(64.6) 0(00) 122(100.0) - 109 (62.6) 13 (86.7) 0.062
ISR 15(7.9) 200) 13(107) 0.062 0(00) 15 (100.0) -

Follow-up period, months

(median, 10R) 357(19510700)  47.0(210t0 78.0) 340(19010693) 0204 41.0(208t0765)  240(120t033.0)  <0.001
Laboratory parameters
White blood cell count,
iy 70£20 69+19 71520 0.404 70419 72£18 0.651
Hemoglobin, g/dL 134519 12922 13617 0.024 133519 138423 0301
Platelet count, cells/mlL. 233.0£620 24115638 22854644 0.181 23324606 230.1£783 0850
Creatinine, mg/dL 10203 10£03 10£04 0986 10£03 1005 0.485
Total cholesterol, mg/dL. 1523484 144.1£486 1568£47.9 0.084 153.4£489 139.1£420 0272
TG, mg/dL 127.9+75.3 12424668 12994799 0622 127.3£75.1 13514811 0699
HDL-C, mg/dL. 4274129 4182109 4322139 0473 429129 4082136 0554
Baseline LDL-C, mg/dL 9344386 88.6+37.6 96.0+39.1 0211 945391 8084312 0.19
HDAIC, % 65513 6411 65£13 0.740 65£13 62506 0.482

CAS, carotid artery angioplasty with stenting; HbAIC, glycated hemoglobin; HDL-C, high-density lipoprotein cholesterol; HNRT, head and neck radiation therapy: LDL-C, low-density
ipoprotein cholesterol; IQR, nterquartile range; ISR, in-stent restenosis; TG, triglyceride. The data are mean # standard deviation or numbers of patients (%). p-value for Fisher’ exact est for
categorical variables and t-test for continuous variables. The values with bold type represent statistically significant results with a p-value <0.05.
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Timing P-value 95%Cl

outcomes

Lower Upper

DNT < 45min
Thrombolyticdrug  <0.001 2951 1732 5030
Age 0577 0994 0972 1016
Hypertension 0.108 0637 0368 1104
Diabetes 0738 1129 0554 2305
Hyperlipidemia 0820 1084 0541 2172
Atrial ibrillation 0559 1219 0627 2367
‘The baseline mRS 0278 1.080 0.940 1242
The baseline NIHSS | 0.160 0974 0939 1010
DPT<120min
Thrombolyticdrug | 0.025 7.867 1290 47991
Age 0506 1026 0951 1107
Hypertension 0659 1389 0323 5967
Diabetes 0878 1147 0198 6633

0451 0.440 0.052 3723
Atrial fibrillation 0516 0584 0115 2961
‘The baseline mRS 0742 1094 0640 1871
‘The baseline NIHSS | 0.880 0994 0919 1075

DNT, door-to-needle time; DPT, door-to-puncture time; NIHSS, National Institutes of
Health Stroke Scale; mRS, modified Rankin scale; OR, odds ratio; CI, confidence interval.
Bold values represent the significant variables.
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Variables rt-PA t/Z/ 2

(n=144) value

OTT (min) n=119;133 n=140; 3269 0.001
(65-185) 163.72458.40
DNT (min) 365 (27-50) n=136:50 —4448 | <0.001
(37-63)
DNT<45min  79(65.83%) n=136:55 16478 <0.001
(%) (40.44%)
DPT (min) n=22117 n=29,193 -308 0002
(101.25- (137.5-224)
175.5)
DPT < 120min n=2213 n=29,193 11551 0.001
() (59.09%) (13.79%)

OT'T, onset-to-treatment time; DNT, door-to-needle time; DPT, door-to-puncture time.
Bold values represent the significant variables.
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Variables rt-PA (E/Z/ 2 ]

(n =144) value

Age (years) 665(56-76) | 67.75%1276 | -1546 0122
Sex 1947 0.163

Male (%) 91(75.8%) 98 (68.1%)

Female (%) 29(24.2%) 46 (31.9%)
BMI 2375382 23922387 -0297 | 0727
Hypertension (%) 76 (63.3%) 78 (54.2%) 2263 0133
Diabetes (%) 17(14.2%) 28 (19.4%) 1289 0.256
Hyperli 26 (21.7%) 18 (12.5%) 396 0.047
(%)
Atrial fibrillation 26(21.7%) 49 (34.0%) 4917 0.027
(%)
NIHSS 45(2-10) 7(-14) —1423 0155
mRS 30-4) 35(1-5) -0477 | 0633
VO (%) 38 (31.7%) 50 (34.7%) 0275 0.600
Mechanical 24(20.0%) 33(22.9%) 0329 0.566
thrombectomy
(%)

BMI, body mass index; NIHSS, National Institutes of Health Stroke Scale; mRS, modified
Rankin scale; LVO, large vessel occlusion.
Bold values represent the significant variables.
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HRR tertiles Low (<9.70) Middle High (>11.2) p-value

(9.70-11.21)

N 630 628 631

Age (year) <0.001
<60 436 (22.88%) 96 (15.24%) 108 (17.20%) 230 (36.45%)

60-70 505 (26.50%) 122(19.37%) 200 (31.85%) 179 (28.37%)

70-80 670 (35.15%) 273 (43.33%) 220 (35.03%) 169 (26.78%)

280 295 (15.48%) 139 (22.06%) 100 (15.92%) 53 (8.40%)

Sex, (n%) <0.001
Female 1,168 (61.28%) 278 (44.13%) 368 (58.60%) 513 (81.30%)

Male 738 (38.72%) 352(55.87%) 260 (41.40%) 118 (18.70%)

BMI(kg/m?) 23504325 22536324 2348+3.06 24544315 <0.001
WBC(1079/L) 814289 8.01+3.28 7934267 853263 <0.001
PLT(1079/L) 23617131 2218528764 2226146293 2275645888 0301
TC(mg/dL) 179.26+43.95 168.62445.44 179.49+40.39 1910224252 <0.001
TG(mg/dL) 105.3459.97 93.09+50.95 106.59+57.87 11698+67.31 <0.001
HDL-c(mg/dL) 441641681 416141840 470241564 4408+15.66 <0.001
LDL-c(mg/dL) 104.15+42.40 95.75+43.76 105.13+39.95 1127524139 <0.001
Scr(mg/dL) 109£1.04 1415168 090042 095026 <0.001
BUN(mg/dL) 17.60+8.88 2062£12.11 16154550 1580541 <0.001
AST(U/L) 261141434 265541825 25851315 25689.93 0511
ALT(U/L) 2238+16.10 19.67£16.37 22441492 252041631 <0.001
HGB(g/dL) 13.48:£2.00 1150141 1372079 15.37£098 <0.001
RDW(%) 13404154 14274165 13.08+066 12624061 <0.001

Comorbidities, (n%)

DM 614 (32.21%) 244 (38.73%) 202(32.17%) 162 (25.67%) <0001
CHD 220 (11.54%) 85 (13.49%) 77 (12.26%) 56 (8.87%) 0029
AF 399 (21.12%) 153 (24.29%) 132(21.02%) 114 (18.07%) 0026
Hyperlipidemia 699 (36.67%) 214 (33.97%) 235 (37.42%) 246 (38.99%) 0.168
Hypertension 1,211 (63.54%) 419 (66.51%) 403 (64.17%) 380 (60.22%) 0.064
Smoking 750 (39.35%) 172(27.30%) 233 (37.10%) 342 (54.20%) <0.001
NIHSS <0001
s 1,163 (61.02%) 347 (55.08%) 399 (63.54%) 410 (64.98%)

25,<13 493 (25.87%) 174 (27.62%) 158 (25.16%) 156 (24.72%)

213 250 (13.12%) 109 (17.30%) 71(1131%) 65(10.30%)

BMI, body mass index; WBC, white blood cells; RBC, red blood cels; PLT, platelet; TC, total cholesterol; TG, triglyceride; HDL-c, high-density lipoprotein cholesterol; LDL-c, Low-density
ipoproteins cholesterol; Scr, Serum creatinine; BUN, blood urea nitrogen; AST, aspartate aminotransferase; ALT, alanine aminotransferase; HGB, hemoglobin concentration; RDW, red cell
istribution width; DM, diabetes mellitus; AF, atrial fibrillation; CHD, coronary heart disease; NIHSS, national institute of health stroke scale.
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FVH-DWI Perfusion FVH-DWI FVH-DWI FVH-DWI FVH-DWI P-
Mismatch ~ Mismatch(+)  Mismatch(+)/  Mismatch(+)/  Mismatch(-) Mismatch(-) value

(+) Perfusion Perfusion /Perfusion /Perfusion (B vs.
Mismatch(+ Mismatch(-) ~ Mismatch(+) ~ Mismatch(-) Q)
(N=96) (N=92) (N =85) (A) (N=11) (B) (N=7)(C)
90-day 0 12(12.5%) 12(13.0%) 12(14.1%) 0(0.0%) 0(0.0%) 0(0.0%)
modified 1 29.(30.2%) 25(27.2%) 2 (7.1%) 6(54.5%) 2(28.6%) 0(0.0%)
::::i“ 2 12(12:5%) 12 13.0%) 12(14.1%) 000.0%) 0(00%) 0(00%)
e 3 19.(19.8%) 16(17.4%) 16 (18.8%) 3(27.3%) 0(0.0%) 3(100%) 0052
4 13.(13.5%) 13.(14.1%) 12(14.1%) 19.1%) 1(143%) 0(0.0%)
5 6(63%) 7(7.6%) 5(5.9%) 109.1%) 2(28.6%) 0(0.0%)
6 5(5.2%) 7(7.6%) 5(5.9%) 0(0.0%) 2(28.6%) 0(0.0%)
MRS score <2 53 (55.2%) 19(53.2%) 47 (55.3%) 6(54.5%) 2(28.6%) 0(0.0%) 0287
SICH 5(5.2%) 4(43%) 4(47%) 109.1%) 0(0.0%) 1(33.3%) 0999
mTICI2b - 3 87(90.6%) 84(91.3%) 77 (90.6%) 10.(90.9%) 7(100.0%) 3(100%) 0999
mTICI3 57 (59.4%) 56 (60.9%) 52(61.2%) 5(45.5%) 4(57.1%) 3 (100%) 0630
ASITN/SIR (IQR) 21,3 2(0,3) 20,3 2(1,3) 102 00,1 <0.001

mRS, modified Rankin Scale; SICH, symptomatic intracranial hemorrhages TIC, Thrombolysis in Cerebral Infarction; ASITN/SIR, American Society of Interventional and Therapeutic
Neuroradiology/s of Interventional Radiology.
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Characteristic EVT-applicable group on MRI-based EVT-applicable group on per

triage (N = 114) based triage (N = 110)
EVT (n=96) No EVT [ EVT (n=92) No EVT
(n=18) (n=18)
Age Mean (IQR) 63(52,68) 605 (51,68) 64 (565, 68.75) 0.16 63(5275,68.25) | 64(55.25,68.75) 056
Male (%) 71(54.6%) 54(56.2%) 9(50%) 0797 51(55.4%) 10 (55.6%) 1
CT ASPECTS (IQR) 8(7,9) 87,9 8(7,9 0178 8(2,9) 8(7.25,9) 0.805
DWI ASPECTS (IQR) 7(6.8) 6(5.8) 7(7,8) 0014 65(5,8) 8(7.8) 0003
FVH ASPECTS (IQR) 324) 324 4(225,475) 0,089 3(2.4) 4(225,5) 0014
NIHSS on admission (IQR) 12(8,15) 11(8,15) 12(95,14) 0512 11(8,15) 12(95,14) 0734
NIHSS at discharge Median
9(5,12) 8(5,11) 11(825,135) 0012 8(5,11) 105 (825,13.5) 0018
(IQR)
Infarction core volume
o8 9(0,24.95) 9(0,2472) 133(0,225) 0.865 75(0,21.25) 133(0,225) 0441
Ischemic penumbra volume 13410025, 13410025,
118 (80, 178) 115(77.4,168.5) 0.085 1183 (8475, 168) 0141
Qr) 274.70) 219.38)
From stroke onset to 763 (645.50, 763 (623,25,
NA NA NA NA NA
puncture (IQR) 1,020) 10125)

From puncture to

NA 80 (62,75, 104) NA NA 80.5(63.75,109) NA NA
recanalization (IQR)
ASITN/SIR (IQR) NA 2(1,3) NA NA 20,3 NA NA
Functional independence
59 (45.5%) 53 (55.2%) 4(22.2%) 0.019 49 (53.3%) 4(222%) 002
rate at 90 days (%)
Mortality at 90 days (%) 9(69) 5(5.2%) 1(5.6%) 1 7(7.6%) 1(5.6%) 1

IQR, interquartle range; CT, computed tomography; DWI, Diffusion-weighted image; FVH, FLAIR Vascular Hyperintensity; ASPECT, Alberta Stroke Program Early Computed Tomography
Score; NIHSS, National Institutes of Health Stroke Scale; ASITN/SIR, American Society of Interventional and Therapeutic Neuroradiology/Saciety of Interventional Radiology.
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Assessed for eligibility(n=1188)

ICA or MCA-MI1/M2 occlusion
and baseline mRS score of 0-2
(n=532)

—

Excluded(n=656)

~Failure to complete both MRI and
perfusion simultancously(n=166)
~Missing 90-d mRS score(n=53)
~Postrior Circulation Occlusion(n=189)
~Middle Cerebral Artery M3 orMd
Occlusion(n=139)

-Baseline mRS score >2(n=109)

—

ICA or MCA-M1/M2 occlusion
Baseline mRS score of 0-2

NIHHSS score>6 and ASPECT=6 and
Time Last Seen Well to Randomize 6-24h

(n=130)

Excluded(n=402)
- NIHSS score= 5(
-ASPECTS < 5(n=39)

~Time Last Seen Well to Randomize <
6hor> 24hm=210)

153)
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y

M
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Variable

Fibrin-rich hard clot

Success recanalization, 1

(%)
Distal emboli, 1 (%)

Erythrocyte-ich soft clot

Success recanalization, 1

(%)

Distal emboli, 1 (%)

Simple use of

EmboTrap Il
(n=10)

5 (50%)

0(0%)

7(70%)

2(20%)

PREMIER technique
(n=10)

10 (100%)

0(0%)

8(80%)

1(10%)

p-value

0.03

Rescue case
(n=5)

5(100%)

0(0%)

010
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Renal function variability as an interval variable (per 1 SD increment in CV)
[SLELIVEEL] SHR (95% CI) Multivariate*

P for

SHR (95% P-value adjusted for P-value adjusted SHR P-value
interaction

(el)] age and sex (95% CI)

Ischemic stroke and systemic embolism

DOAC users (n=1,738) 1.32(1.10-1.58) 0.003 1.38 (1.16-1.65) <0.001 1.38 (1.16-1.65) <0.001 0.033
‘Warfarin users (n=418) 1.24(1.01-1.51) 0.037 1.19 (0.94-1.49) 0.140 1.18 (0.95-1.48) 0.130
Antiplatelet users (1=1,365) 0.98 (0.87-1.11) 0.790 0.99 (0.88-1.12) 0.860 0.98 (0.86-1.11) 0.720
Intracerebral hemorrhage
DOAC users (n=1,738) 1.41 (1.08-1.84) 0.022 1.40 (1.03-1.91) 0.034 1.40 (1.03-1.91) 0.034 0.693
‘Warfarin users (n=418) 1.15 (0.85-1.54) 0370 1.18 (0.89-1.56) 0.260 1.19 (0.90-1.57) 0230
Antiplatelet users (n=1,365) 1.15 (0.90-1.48) 0.260 1.17 (0.93-1.49) 0.190 113 (0.88-1.44) 0340
Total bleeding
DOAC users (n=1,738) 1.24(1.10-1.40) <0.001 1.23 (1.07-1.41) 0.003 1.23 (1.07-1.41) 0.003 0.005
‘Warfarin users (n=418) 1.16 (1.00-1.34) 0.053 113 (0.97-1.32) 0.110 1.12(0.95-1.31) 0.180
Antiplatelet users (n=1,365) 1.00 (0.90-1.12) 0.990 1.01 (0.90-1.13) 0920 1.01 (0.90-1.13) 0920
Major adverse cardiovascular events
DOAC users (n=1,738) 1.31(1.20-1.44) <0.001 1.29 (1.17-1.42) <0.001 1.26 (1.14-1.40) <0.001 0.129
‘Warfarin users (n=418) 133 (1.19-1.49) <0.001 1.31 (1.16-1.46) <0.001 1.25(1.11-1.41) <0.001
Antiplatelet users (n=1365) | 122(112-133) | <0001 121 (111-132) <0001 118 (1.08-1.29) <0.001
All-cause mortality'
DOAC users (n =1,738) 1.75 (1.62-1.90) <0.001 1.77 (1.63-1.93) <0.001 1.79 (1.64-1.95) <0.001 <0.001
‘Warfarin users (n=418) 1.61 (1.47-1.75) <0.001 1.51 (1.38-1.66) <0.001 1.52(1.37-1.67) <0.001
Antiplatelet users (n=1,365) 1.32(1.26-1.39) <0.001 1.31 (1.24-1.39) <0.001 1.29(1.21-1.38) <0.001
Cardiovascular mortality
DOAC users (n=1,738) 1.87 (1.49-2.34) <0.001 1.82 (1.47-2.25) <0.001 1.74 (1.35-2.24) <0.001 0302
Warfarin users (n=418) 148(116-190) | <0001 143 (1.10-1.86) 0.008 148 (1.14-1.92) 0003
Antiplatelet users (n=1,365) 1.43 (1.22-1.68) <0.001 1.45(1.23-1.72) <0.001 143 (1.20-1.71) <0.001
Non-cardiovascular mortality
DOAC users (n=1,738) 1.74 (1.54-1.97) <0.001 1.76 (1.6-1.95) <0.001 1.78 (1.61-1.98) <0.001 <0.001
Warfarin users (n=418) 162(143-189) | <0001 153 (132-1.76) <0.001 156 (135-1.81) <0001
Antiplatelet users (n=1,365) 1.31(1.22-1.40) <0.001 1.30 (1.21-1.38) <0.001 1.28(1.20-1.37) <0.001

“Covariates included age,sex, hypertension, hyperlipidemia, diabetes mellitus, history of TIA/stroke, history of schemic heart disease, eGFR at baseline, angiotensin-converting enzyme
inhibitor, angiotensin receptor blocker and statin-use. Covariates with a p-value of <0.1 i the univariate model were included in the final model.'Hazard ratio. SD, standard deviation; CV,
coefficient of variation; SHR, subdistribution hazard ratio; CI, confidence interval; eGER, estimated glomerular filtration rate; TIA, transient ischemic attack; DOAC, direct oral anticoagulants.
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Renal function variability as an interval variable (per 1 SD increment in CV)
SHR (95% Cl)

Unadjusted

SHR (95% CI)

Ischemic stroke and systemic embolism | 1.16 (1.07-1.24)

Intracercbral hemorrhage 119 (1.03-1.37)
Total bleeding L14 (1.08-1.21)
Major adverse cardiovascular events 130 (122-1.37)
All-cause mortality" 1.53 (1.48-1.58)
Cardiovascular mortality 1.57 (1.39-1.76)
Non-cardiovascular mortality 153 (1.42-1.64)

P-value

<0.001

0019
<0.001
<0.001
<0.001
<0.001
<0.001

adjusted for
age and sex

115 (1.07-1.24)
122 (1.05-1.41)
112 (1.06-1.20)
128 (1.21-1.35)
1.49 (1.44-1.55)
1.54 (1.38-1.73)
1.49 (1.41-1.57)

P-value

0.002
0.008
0.001

<0.001

<0.001
<0.001
<0.001

Multivariate*
adjusted SHR

(95% CI)
1.11(1.03-120)
117 (101-1.36)
113 (106-1.21)
122 (1.15-1.30)
144 (1.39-1.50)
149 (1.32-1.69)
143 (1.35-1.52)

P-value

0.009
0.041

<0.001
<0.001
<0.001
<0.001
<0.001

“Covariates included age,sex, hypertension, hyperlipidemia, diabetes mellitus, history of TIA/stroke, history of ischemic heart disease, eGFR at baseline, antithrombotic treatmen, angiotensin
converting enzyme inhibitor, angiotensin receptor blocker and statin-use. Covariates with a p-value of <0.1 i the univariate model were included in the final model.'Hazard ratio. D,
standard deviation; CV, coefficient of variation; SHR, subdistribution hazard ratio; CI, confidence interval; eGER, estimated glomerular filtration rate; TIA, transient ischemic attack.
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Test the outcome Region Standard error® The asymptotic Asymptotic 95% confidence
variable significance® interval

Lower limit Superior limit

0.629 0.043 0002 0544 0714
Glycosylated hemoglobin 0.690 0,042 0,000 0,607 0772
Hypertension 0.749 0029 0.000 0693 0.806
R price 0.191 0.031 0.000 0.131 0.251
MA price 0,807 0.031 0.000 0.747 0.867

To test the outcome variables triglycerides, HbA 1 ¢, hypertension, R values, MA values with atleast one binding value between the positive actual state group and the negative actual state
group. The statistics may be biased.*Assume as non-parameric
"Null hypothesis: rue region =0.5.
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SHR (95% CI)
SHR (95% CI) adjusted for
adjusted for age sex and
age and sex vascular risk
factors:

Follow-up Incidence
duration rate (per Unadjusted

Coefficient of
variance of Event

el (person- 1,000 person-  SHR (95% CI)

years) years)

Ischemic stroke and systemic embolism

Q1 58 2382 28 1 <0001 1 <0001 1 <0.001
@ 91 23617 385 147 (1.10-1.98) 151 (113-2.03) 149 (1.11-2.00)
Q@ 13 20769 544 178 (1.34-2.36) 1.85(1.39-2.47) 1.80 (1.34-2.41)
Qi 128 17939 713 181(1.36-2.39) 1.8 (141-2.50) 181(135-2.42)

Intracerebral hemorrhage

Q1 16 24435 65 1 0.011 1 0.005 1 0.020
Q2 24 2464.3 9.7 1.76 (0.97-3.18) 1.80 (0.99-3.29) 1.68 (0.92-3.05)
@ 17 2209 77 1.26 0.67-2.36) 136 (071-2.62) 124 0:64-2.38)
Q4 36 1917.5 188 2.33(1.33-4.10) 2.28(1.24-4.17)
Total bleeding
Q1 18 2268.1 520 1 <0.001 1 <0.001 1 <0.001
Q2 150 22522 66.6 1.30 (1.04-1.63) 1.23 (0.98-1.55) 1.25 (0.99-1.58)
Q3 182 1972.3 923 1.49 (1.20-1.86) 1.39(1.10-1.75) 143 (1.13-1.81)
Q4 212 1690.1 1254 1.76 (1.42-2.17) 1.64 (1.31-2.06) 1.71 (1.35-2.19)
Major adverse cardiovascular events
Qi 114 22607 50.4 1 <0.001 1 <0.001 1 <0.001
Q 211 2187.3 965 1.87 (1.52-2.30) 1.84 (1.50-2.27) 1.78 (1.44-2.20)
Q3 291 18549 156.9 2,66 (2.19-3.24) 257 (2.10-3.14) 2.38(1.94-2.93)
Qi 376 14670 2563 353 (291-427) 337 (277-410) 310 252-381)

All-cause mortality'

Q1 154 24574 627 1 <0001 1 <0.001 1 <0.001

Q 251 20953 1006 160 (1.32-1.93) 127 (104-153) 130 (107-1.58)

Q 71 22444 2099 336 (2:82-4.00) 228(191-272) 222(1.85-266)

Q4 686 1965.1 3991 561 (4.75-6.63) 370(3.12-439) 364 (3.03-4.36)
Cardiovascular mortality

Q 10 2574 41 1 <0001 1 <0.001 1 <0.001

Q 2 24953 92 216 (1.06-4.43) 184 (0.89-3.78) 187 (091-3.83)

Q@ a1 2444 183 422(2.18-8.18) 316 (1.62-6.17) 309 (1,57-6.09)

Qi 58 1965.1 295 7.67 (4.06-14.49) 555 (291-10.57) 534 (274-10.41)
Non-cardiovascular mortality

Q 144 24574 586 1 <0001 1 <0.001 1 <0.001

Q 28 24953 914 1.56 (1.26-1.93) 122 (0.99-150) 125 (101-1.54)

Q3 430 244 1916 329 (272-3.98) 223 (1.83-270) 214 (1.76-261)

Q 628 1965.1 3196 554 (4.62-6.65) 360 (2.98-434) 350 (2:87-4.26)

“Risk factors include hypertension, dyslipidemia, diabetes mellitus, history of TIA/stroke, history of ischemic heart disease, eGFR at baseline, antithrombotic treatment, ACEIS, ARBS, statns.
Risk factors with a p-value of <0.1 in the univariate model are included in the final model.'Hazard ratio; SHR, subdistribution hazard ratio; CI, confdence interval; eGFR, estimated glomerular
filtration rate; TIA, transient ischemic attack; ACEIs, angiotensin-converting enzyme inhibitors; ARBs, angiotensin receptor blockers.
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All Quartile

p-value
(n=3,809) 1(n=953) 2(n=952) 3(n=952) 4(n=952)

Baseline clinical characteristics*
Age.y (SD) 80.1(10.4) 753 (113) 79.4(10.6) 823(9.4) 833 (84) <0.001
Male sex, (%) 1,637 (43.0) 472 (49.5) 450 (47.3) 385 (40.4) 330 (347) <0.001
eGER, m/min/1.73m’ (SD) 66.2(22.0) 821(17.7) 68.6(18.1) 60.4(19.7) 535 (21.4) <0.001
No. of renal function tests [IQR] 20(11-35] 12(7-19] 17[10-27] 25[15-37] 32(19-49] <0.001
CV of ¢GER (SD) 0.18(0.12) 007 (0.02) 0.13(0.02) 019 (0.02) 0.34(0.11) <0.001
CHA,DS,-VASc score [IQR] 4[3-5] 3(2-4) 4[3-5] 403-5) 5(3-6] <0.001

Medical history

Hypertension (%) 2,341 (615) 452 (47.4) 565 (59.3) 632(66.4) 692(72.7) <0.001
Diabetes mellitus (%) 1,002 (26.3) 177 (18.6) 228 (239) 270 (28.4) 327 (343) <0.001
Hyperlipidemia (%) 864 (22.7) 189 (19.8) 199(20.9) 240 (25.2) 236 (24.8) 0.007
Prior TIA/stroke (%) 1,036 (27.2) 207 (21.7) 265 (27.8) 278 (29.2) 286 (30.0) <0.001
Ischemic heart disease (%) 1,604 (42.1) 262 (27.5) 374(393) 465 (48.8) 503 (52.8) <0.001

Antithrombotic drugs at discharge

Antiplatelet (%) 1,365 (35.8) 229 (24.0) 292 (30.7) 414 (435) 430 (45.2) <0.001
DOAC (%) 1738 (45.6) 559 (58.7) 494 (51.9) 370 (38.9) 315 (33.1) <0.001
Apixaban (%) 833 (219) 231 (24.2) 237 (249) 189 (19.9) 176 (18.5) <0.001
Dabigatran (%) 594 (15.6) 241 (253) 169 (17.8) 108 (11.3) 76 (7.98) <0.001
Edoxaban (%) 37(1.0) 11012 13(14) 9(1.0) 4(0.4) 0.030
Rivaroxaban (%) 274(7.2) 76 (8.0) 75(79) 64(6.7) 59(62) 0370
Warfarin (%) 418(11.0) 102(10.7) 103 (10.8) 98(10.3) 115 (12.1) 0629
No antithrombotic drugs (%) 288 (7.6) 63 (6.6) 63(6.6) 70(7.4) 92(9.7) 0.036

Concomitant drug use

ACEIS/ARBs (%) 1,128 (29.6) 228 (239) 280 (29.4) 301 (31.6) 319 (335) <0.001
Statins (%) 2,642 (69.4) 677 (71.0) 676 (71.0) 630 (6.2) 659 (69.2) 0.194
Outcomes
Recurrent stroke (%) 453 (119) 73(7.7) 107 (11.2) 124(13.0) 149 (15.7) <0.001
Ischemic stroke (%) 368 (9.7) 58 (6.1) 85(8.9) 108 (11.3) 117 (12.3) <0.001
Intracerebral hemorrhage (%) 93(24) 16(1.7) 24(25) 17(1.8) 36 (3.8) 0.010
Systemic embolism (%) 22(06) 0(0.0) 6(0.6) 5(05) 1102 0011
Acute coronary event (%) 98(26) 7(07) 16(1.7) 28(29) 47 (49) <0.001
Extracranial bleeding (%) 582 (153) 103 (108) 130 (13.7) 169 (17.8) 180 (18.9) <0.001
Gastrointestinal bleeding (%) 409 (10.7) 76 (8.0) 92(9.7) 121(12.7) 120 (12.6) 0.001
Other bleeding (%) 205 (5.4) 33(35) 47 (4.9) 58(6.1) 67(7.0) 0.004
Major adverse cardiovascular event (%) 992(26.0) 114 (12.0) 211 (222) 291 (30.6) 376 (39.5) <0.001
Death (%) 1,562 (41.0) 154 (16.2) 251 (26.4) 471(49.5) 686 (72.1) <0.001

“Data for continuous variables are expressed as mean (SD) or median IQR] as appropriate. 'Coefficient of variation. eGFR, estimated glomerular filtration rate; S, standard deviation; IQR,
interquartile range; TIA, transient ischemic attack; DOAG, direct oral anticoagulants; ACEIs, angiotensin-converting enzyme inhibitors; ARBs, angiotensin receptor blockers.
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Variables of Entry items No recurrence The recurrence Test statistic

interest group group values

R(min) M(Q1, Q3) 6.2(5.3,7.2) 48(4.253) ~7.485" <0.001
K(min) M(QL, Q3) 1.8(1.5.2.2) 1.75(1.5,2.0) —1.394" 0.163
Angle(®) M@l Q3) 63.7(59.4,67.5) 69.9(66.6,73.7) -7.206" <0.001
MA (mm) Tis 57.84£6.29 6498536 -8.082 <0.001

represents the Z value.
represents the t value
The R value represents the coagulation reaction time, the K value and the Angle Angle represent the rate of blood clot formation, and the MA value represents the maximum amplitude.
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Variables of interest Entry items No recurrence The recurrence  Test statistic

group group values
Age M(Q1,Q3) 64(55.71) 66(64.25,71.75) —2261* 0.024%
Gender
Female n(%) 161(41.8) 17(30.3)
2668 0.102
Male n(%) 224(58.1) 39(69.6)
BMI index M(Q1,Q3) 23.88(22.49,25.86) 24.58(23.67,27.6) —2430° 0.015*

Blood pressure at the time of onset
Systolic blood pressure at the time of onset M(Q1,Q3) 149(135,160) 150(135,160) =0.719" 0475
Diastolic blood pressure at onset. M(Ql1, Q3) 90(80,96) 87.5(78.5,93.75) —1.363" 0.173

Previous medical history

History of TIA n(%) 34(8.8) 6(10.1) 0.210 0.647
History of diabetes mellitus (%) 295(76.6) 35(62.5) 5178 0023
History of hypertension n(%) 166(43.1) 52(92.8) 48.388 0.000%
History of hyperlpidemia (%) 35(9.0) 814.2) 1499 0221
Coronary heart disease n(%) 65(16.8) 13(23.2) 1346 0216
Hyperhomocysteinemia n(%) 5(1.2) 4(7.1) 8352 0.004%

Previous history of smoking and drinking

History of continuous smoking (%) 9203.8) 17(30.3) 1097 0.295
History of continuous drinking (%) 44(11.4) 916.0) 0.997 0318
Exercise or not n(%) 144(37.4) 13(23.2) 4293 0.038*
Scale score
NIHSS score M(Q1,Q3) 326) 127) ~0328° 0743
MRS Score M(Q1,Q3) 101.,2) 101,2.75) ~0929" 0353
Laboratory biochemical indicators
Red blood cell count (10/L) M(QLQ3) 449(4204.79) 453(4.224.83) ~0649" 0517
‘White blood cell count (10°/L) M(Q1,Q3) 671(5.19,7.80) 666(5.49,7.52) ~0268° 0789
Platelet count (10°/L) M(QL Q3) 218(180,255.5) 206(164.25,269.25) ~0806" 0420
Hemoglobin concentration (g/L) M(Q1,Q3) 1370128,147.5) 138(129.25,147) -0523 0.601
Total cholesterol (mmol/L) M(QLQ3) 458(3.74,5.40) 459(3.61,5.23) ~0614' 0539
‘Triglyceride (mmol/L) M(Q1,Q3) 1.40(1.03,1.99) 155(1.22,4.01) —3102 0.002¢
Low density lipoprotein (mmol/L) M(Q1,Q3) 264(2093.26) 268(2053.24) ~0.122° 0.903
High density lipoprotein (mmol/L) M(Q1,Q3) 116(1.00,1.35) 109(0.93,1.28) -1637 0102
Apolipoprotein Al (g/L) M(Q1,Q3) 1.20(1.08,1.32) 1.20(101,1.28) ~0681* 0.496
Apolipoprotein B (g/1) M(Q1,Q3) 091(0.72,1.10) 094(0.75,1.10) —0241* 0.809
Plasma prothrombin time (s) M(Q1,Q3) 11.8(108,125) 1169(10.23,12.3) ~1167* 0.243
Fibrinogen content (g/L) M(QL, Q3) 288(237,3.47) 304(2633.58) —163¢° 0.102
Activated partial thrombin time (s) M(Q1,Q3) 292(264,31.0) 31.05(28.0,33.18) ~1959" 0,050
‘Thrombin Time Measurement (s) M(Q1,Q3) 16.1(150,16.8) 15.9(15.1,16.8) 0492 0623
Glycosylated hemoglobin M(Q1,Q3) 6.09(5.40,690) 7.88(6.07,9.52) —4590° <0.001%
Creatinine (umol/L) M(Q1,Q3) 59.0(50.0,71.0) 60.1(521,72.7) ~0750" 0.453
Uric acid (umol/L) M(Q1Q3) 284(235,341) 280(229.25,316.25) ~L161* 0.245
Homocysteine (umol/L) M(Q1,Q3) 13.09.27,17.97) 13.99(9.85,18.23) 0434 0.664

TOAST dlassification

Large artery atherosclerosis (LAA) n(%) 275(71.4) 4(7.1) 9.786 0.002%
Small artery occlusion type(SA) (%) 104(28.5) 51(91.0) 10438 0.001°
Cardiac origin (CE) n(%) 4(1.0) 0(0.0) 0.587 0.444
Other Reasons (SOE) n(%) 2(05) 1(1.7) 1.160 0.281

represents the Z value, and the rest of the test statistic represents the z’value. BMI, Body Mass Index, TOAST classifiation, etiological classification ofstroke. *Indicates that the difference was
statistically significant (p<0.05).
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TIA/Ischemic stroke patients with AF
(N=6311)
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Less than 3 renal function tests (n = 249)
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Patient characteristics

Age, mean £ SD 7015 72£15
Female, n (%) 143 124
Baseline NIHSS median (IQR) 4(0-8) 4(0-8)
NIHSS at discharge median (IQR) 1(0-2) 2(0-5)
Imaging findings

CTP positive 1 (%) 109 (40) 76 (34)
CTP negative n (%) 165 (60) 150 (66)
Detected vessel occlusion 1 (%) 102 (37) 65(29)
Treatment

Intravenous thrombolysis 7 (%) 96 (35) 29 (13)
Door-to-needle time median (min) 20 20
Mechanical thrombectomy 7 (%) 36 (13) 20(9)
Final diagnosis

Stroke 1 (%) 206 (75) 158 (70)
Stroke mimics 1 (%) 68 (25) 68 (30)

As expected, the thrombolytic and mechanical thrombectomy rates in the patients who underwent CTP during the hyperacute phase are significantly higher compared to those in the other
group. The diagnosis distribution is similar in both groups.
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patie egative stroke patie egative stroke patie
) ()
Age, mean = SD 70 £15 73+13 6617
Sex
Female, (%) 175 (56) 92 (51) 83 (61)
Baseline, NIHSS, median (IQR) 2(0-5) 4(2-6) 0(0-2)
Patient history
Diabetes mellitus, 1 (%; 95% CI) 108 (34; 29-40) 63 (35; 28-43) 45 (333 25-42)
Arterial hypertension, 1 (%; 95% CI) 247 (78; 74-83) 154 (86; 80-91) 93 (68; 60-76)
Hyperlipidemia, n (%; 95% CI) 184 (58; 52-64) 124 (69; 62-76) 60 (44; 36-53)
Tobacco smoking,  (%; 95% CI) 63 (19; 15-24) 45 (24; 18-31) 18 (13; 8-20)
Atrial fibrillation/flutter, n (%; 95% CI) 73 (23;19-28) 44 (25, 19-32) 29 (215 15-29)
Stroke history, 1 (%; 95% CI) 94 (30; 25-35) 57 (32;25-39) 37 (27, 20-36)
NIHSS at discharge, median (IQR) 1(0-3) 2(0-3) Not applicable
Imaging findings
Occlusion, 7 (%) 12.(4) 12(7) 0
Extracranial occlusion, n 1 1 0
‘Tandem occlusion, 1 0 0 0
Large intracranial occlusion, n 2 2 0
Peripheral intracranial occlusion, 7 9 9 0
Infarction on follow up imaging, (%) 51(16) 51(28) 0
Stroke localization
Lacunar supratentorial stroke (MRI 24(8) 24(13) Not applicable
confirmed), 7 (%)
Vertebrobasilar territory 66 (21) 66 (37) Not applicable
Cortical stroke outside CTP coverage 7 (%) 1003) 9(5) Not applicable
Unknown 7 (%) 80 (25) 80 (45) Not applicable
Treatment
Intravenous thrombolysis 7 (%) 28(8) 28 (15) 0(0)
Door-to-needle time median (min) 20 20 Not applicable

SD, Standard Deviation; IQR, Interquartile Range; CI, Confidence Interval. As all stroke mimic patients had negative-CTP results, they were compared to stroke patients who also had negative-
CTP results. Patients with stroke mimics were younger and had lower NIHSS scores as compared to patients with stroke. See also Figure 4 for differences in the distribution of NIHSS between
both groups.
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Stroke mimic; n 136

Vertigo of non-vascular cause; % 23 3
Epilepsy; % 18 20
Orthostatic collapse; % 12 12
Migraine; % 11 8
Amentia and delirium; % 7 2
Metabolic causes (hypoglycemia, hyponatremia, Wernicke 6 6
encephalopathy); %

Hypertensive encephalopathy; % 5 1
Intoxications; % 4 2
Unknown cause; % 4 NA
Conversion disorders; % 2 7
Traumatic brain injury; % 1 0.5
Tumor; % 1 8
Plexopathy; % 1 5
Others (neuroinfection, traumatic SAH, post-hypoxic encephalopathy, 7 NA
impingement syndrome, ophthalmologic condition, and other extracerebral

causes); %

NA, not applicable.





OPS/images/fneur-15-1360511/crossmark.jpg
©

2

i

|





OPS/images/fneur-15-1364125/fneur-15-1364125-t003.jpg
Variable ~ AuROC Sensitivity ~ Specificity PPV (%) NPV (%) LR+ LR- Accuracy

(%) (%) ()
(95%Cl) (95%Cl) (95%Cl) (95%Cl)  (95%CI)  (95%Cl) ~ (95%Cl)  (95%Cl)
Baseline 0.75 (0.69- 440(345- | 907(862-  309(235-  041(028-  759(7LI-
<8 68.6(56.4-79.1)  77.8(72.4-82.6)
ASPECTS 082) 53.9) 94.1) 4.06) 057) 80.4)
24-h 0.84(0.79- 504(4L0- | 952(915-  400(11- | 020(0.12- | 80.0(75.4-
<6 843(73.6-91.9)  78.9(73.6-83.6)
ASPECTS 0.89) 59.8) 97.6) 5.13) 0.34) 84.1)
Change in 0.82(0.76- 380(302- | 933(889-  241(197-  028(0.17-
22 814(70.3-89.7)  66.2(60.3-71.8)
ASPECTS 0.87) 46.3) 96.4) 294) 0.46)

ASPECTS, Alberta Stroke Program Early CT Score; AuROC, area under the receiver operating characteristic; CI, confidence intervals LR+, the positive likelihood ratio; LR~ the negative
likelihood ratio; NPV, negative predictive value; PPV, positive predictive value; SAP, stroke associated pneumonia.
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patie po e egative
(0[0) 8

Age, mean = SD 71£16 73£16 70+15

Sex

Female, n (%) 267 (53) 92 (50) 175 (56)

Baseline NIHSS median, (IQR) 4(1-9) 10 (5-16) 2(0-5)

NIHSS at discharge, median (IQR) 2(0-5) 4(2-9) 1(0-3)

Patient history

Diabetes mellitus, 1 (%; 95% CI) 154 (32; 28-36) 51(28;22-35) 108 (34; 29-40)

Arterial hypertension, 1 (%; 95% CI) 395 (805 76-84) 152 (83; 77-88) 247 (78; 74-83)

Hyperlipidemia, 1 (%; 95% CI) 304 (615 57-65) 121 (65 58-72) 184 (58; 52-64)

Tobacco smoking, 1 (%; 95% CI) 96 (19; 16-23) 36 (20; 14-26) 63 (19; 15-24)

Atrial fibrillation/flutter, 7 (%; 95% CI) 150 (31; 27-35) 80 (44; 37-52) 73 (23;19-28)

Stroke history, 7 (9%, 95% CI) 138 (28; 24-32) 45 (25;19-32) 94 (30; 25-35)

Toast classification®

1- atherothrombotic, 7 (%) 181 (36) 68 (37) 113 (36)

2- cardioembolic, 1 (%) 130 (26) 91 (49) 39(12)

3- microangiopathy, 1 (%) 1403) 4(2) 10(3)

4- other known, 1 (%) 18 (4) 9(5) 9(3)

5- cryptogenic, 1 (%) 21(4) 13(7) 8(3)

Received treatment

Intravenous thrombolysis 7 (%) 125 (25) 97 (52) 28(8)

Endovascular thrombectomy 7 (%) 56 (11) 56 (30) 0

Imaging findings

ASPECTS median, (IQR) 10 (10-10) 10 (8-10) 10 (10-10)

Occlusion, n (%) * 167 (33) 155 (85) 12(3)

Extracranial occlusion, (%) ** 10 (6) 10 (6) 0

Tandem occlusion, 1 (%) ** 18 (11) 18 (12) 0

Large intracranial occlusion, 1 (%) ** 64 (38) 62 (40) 2(25)

Peripheral intracranial occlusion, 7 (%) ** 75 (45) 66 (42) 9(75)

Infarction on follow up imaging, n (%) 180 (36) 87 (47) 93 (29)

Final diagnosis

Stroke, 1 (%) 364 (73) 185 (100) 179 (57)

Stroke mimics, 7 (%) 136 (27) 0 136 (43)

SD, Standard Deviation; IQR, Interquartile Range; CI, Confidence Interval; ASPECTS, Alberta Stroke Program Early CT Score. *TOAST classification relates only to 364 (73%) patients with
diagnoses of stroke. **Occlusion localization applies only to 167 (33%) patients with occlusion on CTA.
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ASPECTS SAP (n=7
Baseline ASPECTS

AP (n = 275)

<8 48 (68.6) 61(222) <0.001

>8 22(314) 214(77.8)
24-h ASPECTS

<6 59(843) 58 (21.1) <0.001
>6 11(15.7) 217 (78.9)

Change in ASPECTS
< 13(186) 182(66.2) <0.001
22 57 (81.4) 93(33.8)

ASPECTS, Alberta stroke program early CT score; AACIS, acute anterior circulation ischemic stroke; SAP, stroke associated pneumonia.
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Characteristic All patients (n = 345) SAP (n=70) Non-SAP (n

Age (years)—median (IQR) 62(52-73) 68 (58-80) 60 (50-71) <0001
Gender, n (%)

Male 183 (53.0) 38(543) 145 (527) 0816
Female 162 (47.0) 32457) 130 (47.3)

Vascular risk factor and comorbidities, n (%)

Smoking 123(35.7) 21(30) 102 (37.1) 0.269
Alcohol 142 (41.2) 28(40.0) 114 (41.5) 0.825
Prior stroke 41119) 8(114) 33120) 0.895
Atrial fibrillation 102(29.6) 35(50.0) 67 (24.4) <0.001
Myocardial infarction 29(8.4) 9(129) 20(7.3) 0.133
Congestive heart failure 37(107) 16(229) 21(76) <0.001
Valvular heart disease 2(64) 5(7.0) 17(62) 0.769
COPD 10(2.9) 4(5.71) 6(2.18) 0.123

iabetes mellitus 93(27.0) 21(30.0) 72(262) 0520
Hypertension 243(70.4) 52(74.3) 191(69.5) 0429
Chronic kidney disease 44(12.8) 15(21.4) 29(106) 0.015
Dyslipidemia 141 (40.9) 28(10.0) 13 (41.1) 0.868
Gout 11(3.2) 4(5.7) 7(26) 0244
History of malignancy 8(23) 4(5.7) 4(15) 0.057
History of renal replacement therapy 5(15) 2(29) 3L 0.268

Clinical presentation, n (%)

Hemiparesis 341 (98.8) 70 (100.0) 271(98.6) 0.586
Dysarthria 275(79.) 59(843) 216 (786) 0322
Swallowing dysfunction (MWST < 4) 129 (37.4) 62(88.6) 67 (24.4) <0.001
Ataxia 37(10.7) 12(17.1) 25(9.1) 0.052
Hemianopia 23(6.7) 8(11.4) 15(5.5) 0.074
Aphasia 132(38.3) 47(67.1) 85(309) <0001
Neglect 62(18.0) 18(25.7) 44 (16.0) 0.059
Cranial nerve disorder 12(35) 3(43) 9(33) 0715
Gaze paresis 112(32.5) 49 (70.0) 63(229) <0.001

Pre-stroke functional status, n (%)

Preexisting disability (mRS) <0.001
0 320 (92.8) 54(77.1) 266.(96.7)

1 6(1.7) 2(29) 4(15)

2 17 (4.9) 13(18.6) 4(15)

3 2006) 104) 1003)

‘Time to rt-PA, hours

<3h 233 (67.5) 46 (65.7) 187 (68.0) 0715
3-45h 112(325) 24(343) 88 (32.0)

SBP (mmHg)—median (IQR) 154 (140-178) 163 (142-190) 153 (140-173) 0.095
DBP (mmHg)—median (IQR) 90 (80-101) 95 (81-108) 90 (80-100) 0.041

NIHSS at admission, n (%)

415 232.(67.3) 17(243) 215(78.2) <0.001
16-20 76 (22.0) 33 (47.1) 43(15.6)

>20 37(107) 20 (286) 17(62)

Hospital stays (days)—median (IQR) 5(3-9) 13(7-23) 40-7) <0.001
Laboratory

WBC (x107iL) median (IQR) 8.50(7.00-10.30) 9.50 (7.50-11.90) 8.40 (7.00-10.00) 0.006
NLR—median (IQR) 22(15-37) 27(16-53) 22(15-36) 0053
Hb (g/dL)—median (IQR) 127 (113-14.0) 124 (10.6-14.0) 127 (115-14.0) 0432
Ht (%) —median (IQR) 38 (35-42) 38 (33-42) 39 (35-42) 0437
Platelet (x10”/uL)—median (IQR) 243 (203-289) 237(204-284) 244(203-290) 0878
INR—median (IQR) 0.96 (090-1.00) 0.98 (0.90-1.01) 0.95 (0.90-1.00) 0.244
Cr (mg/dL)—median (IQR) 0.95 (0.78-1.15) 100 (0.81-1.24) 0.93(077-1.13) 0,049
FPG (mg/dL)—median (IQR) 112.(95-141) 124 (106-145) 106 (93-136) 0.001
Workflow time

Onset to door (minutes)—median (IQR) 90 (60-120) 90(60-120) 90 (60-120) 0967
Door to needle time (minutes)—median 42(28-63) 47 (30-68) 41(27-62) 0.509
(IQR)

Onset-to-baseline CT time (minutes)— 114(77-146) 116 (78-149) 112 (76-144) 0725
median (IQR)

ASPECTS, median (IQR)

Baseline ASPECTS 10 (8-10) 7(6-9) 10(9-10) <0.001
24-h ASPECTS 8(5-9) 4(2-6) 9(7-10) <0.001
Change in ASPECTS 1(0-3) 40-5) 10-2) <0.001
Complications, n (%)

Urinary tract infection 31(9.0) 13(186) 18(66) 0.002
SICH 42022 26(37.1) 16(538) <0.001
Progressive stroke 58(16.8) 27(386) 310113) <0.001
Seizure 12(3) 5(.1) 7026) 0.061
Septicemia 24(7.0) 18.(25.7) 6022 <0.001
Brain herniation 27(78) 1207.1) 15(5.5) 0.001
Craniectomy 15(4.4) 9(129) 6(22) <0.001
Mechanical ventilator requirement* 67 (19.4) 46(65.7) 21(7.6) <0.001

ASPECTS, Alberta stroke program early CT score; Cr, creatinine; COPD, chronic obstructive pulmonary disease; CT, computed tomography; DB, diastolic blood pressure; FPG, fasting
plasma glucose; Hb, hemoglobin: Het, hematocrit; IQR, interquartile ranges mRS, modified Rankin Scale; MWST, Modified Water Swallowing Test; NIHSS, the National Institutes of Health
Stroke Scale; NLR, neutrophil to lymphocyte ratio; SAP,stroke associated pneumonia; SB, systolic blood pressure; SICH, symptomatic intracerebral hemorrhage (hemorrhagic transformation
afer thrombolysis); WBC, white blood cell. *Event occurred after SAP.
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025 0.'50 0.75 1.00
1-Specificity

==
.

Baseline ASPECTS
24-hour ASPECTS

Change in ASPECTS
Reference





OPS/images/fneur-15-1390501/fneur-15-1390501-g002.gif
@%@(@5@@@
md}dj%ﬁigé

ey






OPS/images/fneur-15-1364125/fneur-15-1364125-g001.jpg
Patients with thrombolyzed AACIS
between 1 January 2015 — 31 July 2022 (n=414)

Retrospective chart review
from medical records (n=345)

Collect baseline characteristic data

v

Serial ASPECTS assessment
(baseline ASPECTS, 24-hour ASPECTS and change in ASPECTS)

SAP
(@=70)

Exclusion (n= 69):
-Refuse IV-tPA treatment
(=5)

~Posterior circulation
ischemic stroke (1=9)
“Decrease within three
days of symptom onset
(1=10)

Refer to another hospital
(=6)

~Pre-existing pneumonia
oractive infection prior
10 admission (1=5)

- ICH occurred after IV~
tPA administration within
24 hours (n=12)

~Missing data of brain
NCCT data (1=22)

Non-SAP(

75)
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Clinical 7= 95%Cl

outcomes value

Lower Upper

Improvement of NTHSS at 24h
Thrombolyticdrug  0.045 1715 Lon 2908
Age 0720 099 0975 1018
Hypertension 0798 0931 0537 1612
Diabetes 0390 1373 0.667 2829
Hyperlipidemia 0911 0.961 0477 1936
Atrial fibrillation 0476 0790 0413 1510
‘The baseline mRS 0073 0.884 0772 Lon
‘The baseline NIHSS | 0.201 0978 0945 1012
SICH
Thrombolyticdrug | 0475 1783 0365 8723
Age 0744 099 0930 1.053
Hypertension 0425 1838 0412 8212
Diabetes 0147 2874 0691 11958

0997 0,000 0.000
Atrial fibrillation 0123 3250 0728 1451
The baseline mRS 0229 0787 0533 1163
‘The baseline NIHSS .00 1082 1020 1147
Any ICH
Thrombolytic drug 0472 1336 0,606 2945
Age 0501 Lo12 0978 1047
Hypertension 0727 1152 0521 2545
Diabetes 0226 1773 0702 4478
Hyperlipidemia 0943 0.961 0324 2849
Atrial fibrillation 0.023 2605 1138 5.960
The baseline mRS 099 1.000 0823 1214
‘The baseline NIHSS | 0.001 1065 1026 1106

NIHSS, National Institutes of Health Stroke Scale; mRS, modified Rankin scale; SICH,
symptomatic intracranial hemorrhage: ICH, intracranial hemorrhage; OR, odds ratio; CI,
confidence interval.

Bold values represent the significant variables.
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haracteristic  OR (95%  P-value P for

Cl) interaction

Age 08669
<60 086(0.76,097)  0.0174
260 087(0.81,093) <0001
Gender 07529
Femal 086(0.79,093)  0.0001
Male 088(0.79,097)  0.0095
BMI 01345
Low (<23.44) 083(0.76,090)  <0.0001
High (23.44) 091(083,1.00)  0.0442
HT 03020
No 083(0.74,092)  0.0005
Yes 088(0.82,095)  0.0011
DM 03824
No 085(0.79,092) <0001
Yes 0.90(0.81,099)  0.0320

0.0653
No 083(0.77,090)  <0.0001
Yes 0.94(0.84,1.06)  0.2461
CHD 07923
No 086(0.81,092) <0001
Yes 089(0.74,106) 01744
AR 0.0689
No 084(078,090)  <0.0001
Yes 095(0.85,107) 04252
NIHSS 04078
<6 082(071,095)  0.0066
>6 088(0.82,094)  0.0001

Above model adjusted for sex, age, BMI, DM, CHD, AF, Hyperlipidemia, Hypertension, and
NIHSS. In each case, the model is not adjusted for the stratification variable.





OPS/images/fneur-15-1386386/fneur-15-1386386-t004.jpg
Variables TNK rt-PA

(n=120) (n=144)

Improvement of 77 (64.17%) 130; 65 5.104 0.024
NIHSS at (50%)

24h (%)

Partial 50 (0%) - 0.027
recanalization of (167%)

LVO (%)*

“The length of 6(5-8) 8(6-12) -386 <0001
hospital stays

(days)

SICH (%) 4(3.33%) 7(4.86%) 0383 0536
Any ICH (%) 16 (13.3%) 22(15.28%) 0201 0.654

NIHSS, National Istitutes of Health Stroke Scale; SICH, symptomatic intracranial
hemorrhage; ICH, intracranial hemorrhage; LVO, large vessel acclusion. * Patients who
received mechanical thrombectomy was showed partial recanalization of LVO at the first
digital subtraction angiography (DSA); - Fisher's exacttest.

Bold values represent the significant variables.
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OR (95%Cl), P-value

Fitting model by standard lincar

X 0.90 (0:84, 0.96) 0.0024
regression
Fitting model by two-piecewise linear
regression
Inflection point of 1057
<1057 0.83 (0.75,091) 0.0001
1057 1,10 (0.93,130) 0.2891
P forlog likelihood ratio test 0015

We adjusted for sex, age, BMI, DM, CHD, A, Hyperlipidemia, Hypertension, and NIHSS.
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Variable Non-adjusted Adjust | Adjust Il

OR (95% Cl), P-value OR (95% ClI), P-value OR (95% Cl), p-value
HRR 0.81(0.77,0.85) <0.0001 085 (081,091, <0.0001 090 (0.84,0.96), 0.0024
Trisections of HRR
Low(<9.70) 10 10 10
Middle (9.70-11.21) 0.53 (042, 0.68) <0.0001 0.60 (0.47,0.77) <0.0001 067 (0.50, 0.89) 0.0054
High (>112) 0.44 (0.34,0.56) <0.0001 0.60 (0.46, 0.79) 0.0003 070 (0.51,0.96) 0.0258
Pfor trend 065 (058, 0.74) <0.0001 076 (0.66, 0.87) 0.0001 083 (0.70,097) 0.0174

Model I: we adjusted for sex and age. Model I1: we adjusted for sex, age, BMI, DM, CHD, AF, Hyperlipidemia, Hypertension, and NIHSS.
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Variable Statistics OR(95% ClI), P-value
HRR 10284188 0.81(0.77,0.85) <0.0001
Age (year)

<60 434 (22.98%) 10

60-70 501(2652%) 113 (0.82,156) 0.4402
70-80 662 (35.04%) 188 (1.41,2.52) <0.0001
>80 292 (15.46%) 395 (2:83, 5.50) <0.0001
Sex, (n%)

Female 1,159 (61.36%) 10

Male 730 (38.64%) 1,69 (1.38, 2.07) <0.0001
BMI(kg/m?) 23524326 0.92(0.89,0.95) <0.0001
WBC(10°9/L) 816289 109 (1,05, 1.12) <0.0001
PLT(10°9/L) 2240147097 1.00 (1.0, 1.00) 0.4029
TC(mg/dL) 179.72443.78 1.00 (0.9, 1.00) 0.0005
TG(mg/dL) 105.56:+59.88 1.00 (0.9, 1.00) <0.0001
HDL-c(mg/dL) 442321676 0.99 (0,99, 1.00) 0.0480
LDL-c(mg/dL) 104.55442.29 1.00 (0.9, 1.00) 0.0035
Scr(mg/dL) 17534857 1.02(1.01,1.03) 0.0027
BUN(mg/dL) 109104 102 (093, 1.12) 07129
AST(UIL) 26031419 101 (1.00, 1.01) 0.0202
ALT(U/L) 22371603 0,99 (0.99,1.00) 00271

Comorbidities, (n%)

DM 608 (32.19%) 142 (115, 1.75) 0.0010
CHD 218 (11.54%) 1.04 (076, 1.41) 0.8261
AF 399 (21.12%) 1.97 (156, 2.48) <0.0001
Hyperlipidemia 1,202 (63.63%) 135 (109, 1.67) 0.0055
Hypertension 695 (36.79%) 078 (0.63,097) 0.0231
Smoking 747 (39.54%) 0.62(0:50,0.76) <0.0001
NIHSS

< 1,156 (61.20%) 10

25,<13 488 (25.83%) 567 (4.42,7.28) <0.0001
213 245 (12.97%) 17.36 (12,52, 24.07) <0.0001

BMI, body mass index; WBC, white blood cells; RBC, red blood cell; PLT, platelet; TC, total cholesterol; TG, triglyceride; HDL-c, high-density lipoprotein cholesterol; LDL-c, Low-density
ipoproteins cholesterol; Scr, Serum creatinine; BUN, blood urea nitrogen; AST, aspartate aminotransferase; ALT, alanine aminotransferase; HGB, hemoglobin concentration; RDW, red cell
istribution width; DM, diabetes mellitus; AF, atrial fibrillation; CHD, coronary heart disease; NIHSS, national institute of health stroke scale.
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Predictors Univariable analysis Multivariable analysis

OR (95%Cl)  P-value Baseline ASPECTS 24-h ASPECTS Change in ASPECTS
aOR P-value aOR P-value aOR P-value
(95%Cl) (95%Cl) (95%Cl)

Main exposure
Baseline ASPECTS < 7.65(4.29,13.66) <0001 2.09(095,4.61) 0.067 NA NA NA NA
8

2007 (991, <0001 NA NA 533(208,1367) <0001 NA NA
24-h ASPECTS <6

40.65)

Changein ASPECTS 858 (447,1647)  <0.001 NA NA NA NA 3.54(1.43,877) 0.006
22
Covariates
Age (per 1year 1.04(1.02,1.06) <0001 1.03(1.00, 1.07) 0.030 1.04(1.01,1.07) 0022 1.03(1.003, 0032
older) 1.067)
Male 1.06 (063, 1.80) 0816 * * # # ¥ #
Atrial fibrillation 3.10 (1.80,5.35) <0.001 139 (0.61,3.18) 0432 140 (0.61,3.22) 0432 144(0.63,3.27) 0.386
Myocardial 1.88(082,433) 0138 0.94(025,3.58) 0926 0.94(0.23,380) 0928 1.02(0.26, 4.08) 0977
infarction
Congestive heart 358 (1.76,7.32) <0.001 242(0.80,7.33) o118 208 (065, 6.65) 0217 2.18(0:68, 6.93) 0.189
failure
Chronic obstructive 272 (0.75,9.91) 0.130 1.44(0.20,1047) 0716 112(0.15,851) 0914 127(0.17,9.42) 0813

pulmonary discase

Chronic kidney 231(1.16,4.61) 0017 1.5 (0.53,457) 0,800 1.90(0.59,6.15) 0.284 157 (0.50,4.87) 0436
disease

History of 4.11(1.00, 16.85) 0,050 264 (037, 18.73) 0332 213028, 16.44) 0.467 261(037,18.23) 0332
‘malignancy

Swallowing 2406 (1096, <0.001 1104 (4.07, <0.001 1104 (3.97, <0.001 1342 (484, <0.001
dysfunction 52.81) 29.94) 30.67) 37.23)

Preexisting disability 1350 (4,67, <0001 5.12(1.17,22.45) 0031 406 (095,17.43) 0059 6.30(147,27.04) 0013
(mRS22) 39.00)

Systolic blood 108 (099, 1.18) 0,099 0.96 (0:81, 1.14) 0,666 0.96 (081, 1.14) 0653 0.96 (081, 1.14) 0.661
pressure (per

10mmHg increase)

Diastolic blood 113(0.99,1.28) 0.078 1.14(0.89, 1.47) 0.304 115 (0,89, 1.49) 0275 119(0.92, 1.54) 0.184
pressure (per

10mmHg increase)

NIHSS atadmission  1.25 (118, 133) <0.001 111102, 1.21) 0016 1.06(0.97, 1.16) 0.199 1.07(0.98, 1.17) 0.120
(per 1 unit increase)

WBC (per 1,000 cell/ 116 (106, 1.27) 0.001 1.22(1.05,141) 0.009 119(1.03,1.37) 0021 121 (104, 1.40) 0012

mm" increase)

NLR (per 1 unit 110 (1,03, 1.19) 0.006 0.99(091, 1.08) 0788 0.97 (089, 1.06) 0500 0.97 (089, 1.07) 0582
increase)

1.21(0.90,1.62) 0.203 # # # # # +
1mg/dL increase)
FPG (per 10mg/dL 107 (101, 1.13) 0.019 0.99 (091, 1.08) 0.789 0.96 (0.87,1.05) 0357 0.97 (089, 1.06) 0492

increase)

ASPECTS, Alberta Stroke Program Early CT Score; aOR, adjusted odds ratio;
National Insitutes of Health Stroke Scale; NLR, neutrophil-to-lymphocyte count ratio; WBC, white blood cell count; #, not included. Hosmer-Lemeshow test was used (i
ASPECTS model, P=0.976 for 24-h ASPECTS model, and P=0.962 for change in ASPECTS model).

I, confident intervals FPG, fasting plasma glucoses mRS, modified Rankin Scales NA, not applicable; NIHSS, the
644 for baseline
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Odds ratio (95%

confidence interval)

Age 1.05 (1.02-1.08) 0.003
Male 1.80 (0.91-3.58) 0.093
Hypertension 0.44 (0.21-0.93) 0.031
Diabetes 0.87 (0.47-1.61) 0.670
Hyperlipidemia 1.47 (0.80-2.71) 0.220
Smoking 0.56 (0.26-1.21) 0.140
Coronary artery 0.75(0.26-2.18) 0.590
disease

Ejection fraction 0.95 (0.92-0.99) 0.014
GLPS 1.07 (1.00-1.12) 0.023
Ele¢ 0.96 (0.90-1.03) 0.250
Left atrial volume 1.11 (1.08-1.13) <0.001
index

E/e; peak carly velocity (E)/peak carly diastolic velocity (¢) of the lateral and septal mitral
annulus; GLPS, global longitudinal peak strain.





OPS/images/fneur-14-1287609/fneur-14-1287609-t001.jpg
Atrial fibrillation

No Yes

(n=556) (n=122)
Age, mean & SD 66.4+13.2 7524 10.1 <0.001
(years)
Male, 1 (%) 338 (68.0) 69 (56.6) 0390
Hypertension, n 437 (78.6) 99 (81.2) 0.530
(%)
Diabetes, 1 (%) 257 (46.2) 43 (35.3) 0.027
Hyperlipidemia, 1 311 (55.9) 66 (54.1) 0.710
(%)
Smoking, 7 (%) 189 (34.0) 24(19.7) 0.002
Coronary artery 34(6.1) 13 (10.7%) 0.070
disease, 11 (%)
Previous stroke 95 (17.1) 31(25.4) 0.030
history, n (%)
Stroke subtype, 7 <0.001
(%)
Large artery 239 (43.0) 0
atherosclerosis
Small vessel 170 (30.6) 0
occlusion
Cardioembolism 11 (2.0 87 (71.3)
Undetermined 35(28.7)
Other determined 14 (2.5) 0
Admission NIHSS, 4(2-5) 5(3-12) <0.001
median (IQR)
Ejection fraction, 62464 57.8+£9.0 <0.001
mean £ SD (%)
Left atrial volume 417 £11.0 749 £339 <0.001
index, mean = SD
E/e, mean £ SD 123£47 142£56 <0.001
GLPS, mean £ SD =172 £49 —141£52 <0.001
(%)

E/é, peak early velocity (E)/peak carly diastolic velocity () of the lateral and septal mitral
annulus; GLPS, global longitudinal peak strain; NIHSS, national institutes of health stroke
scale; IQR, interquartile range; SD, standard deviation.
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16039 Patients with suspected stroke present in Stroke Database at HGH from
January 01, 2014, till 31 August 2022

1660 patients with
Intracerebral hemorrhage
(available for analysis)
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CAD 1127
SBP 0.011
Neutrophil 0087
Lymphocyte ~0.467
“TBil 0.025
uA ~0003
LDL 0414

SE
0295
0.006
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0013
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0.148

OR

3.09

101
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103

1

151

e}
1.732-5.505
1-1.023

0991

2
0.402-0.976
1-1.052
0.995-0.999

1132-2.022

CAD, Coronary artery disease; SBE, Systolic blood pressure; TBil, Total bilirubin; UA, Uric acid; LDL, Low density lipoprotein.

P<0.05; *2p<0.08; *+p<0.001.
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Variable B SE OR Cl Z P

Age 0.021 0.01 1.02 1.002-1.042 2.017 0.044%
Male —0.084 0.241 092 0.573-1.475 —0.349 0.727
Drinking —0.167 0274 0.85 0.495-1.448 —0.608 0543
Smoking —0.138 027 0.87 0.513-1.479 —0511 0.609
Baseline NIHSS 0.045 0.02 1.05 1.006-1.088 2217 0.027%
TOAST 0009 0344 101 0514-1.981 0027 0979
Hypertension ~0.007 0256 099 0.601-1.64 0027 0979
DM ~0.054 0279 095 0548-1.637 ~0.194 0847
CAD 1.036 0.274 282 1.647-4.82 3.786 <0.001%**
AF 0656 0322 193 1025-3.622 2038 0042+
Anticoagulant 055 0543 173 0.598-5.024 1014 0311
SBP 0.016 0.005 1.02 1.006-1.026 3.089 0.002*
DBP 0.01 0.009 101 0.992-1.028 1.186 0.236
WBC 0.102 0.046 n 1.012-1.212 2223 0.026%
Neutrophile 0.155 0.045 117 1.069-1.275 3433 0.001%%
Lymphocyte —0.672 0.226 051 0.328-0.795 —2973 0.003%%
Monocyte =0.503 0.698 06 0.154-2.374 -0.721 0471
Platelet =0.001 0.002 1 0.995-1.003 =037 0711
CRP 0.007 0.007 101 0.993-1.021 1015 031
TBil 0.039 0.012 1.04 1.016-1.064 3.a81 0.001%*
TC 0.178 0.103 L19 0.976-1.462 1719 0.086
TG 0.056 0.086 1.06 0.894-1.252 0.656 0512
HDL 0351 041 142 0.636-3.174 0.856 0392
LDL 0317 0.136 137 1.052-1.793 234 0.02%
apoA 0438 0506 155 0575-4.176 0865 0387
apoB ~0.005 0.072 1 0.864-1.146 —0.065 0948
UN =0.051 0.07 095 0.829-1.09 =0.725 0.468
UA ~0.003 0001 1 0995-0.999 —2071 0038*
Creatinine 0 0.004 1 0.992-1.007 —=0.121 0.904
FBG 0.053 0.044 105 0.967-1.149 1.203 0229
GHb 0.052 0.078 1.05 0.904-1.228 0.668 0.504
ALT 0.002 0.005 1 0.992-1.011 0.282 0778
AST 0.001 0.002 1 0.997-1.005 0.609 0542

NIHSS, National Institute of Health Stroke Scale; TOAST, Trial of Org 10172 in acute stroke treatment; DM, Diabetes mellitus; CAD, Coronary artery disease; AF, Atral fibrilltion; SBP,
Systolic blood pressure; DB, Diastolic blood pressure; WBC, White blood cell; CRP, C-Reactive protein; TBil, Total bilirubins TC, Total cholesterols TG, Total triglyceride; HDL, High density
ipoprotein; LDL, Low density lipoprotein; apo, Apolipoprotein A; apoB, Apolipoprotein B; UN, Urea nitrogens; UA, Uric acids FBG, Fasting blood glucose; GHb, Glycosylated hemoglobin;
ALT, Alanine aminotransferase; AST, Aspartate aminotransferase.

p<0.05; **p<0.01; *+p<0.001.
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Patients with AIS Control

(n=44) (n=21)

Laboratory measurements

INR; median (IQR) L1(L0-1.2) 10(10-11)
aPTT, 5; median (IQR) 33(29-37) 27(26-32)
‘Thrombocyte count, 10*9/L; median 205(166-266) 240 (215-289)
(1QR)

Estimated GER, mL/min; median (IQR) 75 (63-102) 100 (78-115)

Specific anti-Xa levels

Specific Anti-Xa activity, ng/mL; median 120 (60-170) 0(0-0)
(1QR)

Specific Anti-Xa activity >30ng/mL; n 21(913) 0(0)
(%)

Dipstick results; n(%)

Automatic result positive 21(913) 00
Visual result

Creatinine 23(100) 21(100)
Factor-Xa inhibitor negative 287 21 (100)
Factor-Xa inhibitor + 9(39.1) 0(0)
Factor-Xa inhibitor ++ 12(522) 0(0)
Sensitivity, % 100 nla
Specifty, % 100 100

Time intervals

Blood sample to result, min; median 203(108-302) 127 (73-282)
(IQR)
Urine sample to result, min; median (IQR) 17 (15-18) 15 (13-16)

Coagulation parameters and time-delay of coagulation assessment are provided in patients
dichotomized into DOAC intake and control group. Data are presented as median
(interquartile’s range) or absolute number (percentage). DOAC, direct oral anticoagulant;
IQR, interquartile’s ranges INR, international normalized ratio; aP ', activated partial
thromboplastin time; GFR, glomerular filtration rate.
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Outcome or subgroup No. studies No. patients Odds ratio (IV, random,

95% Cl)
Stroke recurrence 3 12678 0.68 (0.48, 0.96)*
In minor stroke patients* 3 9214 065 (0.43, 0.96)*
At90-days in minor stroke patients 1 388 050 (0.24,1.05)
At 1-year in minor stroke patients 2 8,826 0.77(038,155)
Good functional outcomes (mRS 0-1) 3 1266 2.26/(1.03,4.92)*
Atdischarge 1 437 403 (212,7.69)*
AU90-days 1 565 261(1.24,552)*
Atlyear 1 264 1.16/(0.68,1.99)
Severe disability or mortality (mRS 3-6) 2 12,177 0.4 (034,057)*
Atdischarge 1 151 0.06 (001, 048)*
Atl-year 1 12,026 0.46 (035, 0.59)*
SICH post intravenous thrombolysis 2 426 022(0.04,1.14)

* Indicates p value<0.05. * Minor stroke was defined as an NIH stroke scale (NIHSS) of 5 or less. mRS indicates modified Rankin Scale; SICH, symptomatic intracerebral hemorrhage; IV,
inverse variance; CI, confidence interval.
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Variable Training cohort Validation cohort

(n=1,155) (n=439)

Age, years 70160,77) 69159.77) 0217
Male, 1 (%) 669 (57.9) 249.(56.7) 0.664
Drinking, n (%) 328 (28.4) 125 (28.5) 0976
Smoking, 1 (%) 338 (29.3) 124 (28.2) 0.689
Baseline NIHSS score 2(14] 2(15) 0783
TOAST 0144
LAA, 1 (%) 404(35) 156 (35.5)

CE,n (%) 168 (14.5) 67(153)

SAO, 1 (%) 470 (40.7) 158 (36)

Other, 7 (%) 113(9.8) 58(13.2)

Hypertension, 1 (%) 787 (68.1) 297 (67.7) 0853
DM, 7 (%) 288 (24.9) 116 (26.4) 0542
CAD, 1 (%) 152(13.2) 60(13.7) 0.79

AR 1 (%) 119(103) 56 (12.8) 0.162
Anticoagulant, (%) 38(3.3) 25(5.7) 0.028%
SBE mmHg 149 [133,165] 149 [135,163] 0867
DBP, mmHg 84(76,94] 85(76,93] 0279
WBC, 10° 632[5.147.51] 6.29(5.22.7.69] 0.641
Neutrophile, 10° 385[3501] 39(3.06,5.25] 0364
Lymphocyte, 10° 156 [1.22.2] 157(1.23,1.93] 0.904
Monocyte, 10° 0.48[0.39.0.59] 047(0.38,0.58) 0325
Platelet, 10° 202 (167,237) 203 [172,246] 0216
CRE mg/L. 146 [0.67,4.35) 153 [07,4.49) 0508
TBil, pmol/L 122(93,165) 121(9417) 0856
TC, mmol/L. 439 [3.73,5.08] 45[3835.15] 0209
TG, mmol/L. 1.330.99,1.86] 134(0.96,1.83] 0936
HDL, mmol/L 1.09(0.93,1.31] 109 (0.94,1.28] 0889
LDL, mmol/L 268 (2.17,3.26] 277(2.21,3.29] 0175
apoA, g/L. 117 [1.04,1.34] 117 [1.04,1.32] 0.649
apoB, g/l 089 0.74,1.05) 0.92(0.76,1.09) 0.025%
Urea, pmol/L. 488 (401,59] 486 [4.05,6.04] 0745
Uricacid, pmol/L. 3023 [248.9,369.5) 3039 [256.9,368.8] 0566
Creatinine, pmol/L 68.5(58,79.9) 686 (57.7.81.4] 0789
FBG, mmol/L 5.29(4.66,6.67) 529 (471,693 0.463
GHb, % 615.6638] 61567.1] 0828
ALT, UL 169 (12.8.23.6] 169 12.3,24.1] 0573
AST, U/L 2117.6257) 206(17.2255] 0182
END, 7 (%) 75(6.5) 31(7.0) 0.684

NIHSS, National Institute of Health Stroke Scale; TOAST, Trial of Org 10172 in acute stroke treatment; LAA, Large artery atheroscleross; CE, Cardio-embolism; SAO, Small artery occlusio
DM, Diabetes melltus; CAD, Coronary artery disease; AF, Atrial fibrillations SB, Systolic blood pressure; DB, Diastolic blood pressure; WBC, White blood cell; CRR, C-Reactive protein;
TBil, Total bilirubin; TC, Total cholesterol; TG, Total triglyceride; HDL, High density lipoprotein; LDL, Low density lipoprotein; apoA, Apolipoprotein A; apoB, Apolipoprotein B; UN, Urea
nitrogen; UA, Uric acid; FBG, Fasting blood glucose; GHb, Glycosylated hemoglobin; ALT, Alanine aminotransferase; AST, Aspartate aminotransferase.

p<005.
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Patients with DOAC-intake

(n=23)

DOAC-agent, n (%)

Rivaroxaban 4(17.4)
Apixaban 17(739)
Edoxaban 287)
Reduced dose 6(26.1)
Last intake of DOAC, hs median (IQR) 406-7)

Indication for OAC; (%)

Arial fibrillation 21(913)
Thrombosis 00)
Thromboembolism 00)
Other 2(87)

For patients with DOAC-intake only (11=23), information about DOAC-agent, lat intake,
dosing and indication for oral anticoagulation are shown. Reduced dose was defined as daily
dose of less than 20 mg rivaroxaban, 10mg apixaban, or 60 mg edoxaban. DOAC, direct oral
anticoagulant; OAC, oral anticoagulation; h, hours.
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Elements or No. No. Odds ratio

predictors studies  patients (v,
random,
95% Cl)
Female 4 1,691 116 (0.64, 2.10)
Posterior circulation stroke’ 6 1702 247 (1.30,4.72)*
Large artery atherosclerosis 5 14,088 0.68 (0.45,1.03)
Small artery occlusion 5 14,088 0.71(0.05,932)
Cardioembolism 5 14,088 0.62(0.41,093)*
Prior stroke 5 13,165 142 (103, 1.96)*
transient ischen
o 2 12200 196 (1.39,2.77)*
Atrial fibrillation 8 15,031 0.56 (045, 071)*
Diabetes mellitus 9 15,054 0.92 (080, 1.06)
Hypertension 9 14,992 0.98 (083, 1.16)
Ischemic heart disease 4 12878 136 (113, 1L64)*
Dyslipidemia 7 14,554 114097, 1.34)
Smoking 9 14992 081 (0.63,1.04)

* Indicates p value <0.05. * Odds of DWI -ve scans only of posterior circulation stroke versus
anterior circulation stroke. mRS indicates modified Rankin Scale; SICH, symptomatic
intracerebral hemorrhage IV, inverse variance; CI, confidence interval.
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Variable Non-END

(n=1,488)
Age, years 73 (63,79 70 (60,77) 0027+
Male, 7 (%) 58(54.7) 860 (57.8) 0535
Drinking, n (%) 29(27.4) 424 (28.5) 0,802
Smoking, n (%) 30/(28.3) 432(29) 0873
Baseline NIHSS score 3(26) 2014) <0.001%5%
TOAST 0.083
LAA, 1 (%) 47(44.3) 513(34.5)
CE, n (%) 18(17) 217 (14.6)
SAO, 1 (%) 30(283) 598 (40.2)
Other, n (%) 11(104) 160 (10.8)
Hypertension, 1 (%) 76 (71.7) 1,008 (67.7) 0399
DM, 7 (%) 27(25.5) 377 (25.3) 0975
CAD, 1 (%) 26(24.5) 186 (12.5) <0.001%5%
AEn (%) 18(17) 157 (10.6) 0.041%
Anticoagulant, (%) 5(47) 58(39) 0.676
SBE mmHg 159 [146,172) 148 133,164] <0.001%+
DBP, mmHg 855 (7897) 84(76.93] onz
WBC, 10° 659 [5.59.8] 6.29(5.147.53] 0.035%
Neutrophile, 10° 447 [3.436.2) 383(299,5.01] <0.001%+
Lymphocyte, 10° 139 (1.03,1.7) 158 (1.24,201] <0.001%+
Monocyte, 10" 0.46 [037,0.58) 0.48 [0.38,0.59) 0.206
Platelet, 10° 199.5 (160,232) 203 (168,239.5] 0433
CRP, mg/L 1.8(0.74,6.79] 1.46 (068,428 0.043%
TBil, pmol/L. 151 [116,19.9] 12(93,165] <0.001%+
TC, mmol/L. 472(3965.15] 441(3765.08] 0.029%
TG, mmol/L. 1.25[091,2.01] 1.34[0.99,1.84] 0.609
HDL, mmol/L 112(0.93,137) 109 (0.93,1.29) 0235
LDL, mmol/L 299 (2:363.36] 269(217,3.26) 0.008%*
apoA, g/L. 118 [1.04,1.38] 117 (104,134 0282
apoB, g/L. 0.950.,1.09] 0.89(0.74,1.06] 0047+
UN, pmol/L. 472[4015.74] 489 [4.03,5.95] 0199
UA, pmol/L. 2823 (231.4,347.7) 3046 (251.8,370.4) 0012%
Creatinine, pmol/L 679 (568783 687 (58.1,80.5] 0491
FBG, mmol/L. 552 (4.726.93] 5.26 (4.66,6.68] 0171
GHb, % 6.15(567] 615.6,6.85] 0501
ALT, UL 161 (12.3,207] 17(12:8,24.1) 0123
AST, U/L 21(17.9264] 209(17.4257) 0,652

NIHSS, National Institute of Health Stroke Scale; TOAST, Trial of Org 10172 in acute stroke treatment; LAA, Large artery atheroscleross; CE, Cardio-embolism; SAO, Small artery occlusio
DM, Diabetes melltus; CAD, Coronary artery disease; AF, Atrial fibrillations SB, Systolic blood pressure; DB, Diastolic blood pressure; WBC, White blood cell; CRR, C-Reactive protein;
TBil, Total bilirubin; TC, Total cholesterol; TG, Total triglyceride; HDL, High density lipoprotein; LDL, Low density lipoprotein; apoA, Apolipoprotein A; apoB, Apolipoprotein B; UN, Urea
nitrogen; UA, Uric acid; FBG, Fasting blood glucose; GHb, Glycosylated hemoglobin; ALT, Alanine aminotransferase; and AST, Aspartate aminotransferase.

p<0.05; **p<0.01; *+p<0.001.
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Patients with AIS Control

(n=44) (n=21)
Age, y; mean (SD) 785(95) 676 (13.2)
Female sex; n (%) 9(39.1) 8(38.1)
medical history

Premorbid mRS; median (IQR) 10-1) 0(0-0)
Arterial hypertension; n (%) 21(91.3) 14 (66.7)
Peripheral arterial occlusive disease; n (%) 2(87) 00
Renal impairment; n (%) 4017.4) 0(0)

Comedication; n(%)
Platelet function inhibitor 143) 19.(90.5)
Statin 22(95.7) 2095.2)

Stroke characteristics.

Acute ischemic stroke; n (%) 10 (43.5) 10 (47.6)
“Transient ischemic attack; n (%) 13 (56.5) 11 (524)
NIHSS on admission; median (IQR) 1(0-4) 1(0-3)
Intravenous thrombolysis; n (%) 1(43) 6(28.6)
Endovascular thrombectomy; n (%) 4017.4) 1(48)
Left hemispheric symptoms; n (%) 9(409) 7(333)

Length of stay at stroke-unit, d; median (IQR) 5 (4-12) 4(5-8)

mRS at discharge; median (IQR) 1(0-3) 0(0-1)

Provided are the baseline characteristis of patients dichotomized into DOAC intake and
control group. Data are presented as mean (+ standard deviation), median (interquartiles
range) or absolute number (percentage). DOAC, direct oral anticoagulant; SD, standard
deviation; y, years; mRS, modified Rankin scale (ranging from 0, no symptoms, o 6, dead);
NIHSS, National Insttute of Health Stroke Scale (ranging from 0o 42 with higher scores
indicating more severe symptoms); , days.
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Total: 68.1

DWI-ve: 66;
DWltve:
70*

DWl-ve: 66;
DWlve:
67%
DWl-ve:
6697
DWlve:
68.26

Total: 63.5

DWI-ve: 63;
DWI4:
63%

Total: 58

DWI-ve-ve:
6%
DWlive: 67

DWl-ve:
67.61
DWlive:
698

DWl-ve:
6215
DWl+ve:
625

Total: 715

Total 53.8

DWl-ve: 52

Total: 66

DWI-ve:
496
DWltve:
557

DWI-ve: 49;
DWltve: 62

DWI-ve:
455
DWlve:
636

Total: 49

DWI-ve:
59.3;
DWltve:
693

Total: 87.5

DWI-ve:
59.6;
DWIve
622

NR

DWl-ve:
68.5;
DWlve:
739

Total: 51.7

DWI-ve:
333
DWltve:
57.1

DWI-ve: 45;
DWlive: 55

DWI-ve:
62.9;
DWlive: 69

Median
baseline
NIHSS

Total: 2

DWLve: I
DWlsve: 1

DWIve: 2;
DWltve: 2

DWI-ve: 2.82;
DWlsve: 3.74°

DWIve: 15
DWlsve:2

DWltve: 4

NR

DWLve: 4
DWltve: 7

DWlve: 2
DWltve: 4

DWI-ve:

DWlsve: 5

NR

DWI-ve: 6
DWlsve: 11

DWIve: 35
DWlive: 4

Time from
stroke onset
to DWI scan

Total: 12 (4-27)
(days)*

DWI-ve: 5 (12);
DWl+ve: 3(3)
(days)*

DWI-ve: 6 (3-11);
DWive: 4(2-9)
(days)*

NR

DWI-ve: 2 (1-4);
DWlve: 2 (1-4)
(days)*

DWI-ve: 8 (8.5)

(hours)*

DWI-ve: 2 (1.64-
257); DWisve:
181(1.33-2.33)
(hours)*

DWI-ve: 854
(16.98); DWI+ve:
18.83 (30.81)

(hours)*

NR

DWI-ve: 43 (1.2);
DWI+ve: 10.79
(10.26) (hours)*

NR

Intravenous
thrombolysis,
N (%)

NR

NR

NR

NR

DWI-ve: 152 (16.3)
DWlsve: 978 (8.8)

NR

DWI-ve: 47 (100);
DWI+ve: 518 (100)

DWI-ve: 39 (43.3);
DWlsve: 152 (24.5)

DWI-ve: 54 (100);
DWlsve: 383 (100)

NR

NR

DWI-ve: 23 (100);
DWI+ve: 66 (100)

DWI-ve: 35 (100);
DWIve: 116 (100)

Criteria of
stroke
diagnosis
Clinical D at
discharge, f/u
MRI

Clinical Dx at
discharge, f/u
CT or MRI

Clinical Dxat
discharge, f/u
MRI

Clinical Dx at

harge, f/u
CT or MRI

Clinical Dx at

harge, f/u
MRI

Clinical Dx at
discharge, f/u
CTor MRI

Clinical Dx at
discharge, f/u
MRI

Clinical Dxat
discharge, /u
MRI

Clinical Dx at
discharge, f/u
CT or MRI

Clinical Dxat
discharge, f/u
MRI

Clinical Dx at

harge

Clinical Dx at

ischarge

Clinical Dx at
discharge, f/u
CTand MRI

Clinical Dx at

ischarge, fu
CT or MRI

NOS
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Patients with atrial fibrillation

Without With GLPS

<10% 10-30% k{074
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>30%, n - 18 87 88
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Patients without atrial fibrillation
With GLPS

<10% 10-30% >30% Total

<10%, n 364 18 1§ 383
10-30%, n 26+ 103 5 134
>30%, n - 9% 30 39
Total, n 390 130 36 556

*Multivariable model including age, hypertension, and left atrial volume index.

#The number of patients who were correctly reclassified according to the model with GLPS.
$The number of patients who were incorrectly reclassified according to the model with GLPS.
GLPS, global longitudinal peak strain.





OPS/images/fneur-15-1376439/crossmark.jpg
©

2

i

|





OPS/images/fneur-15-1360511/fneur-15-1360511-t003.jpg
Subgroup outcomes No. of  Effect Pooled results Heterogeneity
studies measure

Effect LCI UCI  pvalue 12(%) pvalue
estimate

Primary outcomes

Discharge favorable 1AV 4 RR 115 0.67 195 0613 0 0.684
outcome TAV combination TBA 1 RR 085 049 147 0555 0 0712
Follow-up favorable 1AV 3 RR 128 067 243 045 783 001
outcome TAV combination TBA 2 RR 108 0.88 132 0.446 307 0.23

1AV 7 RR 05 0.27 091 0,023 124 0335
In-hospital mortality

TAV combination TBA 2 RR 04 005 3 0381 0 0597
Secondary outcomes

1AV 4 RR 062 0.23 167 0.346 892 <0.001
Major infarction on CT

TAV combination TBA 1 RR 206 09 473 0.087 / /

1AV 2 MD 615 -n92 | un 0,505 963 <0.001
1CU stay/days

TAV combination TBA 2 MD 573 128 1007 0.012 90.7 0.001

1AV 0 MD / 1 / ! / /
Hospital days

TAV combination TBA 2 MD 56 363 7.56 <0001 0 0994

IAV: intra-arterial vasodilator infusion, TBA: transluminal balloon angioplasty, CT: computed tomography, ICU: intensive care unit, RR: risk ratios, MD: mean diferences, LCI: lower
confidence interval, UCI: upper confidence interval.
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estimate value test
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Primary outcomes

Discharge 5 275 RR 0.99 0.68 145 0.963 o 0712 0.008 0.011
favorable outcome

Follow-up. 5 38 RR 109 086 139 0485 579 005 0.191 0318
favorable outcome

In-hospital 7 517 RR 049 029 | 083 0.008 0 0555 0896 081
mortality

Secondary outcomes

Major infarction 5 347 RR 0.79 034 184 0588 87.1 <0.001 0506 0916
onCT

1CU stay/days 1 291 MD 607 103 1112 0018 923 <0001 / /
Hospital days. 2 190 MD 56 3.63 7.56 <0.001 o 0.994 ! #

CT: computed tomography, ICU: intensive care unit, RR: risk ratios, MD: mean differences, LCI: lower confidence interval, UCI: upper confidence interval,
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Author Country Design Total Intervention Control Type of Typeof  Outcome

(n) (n) () intervention control  evaluation
group group
Anthofer 2021 Germany RS 52 15 37 Single shot IA HHT/NHT GOs 7
)1 nimodipine and oral
nimodipine
Anthofer 2021 Germany RS 86 49 37 Continuous 1A HHT/NHT GOs
)2 nimodipine and oral

Abulhasan 2020 | Canada RS 110 2 89 TBA and/or IA w mRS 8
YB milrinone milrinone
Crespy T 2018 | France RS 101 u 77 Continuous TA Continuous | / 8
milrinone w
milrinone
Goel R 2016 India RS 53 39 14 1A nimodipine Gos 7
Bele s 2015 Germany RS 4 2 20 continuous IA HHTand  GOS fl
nimodipine oral
nimodipine
Mortimer 2014 | Australia Ps 80 7 63 TBA and/or IA w GOS and mRS, 8
AM verapamil and nimodipine
papaverine
Nakamura | 2013 | Japan RS 21 10 1 Selective IAFA | IVFA Gos 6
T1
Nakamura | 2013 | Japan RS 21 10 n Nonselective 1A IV FA Gos
T2 FA

RS: retrospective, PS: prospective, IA: intraarterial, IV: intravenous, TBA: transluminal balloon angioplasty, FA: fasudil hydrochloride, HHT: hypervolemic hypertension therapy, NHT:
normovolemic hypertension therapy, GOS: glasgow outcome scale, mRS: modified rankin scale.
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Anthofer J-2 2021
Abulhasan YB 2020
Mortimer AM 2014
Subtotal (I-squared = 92.3%, p = 0.000)

Hospital days

Abulhasan YB 2020
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Subtotal (I-squared = 0.0%, p = 0.994)
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——%—— 15.28(11.07, 19.49)

336 (1.05, 5.67)
7.90 (6.49, 9.31)
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Exposures Outcomes Heterogeneity test Pleiotropy test MR-PRESSO

Cochran’s Q Test P Egger Intercept P Global Test (p)

Tron deficiency anemia  Ischemic stroke 793 0.160 0.008 0,681 0214

Large artery stroke 0070 0.966 0.0003 0998 NA

Cardioembolic stroke 5600 0469 ~0018 0544 0441

Small vessel stroke 6803 0236 0,034 0416 0255
Ischemic stroke Tron deficiency anemia 3345 0.764 ~0.037 0369 0.764
Large artery stroke 10302 0244 ~0.050 0074 0274
Cardioembolic stroke 1321 0724 0010 0650 0.669

Small vessel stroke 3.586 0.465

0.708 0.485

NA, not available.
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%
Author Year RR (95% CI) Weight

In-hospital mortality
Anthofer J-1 2021 — 0.38 (0.10, 1.48) 14.46
Anthofer J-2 2021 — 0.46 (0.22, 1.00) 45.22
Abulhasan YB 2020 —_— 0.24 (0.01,4.01) 3.39
Bele S 2015 —_— 0.27 (0.06, 1.16) 12.81
Mortimer AM 2014 — S — 0.71 (0.04, 14.16) 3.00
Nakamura T-1 2018 é——+—F+— 0.16 (0.01,2.69) 3.31
Nakamura T-2 2013 —_— 1.47 (0.43,5.01) 17.80
Crespy T 2018 (Excluded) 0.00
Goel G 2016 (Excluded) 0.00
Subtotal (I-squared = 0.0%, p =0.555) <> 0.49 (0.29,0.83) 100.00
Maijor infarction on CT
Anthofer J-1 2021 — 0.90 (0.52, 1.54) 21.93
Anthofer J-2 2021 — 0.34 (0.19,0.63) 21.39
Abulhasan YB 2020 T 2.06(0.90,4.73) 19.55
Crespy T 2018 — 1.95 (1.21,3.16) 22.37
Bele S 2015 —— 0.16(0.04,0.62) 14.76
Subtotal (I-squared = 87.1%, p=0.000) <<_[> 0.79(0.34,1.84) 100.00
T

T
.01 1 100
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Exposures/ Consortium  Cases/ nSNP  Ethnicity PMID  Data source Population

Outcomes Controls

Tron deficiency FinnGen 15,153/393,684 | 21,306290  European - finngen R10_D3_ - 2023
anemia ANAEMIA_IRONDEF

Ischemic stroke MEGASTROKE | 34217/406,111 8,338,157 | European 29,531,354 GWAS catalog Adults 2018
Largearterystroke  MEGASTROKE | 6,399/1,234808 5774938 | European 36,180,795 GWAS catalog Adults 2022
Cardioembolic stroke ~ MEGASTROKE | 7,193/406,111 | 8,303,699 = European 29,531,354 GWAS catalog Adults 2018

Small vessel stroke MEGASTROKE | 5386/192662  8311,897 = European 29531354 GWAS catalog Adults 2018
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Author Year

Discharge favorable outcome
Anthofer 1 2021

Anthofer J2 2021
Goel G 2016
Bele S 2015

Mortimer AM 2014
Subtotal (I-squared = 0.0%, p = 0.712)

Follow-up favorable outcome
Abulhasan YB 2020

Crespy T 2018
Goel G 2016
Bele S 2015

Mortimer AM 2014
Subtotal (I-squared = 57.9%, p = 0.050)

A
Vi

RR (95% Cl)

1.41(048,4.12)
0.86 (0.34,2.17)
0.99 (0.38, 2.60)

—————————5 238 (0.52,10.90)

085 (0.49, 1.47)
099 (068, 1.45)

0.95 (0,68, 1.33)
087 (064, 1.18)
1.03 (061, 1.74)
3.05 (1.38, 6.75)
1.14 (0,97, 1.34)
1.09 (0.86, 1.39)

%
Weight

1270
17.24
15.58
6.31
4817
100.00

2234
2370
1374
7.46
3275
100.00
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Assumption 2
SNPs are not associated with confounders

Assumption 1
SNPs are associated
with exposures.

Confounders

Instrumental Variables (SNPs)
« SNPs associated with exposures at p
<5x10%orp < 5x107

« Exclude SNPs in LD (1> 0.001,
clump window < 10000 kb)

« Exclude SNPs with F-statistic < 10

Outcomes
Ischemic stroke
Small vessel stroke
Large artry stroke
Cardioembolic stroke.
(or Iron deficiency anemia)

Exposures
tron deficiency anemia
(or Ischemic stroke
Small vessel sroke
Large artery sroke
Cardioembolic stroke)

®

Assumption 3
SNPs influence the outcomes only by exposures instead of others
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- English database : Chinese database :
£ PubMed (n=421) CNKI (n=141)
- Embase (n=1114) WanFang (n=287)
] Web of Science (n=1244) VIP (n=106)
= The Cochrane Library (n=5217)
2 \_14
=
Records after duplicates removed
(n=6297)
H !
= Screening for title and abstract
2 (n=6297)
5
@

—————| Irrelevant studies (n=6071)

Full text screening
(n=226)

Exlusion (n=191):

(1) Non-RCTs (n=91)
5| (2)Unrelated intervention (n=17)
(3) Unrelated outcome (n=58)
— (4) Incomplete data (n=11)

(5) No able to obtain full text (n=14)

Studies included in qualitative synthesis
(n=35)

!

Studies included in quantitive synthesis
(network meta-analysis)
(n=35)

Included
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Models SR DR SEFs-10 SEFs-34 SEFs-5
ML models SVM 0.684 0.823 0.838 0.858 0.744 0.822
RF 0.673 0.716 0719 0.696 0.729 0.760
DT 0.505 0.604 0.549 0.622 0.667 0.561
KNN 0.664 0.721 0.794 0.676 0.689 0.795
Ada 0.697 0.695 0.692 0.723 0.763 0.667
LR 0.744 0.793 0.859 0.936 0.782 0.845
NB 0.714 0.812 0.756 0.762 0.688 0.844
GBDT 0.674 0.678 0.677 0.691 0716 0717
DA 0.666 0.679 0.890 0.923 0751 0.885
95% CI (0.618,0.72) (0.669,0.78) (0.671,0.835) (0.678, 0.852) (0.696, 0.755) (0.687, 0.845)
DL models CNN 0.735 0.800 0.864 0.942 0.776 0.841
LSTM 0.721 0.797 0.842 0.929 0.782 0.857
RNN 0728 0.808 0.839 0.933 0.774 0.850
LN 0.671 0.778 0.862 0.900 0.762 0.842
95% CI (0.667,0.761) (0.776,0.816) (0.831,0.873) (0.897, 0.955) (0.76, 0.787) (0.836, 0.859)
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Models esnet Resnet34 Resnet5!

ML models SVM 0871 0.885 0.865 0877
RF 0735 0718 0735 0691
DT 0610 0.664 0.639 0615
KNN 0751 0711 0724 0771
Ada 0.766 0.757 0.729 0723
LR 0893 0971 0875 0.890
NB 0771 0.784 0711 0.862
GBDT 0.706 0.685 0750 0729
DA 0.889 0933 0.803 0900

95% CI (0705, 0.849) (0.703,0.877) (0.70,0.817) (0706, 0.863)
DL models CNN 0.898 0.937 0.868 0920
LSTM 0.899 0932 0.862 0.898
RNN 0.888 0971 0.856 0911
LN 0910 0.966 0853 0914

95% CI (0.884,0.913) (0.92,0.983) (0.849,0.87) (0.896,0.925)
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95% ClI P= [P

value interaction

Sex 0.548
Male (n = 466) 4713 1.778-12.493 0.002

Female 2279 0.360-14.444 0.382

(n=257)

Age 0.241
<60 years 7472 1.754-31.840 0.007

(n=265)

>60 years 3.170 1.198-8.383 0.020

(n=457)

Hypertension 0.781
Yes (n = 445) 3.180 1.171-8.637 0.023

No (n=277) 5778 1.396-23.918 0.016

Diabetes 0.670
Yes (n=199) 1.789 0.383-8.365 0.460

No (1= 523) 7213 2.485-20.935 <0.001

LDL-C 0.456
<median 5478 1.014-29.588 0.048

(n=1362)

>median 3436 1.366-8.642 0.009

(n = 360)

TOAST 0.638
LAA stroke 4.955 1.591-15.434 0.006

(n=299)

Non-LAA 2.921 0.692-12.333 0.145

stroke

(n=423)

Hazard ratios were adjusted for age, sex, diabetes, hypertension, medication compliance,
smoking, triglycerides, low-density lipoprotein cholesterol, and high-density lipoprotein
cholesterol, except for the stratified variable.

TOAST, Trial of Org 10172 in Acute Stroke Treatment; LDL-C, low-density lipoprotein
cholesterol; LAA, stroke large-artery atherosclerosis; Non-LAA includes CE and SVO.
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Items Value

Epoch 500

Batch size 20

Optimizer Adam

Loss function Cross entropy

Learning rate 0.01

Stop condition | The loss value was higher than the minimum loss 10 times
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Characteristics Univariate analysis Multivariate analysis®

Wald [P= HR = 95%CI SE Wald [P= HR 95% CI
X2 value

2 Adjusted for risk factors included age, sex, diabetes, hypertension, medication compliance, smoking, triglycerides, low-density lipoprotein cholesterol, and high-density lipoprotein cholesterol.
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Iltems Value

Patients number 88
Volumes of datasets 156
Female (%) 39 (44.3%)
Age (mean = Std) 69.67 & 11.02
Income NIHSS score (mean = Std) 8.62 % 6.69
Outcome NIHSS score (mean = Std) 4.07 £5.29
90-day mRS 1.91£2.13
Onset time (hour) 7,05+ 10
Patients with left limb weakness (%) 36 (40.9%)
Patients with right limb weakness (%) 38 (43.2%)
Patients with lisp out (%) 58 (65.9%)
Patients with confused (%) 10 (11.4)
Patients with hypertension (%) 59 (67%)
Patients with diabetes (%) 26 (29.5%)
Patients with atrial fibrillation 22 (25%)






OPS/images/fneur-14-1308442/fneur-14-1308442-t002.jpg
rotein B/Apolipoprotein A

Sex —1.623 0.105
Male 466 0.87 (0.74, 1.13)
Female 257 0.85(0.70, 1.07)
Age, year —2.007 0.045
<60 265 091(0.77, 1.13)
260 457 0.84(0.72, 1.08)
History of hypertension —2.771 0.006
No 277 083 (0.72, 1.03)
Yes 445 0.90 (0.74, 1.14)
History of diabetes —1.737 0.082
No 523 0.85(0.73, 1.07)
Yes 199 0.90(0.73, 1.18)
Smoking —2.970 0.003
No 473 0.84 (071, 1.07)
Yes 249 0.92(0.78, 1.16)
Alcohol drinking —0.761 0.446
No 564 0.85(0.73, 1.08)
Yes 158 0.89(0.73, 1.17)
TG category —6.602 <0.001
<median (1.28 mmol/L) 362 0.83 (0.68, 1.00)
>median (1.28 mmol/L) 360 0.94(0.79, 1.19)
LDL-C category —13.705 <0.001
<median (2.65 mmol/L) 362 0.78 (0.65, 0.87)
>median (2.65 mmol/L) 360 1.05 (0.85, 1.23)
HDL-C category —3.779 <0.001
<median (1.09 mmol/L) 361 092(0.77, 1.15)
>median (1.09 mmol/L) 361 0.83 (0.69, 1.04)
Toast —2.813 0.005
LAA 299 0.84 (071, 1.07)
No-LAA 423 091 (075, 1.15)

TG, triglyceride; TC, total cholesterol; LDL-C, low-density lipoprotein cholesterols HDL-C, high-density lipoprotein cholesterol; TOAST, Trial of Org 10172 in Acute Stroke Treatment; LAA,
large-artery atherosclerosis; No-LAA includes CE and SVO.
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Characteristics® Stroke recurrence

No (n = 620) \CAE]

Male (n) 394 71 1.403 0.236
Age (year) 64 66 —1.672 0.095

Hypertension () 373 72 4.027 0.045

Diabetes (1) 160 39 6.777 0.009

Smoking (1) 207 42 2352 0.125

Alcohol drinking (1) 132 26 0.888 0.346

Poor medication adherence (1) 88 30 11.893 <0.001
TG (mmol/L) 1.27 (096, 1.79) 1.31(0.89, 1.90) —0.454 0.650

TC (mmol/L) 4.61 (4.06,5.31) 4.80 (4.12,5.63) ~1.399 0.162

LDL-C (mmol/L) 2,62 (2.11, 3.20) 2.80(2.28,3.36) —1.966 0.049

HDL-C (mmol/L) 1.10 (0.94, 1.25) 1.04 (0.89, 1.18) —1.944 0.052

Apolipoprotein A-I (g/L) 0.93 (0.82, 1.04) 0.84 (0.75,0.96) —4.088 <0.001
Apolipoprotein B (g/L) 0.80 (0.68, 0.98) 0.86(0.72, 1.05) —2.064 0.039

Apolipoprotein B/Apolipoprotein A-T 0.84 (0.72,1.07) 1.01(0.79, 127) -3.722 <0.001
Apolipoprotein B/Apolipoprotein A-I category 10.488 0.001

<median (1) 320 35

>median (1) 300 67

TOAST 2.150 0.143

LAA stroke (1) 250 49

No-LAA stroke (1) 370 53

TG, triglyceride; TC, total cholesterol; LDL-C, low-density lipoprotein cholesterol; HDL-C, high-density lipoprotein cholesterol; TOAST, Trial of Org 10172 in Acute Stroke Treatment; LAA,
large-artery atherosclerosis; No-LAA stroke includes cardioembolic stroke and small-vessel occlusive stroke.
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Method p-value OR (95% ClI) Cochrane's Q MR-Egger intercept MRPRESSO  SNPs

test p-value derived p-value

stroke. MR Egger 071 1.04(0.85-1.28) 082 062 087 9
Weighted median 050 0.97 (0.89-1.06)
ww 073 0.99 (0.93-1.05)

Vs MR Egger 088 0.95(0.54-1.68) 051 099 054 8
Weighted median 061 0.95(0.78-1.16)
ww 058 0.96 (0.82-1.12)

LAA MR Egger 094 1.02 (0.58-1.80) 095 0.68 094 >
Weighted median 050 093 (0.75-1.15)
ww 0.09 0.91(0.77-1.08)

s MR Egger 0.40 1.31(0.72-2.38) 0.09 034 0.17
Weighted median 0.61 095 (0.77-1.16)
ww 0.09 0.97 (0.81-1.17)

CES MR Egger 0.40 1.32(0.72-2.38) 0.09 034 0.15 9
Weighted median 0.60 0.95 (0.78)-1.15.
ww 079 0.97 (0.81-1.17)

ICH MR Egger 037 245(045-13.2) 052 048 0.61 L
Weighted median 074 111 (0.59-2.11)
ww 0.28 1.28(0.74-2.22)

Lobar ICH MR Egger 038 3.14(0.35-28.4) 049 044 052 5
Weighted median 057 1.28(0.55-2.95)
ww 0.59 1.22(0.60-2.50)

Non-lobar ICH = MR Egger 0.60 1.81(0.24-13.5) 0.69 073 083 5
Weighted median 065 1.20(0.55-2.62)
wvw 050 1.25 (0.65-2.40)

Mendelian randomized analysis of positive results presented. 5, ischemic strokes LAS, large-artery atherosclerotie strokes; SV, small-vessel trokes; CES, cardioembolic strokes; ICH,
intracerebral hemorrhage.
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CES

ICH
Lobar ICH

Non-lobar ICH

CRS, chronic rhinosinusi

Data source Popula Sample size
FinnGen European 8524
Malik R etal European 10,385
Malik Reetal, European 34217
Malik Reetal, European 4373
Malik R et al European 5386
Malik R etal European 7,193
Woo D etal. European 1545

Woo D etal. European 664

Woo D etal. European 881

PMID
29,531,354
29,531,354
29,531,354
29,531,354
29,531,354
24,656,865
24,656,865

24,656,865

Phenotypic code
finn-b-J10_CHRONSINUSITIS
ebi-a-GCSTO0583
ebi-a-GCSTO05843
ebi-a-GCSTO05840
ebi-a-GCSTO03841

ebi-a-GCST005842

1S, ischemic stroke; LAS, large-artery atherosclerotic strokes; SVS, small-vessel strokes; CES, cardioembolic strokes; ICH, intracerebral hemorrhage.
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Outcome SNPs
stroke 9
MR-Egger regression
weighted median

inverse variance weighted
svs 8
MR-Egger regression
weighted median

inverse variance weighted
LAA 9
MR-Egger regression
weighted median

inverse variance weighted
IS 9
MR-Egger regression
weighted median

inverse variance weighted
CES 9
MR-Egger regression
weighted median

inverse variance weighted
ICH 5
MR-Egger regression
weighted median

inverse variance weighted
Lobar ICH 5
MR-Egger regression
weighted median

inverse variance weighted
Nonlobar ICH 5
MR-Egger regression
weighted median

inverse variance weighted

OR(95% CI) P-Value
1.04(0.85 to 1.28) - 0.71
0.97(0.89 to 1.06) T 05
0.99(0.93 to 1.05) + 073
0.95(0.54101.68) ~ —— 0.88
0.95(0.78 to 1.16) - 061
0.96(0.82 to 1.12) + 058
102058t01.80)  ——— 0.94
0.93(0.75 t0 1.15) - 05
0.91(0.77 to 1.08) - 0.09
1.31(0.72 0 2.38) - 04
0.95(0.77 to 1.16) == 061
0.97(0.81 t0 1.17) — 0.09
132(07210238) ~ ——— 04
0.95(0.78 to 1.15) == 06
0.97(0.81 10 1.17) -+ 0.79
245(0.45101320) ———@———037
1.11(0.59 to 2.11) —— 0.74
1.28(0.74 t0 2.22) — 0.28
3.14(0.351028.40) ——M—0.38
1280550295 ~ ——e—— 057
1.22(0.60102.50) ~ ———— 059
1.81(0.24 10 13.50) ———M——————06
1.20(0.55102.62) ~ —re——— 065
1.25(0.65 to 2.40) e — 05
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Variable 95% CI

Lower Upper

Malegender | 0279 1322 0746 2301 0339
Glucose level 0.156 1169 1076 1.269 0.000*
OTR 0.000 1.000 0.999 1.001 0.406

SICH, symptomatic intracranial hemorrhage; EVT, endovascular treatment; OTR, symptom
onset to recanalization time.
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blood pressure
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dyslipidemia
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coronary heart disease ..

Assumption 2 Irelevant 4 Outcomes :

large-artery atherosclerotic strokes
‘small-vessel strokes

Instrumental variables

cardioembolic strokes
Intracerebral hemorrhage
lobar ICH
nonlobar ICH

--Assumption
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AELELIES No sICH sICH (n =65) P-value

Without alCH (n=115)

ICH (n =310)
Male gender, n (%) 281(57.3) 178 (57.4) 73(63.5) 30/46.2) 0078
Age (years) 68£12 6812 63212 6811 0911
AR n (%) 221 (45.10%) 137 (44.2%) 52 (45.2%) 32 (49.2%) 0.759
Hypertension, 1 (%) 297 (60.6%) 197 (63.5%) 67(58.3%) 33 (50.8%) 0.134
DM, 7 (%) 73 (14.9%) 46 (14.8%) 14.(12.2%) 13 (20.0%) 0.366
Hyperlipidemia, n (%) 106 (21.6%) 68 (21.9%) 28 (24.3%) 10 (15.4%) 0365
Smoke, 1 (%) 151 (30.8%) 101 (326%) 37 (32.2%) 13.(20.0%) 0128
SBP (mmHg) 14674257 14694248 1466268 14594285 0969
DBP (mmHg) 86.2+1538 86.2+15.1 8524149 881203 0527
Glucose (mmol/L) 79429 76428 80+29 925435 <0.001
Triglyceride, (mmol/L) (median, IQR) 12(08-22) 13(08-22) 12(09-22) 12(07-22) 0.784
Cholesterol (mmol/L) 4014 40£14 39¢14 42114 0560
LDL-C (mmol/L) 25:09 2509 24£09 25409 0790
Creatinine (umol/L) (median, IQR) 721 73.20 653 0335

(60.0-91.0) (64.0-92.1) (57.20-81.3)

BUN (mmol/L) (median, IQR) 58(46-7.5) 5.7 (46-7.6) 58(46-7.6) 5.7(46-7.3) 0943
Baseline measurements
ASPECTS median (IQR) 402-5) 402-5) 425 302-5) 0214
Baseline_NIHSS median (IQR) 17 (14-20) 17 (13-20) 16 (13-20) 17(13-21) 0.137
Occlusion site, (%) 0.110
ICA 206 (42.0%) 121 (39.0%) 49 (42.6%) 36 (55.4%)
M 233 (47.6%) 157 (50.6%) 55 (47.8%) 21(323%)
M2 51(10.4%) 32(103%) 11(9.6%) 8(123%)
Procedure process and results
Intravenous thrombolysis, 1 (%) 122 (24.9%) 78 (25.2%) 32(27.8%) 55 (84.6%) 0.667
Local anesthesia, (%) 405 (82.7%) 258 (83.2%) 92(80.0%) 46 (88.5%) 0221
OTP, min, 362 (240-47) 360 360 439 0.153
‘median (IQR) (235-532) (240-593) (299-521)
OTR, min, 450 427 475 503 0088
‘median (IQR) (326-657) (320-640) (330-680) (359-633)
mTICI 2b, 26, 3, 1 (%) 423 (86.3%) 266 (85.8%) 102 (88.7%) 55 (34.6%) 0677
Cerebral hernia, n(%) 140 (28.6%) 67 (21.6%) 35 (30.4%) 38 (58.5%) <0.001
90-d mRS <3, 1 (%) 181 (36.9%) 135 (43.5%) 37 (32.2%) 9(13.8%) <0.001
90-d Mortality, n (%) 205 (41.8%) 109 (35.2%) 51(44.3%) 45 (69.2%) <0.001

Data are presented as mean and standard deviation unless mentioned otherise.

ICH, intracranial hemorrhage; SICH, symptomatic intracranial hemorrhage; alCH, asymptomatic intracranial hemorrhage; IQR, interquartile range; DM, diabetic melltus; AF, atrial
ibrillations SBE, systolic blood pressure; DB, diastolic blood pressure; LDL-C, low-density lipoprotein-cholesterol; BUN, blood urea nitrogen; ASPECTS, Alberta Stroke Program Early
Computed Tomography Score; NIHSS, National Insttute of Health Stroke Scale; ICA, nternal carotid; M1, middle cerebral artery proximal; M2, middle cerebral rtery distal; OTP, symptoms
onset to puncture time; OTR, symptoms onset to recanalization time; mTICI, modified thrombolysis in cerebral infarction; mRS, modified Rankin scale.
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OR (95% ClI) alu
Age 1.060 (1.013-1.1110) 0012
Baseline NIHSS 1.126 (1.031-1.229) 0.009
Baseline ASPECTS 0.901 (0.680-1.192) 0.465
CBF <30% volume inml | 1.016 (0.974-1.060) 0.460
CBV index 0.001 (0.000-0.240) 0014

OR, odds ratio; CI, confidence interval; ASPECTS, Alberta Stroke Program Early Computed
‘Tomography Score; CBE cerebral blood flow; CBY, cerebral blood volume; Tmax, time to
‘maximum; NIHSS, National Institutes of Health Stroke Scale.
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Variables 56) avorable outcome (n = 62)

Patient data

Age, years, median (IQR) 65 (52-78) 74 (63-86) <0.001
Female, (%) 18 (32.1%) 24 (38.7%) 0.581
History

Hypertension, (%) 33 (58.9%) 41 (66.1%) 0.537
Diabetes mellitus, 7 (%) 7 (12.5%) 9 (14.5%) 0.960
Hyperlipidemia, 1 (%) 4(7.1%) 7 (11.3%) 0.648
Atrial fibrillation, (%) 22(39.3%) 36 (58.1%) 0.064
Prior stroke, 1 (%) 6(10.7%) 2(3.2%) 0212
Smoking, 1 (%) 7 (12.5%) 7 (11.3%) 1.000
Coronary heart disease, 7 (%) 4(7.1%) 6(9.7%) 0.871
Baseline NIHSS, median (IQR) 11 (9-16) 20 (13-23) <0.001
Baseline ASPECTS, median (IQR) 8(6-8) 6(4-7) 0.001
Occlusion site 0.703
ICA, 1 (%) 16 (28.6%) 15 (24.2%)

MCA-M, 1 (%) 38 (67.9%) 43 (69.4%)

MCA-M2, 1 (%) 2(3.6%) 4(6.5%)

Etiology of the occlusion 0.203
Cardioembolism, n (%) 23 (41.1%) 34 (54.8%)

Large artery atherosclerosis, 7 (%) 29 (51.8%) 22(35.5%)

Others, 1 (%) 4(7.1%) 6(9.7%)

IV tPA, 1 (%) 14 (25.0%) 12 (19.4%) 0.606
Onset to puncture, median (IQR) 540 (416-684) 599 (448-792) 0.192
Onset to Reperfusion, median (IQR) 633 (499-746) 655 (548-859) 0.203
CTP parameters

CBF <30% volume in ml, median (IQR) 7(0-18) 19 (7-40) <0.001
Mismatch volume (mL), median (IQR) 129 (84-160) 124 (84-158) 0.878
‘Tmax >6 seconds, median (IQR) 138 (86-177) 155 (102-192) 0.182
CBV index, median (IQR) 0.8 (0.7-0.9) 0.7 (0.6-0.7) <0.001
mTICI 2b/3, n (%) 50 (89.3%) 51 (82.3%) 0.410

ICA, internal carotid artery; MCA, middle cerebral artery; NIHSS, National Institutes of Health Stroke Scale score; ASPECTS, Alberta Stroke Program Early Computed Tomography Score;
CBE cerebral blood flow; CBV, cerebral blood volume; Tmax, time to maximum; rt-PA, recombinant tissue plasminogen activator; mT'CI, modified Treatment in Cerebral Ischemia. Data are
expressed as the median and interquartile range (IQR) (expressed as the 25th percentile and the 75th percentiles, respectively).
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Variable ~ OR (95% Cl) Adjusted OR

(95% ClI)*

TyG index binary classification
Tl Reference Reference
T2 2650 (1882-3731) | <0.001 | 2321(2013-2954) 0004

TG/HDL-C binary classification
kit Reference Reference
7 2570 (1828-3614) | <0001 = 2.085(1.514-2873) = 0.02

TyG index: T1 <7.17; 122 7,175 TG/HDL-C: T1 <126; T221.26.
“Model: adjusted for DB, stroke subtype, and TC.
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Variables

Patient data

Good collaterals (n

Fair collaterals (n

1)

poor collaterals (n

Age, years, median (IQR) 63 (51-75) 69 (60-81) 73 (65-87) 0.001

Female, 7 (%) 17 (36.2%) 10(47.6%) 15(31.9%) 0.437

History

Hypertension, n (%) 29(58.0%) 13(61.9%) 32(68.1%) 0.588

Diabetes mellitus, 7 (%) 5(10.0%) 2(9.5%) 2(4.3%) 0.353

Hyperlipidemia, 1 (%) 3(6.0%) 2(9.5%) 6(12.8%) 0519
Atrial fibrillation, 1 (%) 17(34.0%) 11(52.4%) 30(63.8%) 0.013

Prior stroke, 11 (%) 2(4.0%) 2(9.5%) 4(2.1%) 0.243

Smoking, 1 (%) 9(18.0%) 0(0%) 5(10.6%) 0.096
Coronary heart disease, 1 (%) 9(18.0%) 2(9.5%) 2(4.3%) 0.385

Baseline NIHSS, median (IQR) 11(9-15) 17 (10-21) 20 (14-22) <0.001
Baseline ASPECTS, median (IQR) 8(7-8) 7(6-8) 5(4-7) <0.001
Occlusion site 0.185

ICA, 1 (%) 12 (24.0%) 2(9.5%) 17 (36.2%)

MCA-M1, n (%) 36 (72.0%) 18 (85.7%) 27 (57.4%)

MCA-M2, n (%) 2 (4.0%) 1 (4.8%) 3(6.4%)

Etiology of the occlusion 0.370

Cardioembolism, 7 (%) 19.(38.0%) 11 (52.4%) 27 (57.4%)

Large artery atherosclerosis, 71 (%) 26 (52.0%) 9 (42.9%) 16 (34.0%)

Others, n (%) 5(10.0%) 1(4.8%) 4(8.5%)

IV tPA, 1 (%) 14 (28.0%) 3(14.3%) 9(19.1%) 0.368

Onset to puncture, median (IQR) 542 (462-784) 585 (440-798) 550 (410-692) 0.759

Onset to Reperfusion, median (IQR) 633(550-858) 639 (531-836) 635 (488-764) 0.691

CTP parameters

CBF <30% volume in ml, median (IQR) 3(0-16) 11(5-17) 27 (13-44) <0.001
Mismatch volume (mL), median (IQR) 129 (79-154) 115 (70-146) 132 (96-175) 0.337

Tmax >6 seconds, median (IQR) 134 (85-175) 131 (87-171) 166 (122-203) 0.023

CBV index, median (IQR) 0.8 (0.8-0.9) 0.7 (0.7-0.8) 0.6 (0.6-0.7) <0.001
mTICI 2b/3, n (%) 47(94.0%) 19 (90.4%) 35 (74.5%) 0.018

90-day good outcome (mRS score 0-2) 39 (78.0%) 13 (61.9%) 9 (19.1%) <0.001

ICA, internal carotid artery; MCA, middle cerebral artery; NIHSS, National Institutes of Health Stroke Scale score; ASPECTS, Alberta Stroke Program Early Computed Tomography Scores
CBE, cerebral blood flow; CBY; cerebral blood volume; Tmax, time to maximu; rt-PA, recombinant tissue plasminogen activator; miTICI, modified Treatment in Cerebral Ischemia. Data are
expressed as median and interquartile range (IQR) (expressed as the 25th percentile. and the 75th percentiles, respectively).
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Variable OR (95% CI) 2 Adjusted OR (95% CI) P

Age 1.294(1.081-1.307) 0347 1122 (1.041-1.255) 0435
Initial NIHSS score 1129 (1.098-1.302) 0658 1005 (0.984-1.125) 0745
SICH 2885 (2:312-3.519) <0001 1815 (1515-2.231) <0.001
DBP 1022 (1.002-1.041) 0027 1019 (0985-1.131) 0.095
Diabetes mellitus 1562 (1.085-2.246) 0016 1087 (0512-2.315) 0.865
LAA Reference Reference

SAO 0.602 (0.421-0.859) 0005 0432 (0223-0.978) 0.062
CE 0,551 (0.331-0.918) 0022 1032 (0.465-2.180) 0813
SOE 1684 (0.514-5.515) 0389 2.296 (0.238-6.371) 0438
SUE 1115 (0.513-2.422) 0784 0.452 (0.051-1.957) 0219
FBG 1178 (1.123-1.235) <0001

6 2,142 (1.847-2.485) <0001

HDL-C 0.442 (0.241-0.810) 0.008

T 1023 (0.999-1.130) 0.04 1012 (0982-1.113) 0996
TyG index 3,879 (3.029-4.968) <0001 2,015 (1.964-2.049) 0015

TG/HDL-C 1847 (1.637-2.084) <0001 1542 (1.160-2.049) 0.004
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30 days mortality 90 days mortality

Factor %

UORCE)QS“’ aOR (95% CI) UOR (95% CI) aOR (95% Cl)
Age, years 100 (0.99-101) 100 (0.99-1.02) 051 101(0.99-102)  0.99(098-102) 052
Sex 0.78(053-1.16) 092 (0.58-146) 0.48 081(058-1.14)  0.76(0.45-126) 049
Expatriate South Asian/southeastern | 0.88 (062-124) 116 (0.74-181) 052 077(057-1.03)  0.94(056-1.58) 052

Asian status

GCS score 0.76 (0.73-0.79) 0.78 (0.75-0.82) 0.80 0.74(0.72-0.77) 0.79 (0.75-0.83) 0.81
Baseline blood glucose, mg% 108 (L04-112) | 1.02(0.98-1.06) 062 108 (L0S-L11) | 1.02(0.97-1.07) 064
Use of antiplatelet medication 1.58 (1.02-2.44) 1.56 (0.92-2.63) 053 142 (0.96-2.09) 2.02(1.13-3.59) 052
ICH volume, ml 1.04 (1.03-1.05) 1.02(1.01-1.03) 0.69 1.05 (1.04-1.06) 1.02(1.01-1.03) 0.71
Infratentorial location 282(198-401) 190 (119-3.02) 057 272(199-371) 240 (146-394) 0356
Any intraventricular 2.98(2.16-4.11) 1.46 (1.02-2.09) 0.64 297(2.26-3.91) 157 (1.04-2.35) 0.64
Admission to intensive care unit 3.00 (2.11-4.26) 1.25(0.82-1.91) 0.63 3.92(2.87-5.35) 0.82(051-1.33) 0.66
Any surgical intervention 086(0.26-283)  027(0.14-054) 0.9 077(027-221) | 0.26(0.15-0.45) 050

usOR, unadjusted odds ratio; aOR, adjusted odds ratio.
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Variable END (n =179) Non-END (n =1,008) T/Z
Demographic characteristics
Age, years 673241218 663941240 0,094 0348
Male, (%) 118(65.92) 622(61.71) 1515 0.283
BMI, kg/m® 23164475 229944.10 ~0.434 0.665
Clinical assessment
NIHSS, score at admission 65(3-12.25) 6(3-12) ~0711 0477
NIHSS, score afier rt-PA 24h 8(5-15) 301-8) —8.580 <0.001
SICH, 7 (%) 48 (26.82)
SBR, mmHg 151.36424.23 147.66420.30 -1.386 0.167
DBP, mmHg 8685+ 13.44 83.17£12:88 -2227 0026
OTT, minute 154(1105,215) 146 (86, 213) 0.259
Vascular risk factors, n (%)
Hypertension 111(6201) 674(66.87) 1599 0.206
Diabetes mellitus 49(27.37) 195(19.35) 6.001 0014
Atrial fibrillation 26(14.53) 163 (16.17) 0307 0579
Coronary artery disease 38 (21.23) 218(21.63) 0014 0.905
Current smoking 77 (43.02) 406 (40.28) 0473 0.492
Current drinking 36(20.11) 223(22.12) 0.360 0548
Medication use history, n (%)
Previous antiplatelet 20(1117) 145 (14.38) 1310 0252
Previous anticoagulation 13(7.26) 71(7.04) 0011 0916
Previous statin 11(6.15) 76 (7.54) 0435 0509
Previous antihypertension 69 (38.55) 405 (40.18) 0.800 0371
Previous hypoglycemic agents 24 (13.41) 17(11.61) 0471 0493
Stroke subtype, n (%) 13014 0011
LAA 76 (42.46) 320 (31.75)
$AO 68 (37.99) 476 (47.22)
CE 221229 168 (16.67)
SOE 4(223) 10(099)
SUE 9(5.03) 34(3.37)
Laboratory data
FBG (mmol/L) 653(5.28-1023) 571(481-7.23) -5.220 <0.001
TG (mmol/L) 1.88(1.15-3.9) 129 (0.94-1.82) ~7.617 <0.001
TC (mmol/L) 461 (3.78-539) 433 (37-5.01) ~2.99 0.003
HDL-C (mmol/L) 1.06+032 112032 2510 0012
LDL-C (mmol/L) 2764102 2742088 -0324 0.746
TYG index 782 (7.02-8.56) 713 (6.75-7.54) -8.728 <0001
TG/HDL-C 201 (0.99-4.56) 120 (0.80-1.86) -7.442 <0.001

BMI, body mass index; SICH, symptomatic intracranial hemorrhages SBP, systolic blood pressure; DB, diastolic blood pressure; NIHSS, National Institutes of Health Stroke Scale; OT'T, onset
0 treatment time; LAA, large-artery atherosclerosis; SAO, small-artery occlusion; CE, cardioembolism; SOE, stroke of other determined etiology; SUE, stroke of undetermined etiology; TC,
total cholesterol; TG, triglycerides; FBG, fasting blood glucose; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol; TyG, triglyceride-glucose.
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Favorable Unfavorable

Variable prognosis (n =987,  prognosis (n = 673, p-value
59.5) 40.5)
Demographics
Median (IQR) age, years 48 (41-56) 50 (42-61) 49 (415-58) <0.001
Female, n (%) 149.9) 132(79) 281 169) 0016
Male, n (%) 838 (50.5) 541(326) 1,379 (83.1)
Expatriate <0.001
Native residents 1 (%) 190 (1.4) 184 (11.1) 374225)
South Asian 1 (%) 555(33.4) 355(21.4) 910 (54.8)
Southeastern Asian 1 (%) 200 (12.1) 109 (6.6) 309 (18.6)
African n (%) 30(18) 24(14) 54(33)
North American/European 1 (%) 12(0.7) 101 13.0.8)
Modes of arrival
Emergency medical system n (%) 797 (48) 587 (35.4) 1,384 (83.4)
Interfacility transfer n (%) 53(2) 44(26) 97(58) <0.001
In-hospital stroke 1 (%) 6(0.4) 5(03) 1107)
te transport 1 (%) 131(7.9) 37(22) 168 (10.1)

Clinical assessments

n systolic blood pressure mmHg 179 (154-204) 182 (152-210) 180 (153-206) 0.09%
in diastolic blood pressure mmHg 105 (90-121) 106 (89-123) 105.5(90-122) 0827
High blood pressure on admission r (%) 833 (502) 550 (33.1) 1,383 (83.3) 0.151
Median baseline NIHSS 6(2-12) 20(13-25) 11(4-20) <0.001
Median Glasgow coma scale 15 (14-15) 10(6-14) 14(10-15) <0.001
GCS Score 13-15 844 (50.8) 258 (15.5) 1,102 (6.4)
GCS Score 5-12 131(7.9) 287 (17.3) 418(25.2) <0.001
GCS Score 3-4 12(0.7) 128(7.7) 140 (84)
Median baseline blood glucose, mg% 7.2(59-9.1) 83(68-11) 75 (62-9.9) <0.001
Median BMI* Kg/m* 27(24.2-30) 267 (24.2-29.7) 27(242-299) 07

Medical comorbidities

Hypertension n (%) 630 (38) 425(25.6) 1,055 (63.6) 0.280
Diabetes n (%) 324(19.5) 241 (14.5) 565 (34) 0.208
Dyslipidemia 1 (%) 300 (18.1) 165(99) 465 (28) 0.009
Prior stroke 1 (%) 47(28) 66(4) 13(68) <0.001
Atrial fibrillation n (%) 21(1.3) 3421) 55(3.3) 0.001
Coronary artery disease n (%) 45(27) 50(3) 95(57) 0013
Smoking 1 (%) 124(7.5) 48(2.9) 172 (10.4) <0.001

Concomitant medications

Antihypertensive use (%) 218 (13.1) 176 (10.6) 394 (23.7) 0.056
Anticoagulants use 1 (%) 19(11) 30(1.8) 49 (29) 0.003
Antiplatelet use 1 (%) 85(5.1) 105 (6.3) 190 (11.4) <0.001
Antidiabetic use 1 (%) 99.(6) 91(55) 190 (115) 0.028

Hemorrhage location

Supratentorial deep 1 (%) 654(39.4) 429 (25.8) 1,083 (65.2)
Supratentorial cortical (%) 174(105) 95(57) 269.(16.2)

<0.001
Infratentorial 1 (%) 127 (7.6) 139 (84) 266 (16)
Primary intraventricular 1 (%) 32(19) 10(06) 4225
Any intraventricular » (%) 243 (14.6) 334 (20.1) 577(348) <0.001
Median intraparenchymal volume**, ml 52(25-105) 13.2(58-244) 75(32-158) <0.001
Hemorrhage vol. >30mL** 30() 95(63) 125(83) <0.001
ICH score 0+ 524(349) 125(83) 649 (13.2)
1 293(19.5) 167 (1.1) 460 (30.7)
2 63(42) 161 (10.7) 224(149)

<0.001
3 151 108 (7.2) 123 (82)
4 2(013) 39(26) 4127)
5 0(0) 4(03) 4(03)
Stroke unit care 1 (%) 595 (35.8) 131(79) 726(43.7) <0.001
Intensive unit care n (%) 357 (21.5) 483 (29.1) 840 (506) <0.001
Mechanical ventilation 1 (%) 132(8) 432 26) 564 (34) <0.001
Extra-ventricular drainage 1 (%) 40 (24) 78(47) 18 (7.1) <0.001
Craniotomy/craniectomy (%) 34(2) 53(3.2) 87(52) <0.001
Discharged home n (%) 507 (30.5) 427 551(33.2) <0.001
Admitted to rehabilitation n (%) 388 (23.4) 187(11.3) 575 (346)
Transferred to long-term care 1 (%) 17(1) 141 (85) 158 (9.5)
Hospitalization for other comorbidities 1 75(4.35) 142(8.6) 217(13.0)
(%)

“BMI values available in 1508 patients; **intraparenchymal volume, hemorrhage vol. >30mL, ICH score is available in 1501.
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AIS patients with intravenous thrombolysis between January 2018and February 2024
(n=1491)

Exclusion criteria (=304)
(1) Underwent interrupted intravenous
thrombolysis (n=12)

——— (2) Discharged within 24 hours (n=11)
(3) Incomplete clinical date (n=84)
(4) Cerebral vascular interventional
therapy (n=197)

1187 AlS patients who were eligible for the study

END (n=179) Non-END (n=1008)
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Variables  Training set Validation set

(90D mRS >4, (90D mRS >4,
n=84) n =40)
OR P- OR p-value

(95%CI) value (95%CI)

Age 10491016~ 0003 1051 (L00S-  0.020%
1.083) 1.095)

Glucose 1163 (1038-  0009%F  1062(0.945- 0311
1.303) 11923)

NIHSS 1066 (0995~ 0.069 1187 (1055- | 0.004**
1142) 1333)

Unsuccessful | 3730 (1688~ 0.001%% 2537 (0956~  0.062

recanalization | 8.245) 6731)

END 3383(1410- 00067 3548(L068- 0039
8.106) 11.787)

NIHSS indicates National Institute of Health Stroke Scale; END indicates early neurological
deterioration.
“p-value <0.05, **p-value <0.01.
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Variables

Demographics

Age

Medical History

Smoke habits

Hypertension

Diabetes

Coronary heart discase

Atrial fibrillation

Previous stroke

Baseline data

Pre-operation mRS

Glucose

Systolic pressure

Diastolic pressure

Baseline NIHSS.

ASPECT

TOAST

Intravenous thrombolysis

Anesthesia methods

Ocelusion location

Unsuceessful

recanalization

Residual severe stenosis

Remote embolization

Rescue therapy

Anticoagulant therapy

OTA

orp

OTR

Complications

END

24h ICH without END

24hsICH

Outcomes

90D mortality

mRS indicates modified Rankin Scale; NIH:

Statistics

Median, IQR
prvalue
Male
Female

povalue

Yes

prvalue

Yes

prvalue

Yes

povalue

Yes

povalue

Yes

povalue

Yes

povalue

0
#0
prvalue
Median, IQR
prvalue
Median, IQR
prvalue
Median, IQR
prvalue
Median, IQR
prvalue
Median, IQR
prvalue
Atheroma
Cardioembolic
prvalue

Yes

prvalue
Yes
No
prvalue
Yes
No
prvalue
Yes
No
prvalue
Yes
No
prvalue
Yes
No
prvalue
Median, IQR
prvalue
Median, IQR
prvalue
Median, IQR

prvalue

Yes
No

prvalue

Training set (n = 187)

mRS>4 (n = 84)

68 (64~77)

51.2% (43/84)

48.8% (41/84)

20.2% (17/84)

79.8% (67/84)

66.7% (56/84)

33.3% (28/84)

28.6% (24/84)

71.4% (60/84)

19.0% (16/84)
81.0% (68/84)

52.4% (44/84)

47.6% (40/84)

14.3% (12/84)

85.7% (72/84)

91.7% (77/84)

8.3% (7/84)

7.84(6.09~9.66)

141 (12-6~ 160)

81(73~91.5)

145 (12~19.5)

8(7~10)

25.0% (21/84)

75.0% (63/84)

28.6% (24/84)

71.4% (60/84)

41.7% (35/84)

58.3% (49/84)

67.9% (57/84)

32.1% (27/84)

33.3% (28/84)
66.7% (56/84)

16.7% (14/84)
83.3% (70/84)

26.2% (22/84)
73.8% (62/84)

28.6% (24/84)
71.4% (60/84)

56.0% (47/84)

44.0% (37/84)

190 (120~ 269)

311(229~392)

449 (334~515)

30.1% (25/83)

69.9% (58/83)

27.8% (22179)
72.2% (57/79)

12.7% (10/79)

87.3% (69/79)

46.4% (39/84)
53.6% (45/84)

<0.001

0.189

0.064

0078

0051

0429

0323

0346

0204

0.003

0.086

0.998

0.042

0.156

0292

0329

0248

0.005

0.860

0367

0152

0901

0.887

0.890

0458

0.001

0329

<0.001

<0.001

mRS<3
(n =102)

64 (54~70)

60.8% (62/102)

39.2% (40/102)

32.4% (33/102)

67.6% (69/102)

53.9% (55/102)

46.1% (47/102)

16.7% (17/102)

83.3% (85/102)

14.7% (15/102)

85.3% (87/102)

45.1% (46/102)

54.9% (56/102)

9.8% (10/102)

90.2% (92/102)

96.1% (98/102)

3.9% (4/102)

6.6 (5.89~8.22)

138 (122~151)

82(77~90)

14(11~17)

9(8~10)

18.6% (19/102)

81.4% (83/102)

35.3% (36/102)

64.7% (66/102)

52.9% (54/102)

47.1% (48/102)

75.5% (77/102)

24.5% (25/102)

15.7% (16/102)
84.3% (86/102)

17.6% (18/102)
82.4% (84/102)

20.6% (21/102)
79.4% (81/102)

19.6% (20/102)
80.4% (82/102)

56.9% (58/102)

43.1% (44/102)

186 (119~270)

300 (230~375)

408 (323~ 480)

10.8% (11/102)

89.2% (91/102)

21.6% (22/102)
78.4% (80/102)

0% (0/102)

100% (102/102)

0% (0/102)

100% (102/102)

% ICH i

Validation set (n = 145)
mRS >4 (n = 40)

70 (62~75)

55.0% (22/40)

45.0% (18/40)

20.0% (8/40)

80.0% (32/40)

60.0% (24/40)

40.0% (16/40)

32.5% (13/40)

67.5% (27/40)

40.0% (16/40)

60.0% (24/40)

47.5% (19/40)

52.5% (21/40)

25.0% (10/40)

75.0% (30/40)

85.0% (34/40)

15.0% (6/40)

7.93 (667~ 10.11)

150 (140~ 160)

90 (76~98)

14(12.2~168)

7(6~8)

32.5% (13/40)

67.5% (27/40)

25.0% (10/40)

75.0% (30/40)

5.0% (2/40)

95.0% (38/40)

50.0% (20/40)

50.0% (20/40)

35.0% (14/40)
65.0% (26/40)

22.5% (9/40)
77.5% (31/40)

10.0% (4/40)
90.0% (36/40)

30.0% (12/40)
70.0% (28/40)

190 (117~271)

329(266~377)

434 (395~ 501)

27.5% (11/40)

72.5% (29/40)

20.0% (8/40)
80.0% (32/40)

27.5% (11/40)

72.5% (29/40)

42.5% (17/40)
57.5% (23/40)

icates intracranial hemorrhage; SICH i
TP indicates time from onset to puncture; OTR indicates time from onset to reperfusion.

0.001

0.126

0.006

0.536

0.187

0.028

0.004

0.284

0.018

0.022

0.016

0.796

<0.001

0.055

0.300

0.449

0.952

0.159

0.009

0.289

0.933

0.309

0.885

0.237

0.974

0.003

0.625

0.002

<0.001

mRS<3
(n =105)

59 (53~70)

68.6% (72/105)

31.4% (33/105)

44.8% (47/105)

55.2% (58/105)

54.3% (57/105)

45.7% (48/105)

21.9% (23/105)

78.1% (82/105)

21.9% (23/105)

78.1% (82/105)

22.9% (24/105)

77.1% (81/105)

17.1% (18/105)

82.9% (87/105)

96.2% (100/104)

3.8% (4/104)

655 (5.09~8.17)

142 (130~ 158)

90 (80~98)

12(9.5~145)

8(7~9)

41.9% (44/105)

58.1% (61/105)

31.4% (33/105)

68.6% (72/105)

4.8% (5/105)

95.2% (100/105)

62.9% (66/105)

37.1% (39/105)

15.2% (16/105)
84.8% (89/105)

31.4% (33/105)
68.6% (72/103)

10.5% (11/105)
89.5% (94/105)

21.9% (23/105)

78.1% (82/105)

189 (131~280)

352(276~452)

432 (356 ~ 544)

8.6% (9/105)

91.4% (96/105)

23.8% (25/105)
76.2% (80/105)

7.6% (8/105),

92.4% (97/105)

0% (0/105)

100% (105/105)

indicates National Institute of Health Stroke Scale; ASPECT indicates Alberta Stroke Program Early CT Score; TOAST indicates Trial of ORG
10172 in Acute Stroke Treatment; OTA indicates onset time to admission; END indicates early neurological deterior
intracranial hemorrhage; OTA indicates time from onset to adission;

icates symptomatic
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All patients HT (n =16) p-value

(n=30)

Demographics

Age (years), median (IQR) 70 (61-76) 68 (57-77) 71(65-76) 0.735
Male, n (%) 13 (43.3%) 7(50.0%) 6(37.5%) 0713
Medical history

Hypertension, 1 (%) 23 (76.7%) 12(85.7%) 11 (68.8%) 0399
Diabetes mellitus (DM), 7 (%) 7(23.3%) 3(21.4%) 4(25.0%) 0999
Dyslipidemia, 1 (%) 17 (56.7%) 8(57.1%) 9(56.3%) 0999
Atrial fibrillation, 1 (%) 18 (60.0%) 9(64.3%) 9(56.3%) 0722
Smoking, n (%) 5(16.7%) 4(28.6%) 1(6.3%) 0.157
Previous TIA or stroke, n (%) 10 (33.3%) 4(28.6%) 6(37.5%) 0.709
Congestive heart failure, n (%) 1(13.3%) 1G.1%) 3(18.8%) 0.602
rt-PA administration, n (%) 12 (40.0%) 6(42.9%) 6(37.5%) 0.999

Laboratory findings at admission

Plasma glucose, mg/dL 151.6+67.4 156.2+89.2 147.6+43.0 0454
HbAlc, mg/dL 64115 63t14 6.5t1.6 0.659
Fibrinogen, mg/dL 308321369 30172915 31621827 0807
D-dimer, mg/L FEU 4.6+74 594103 35£37 0.939
LDL, mg/dL. 91.8+29.5 95.8+27.3 88.3+31.8 0.394

Clinical characteristics

NIHSS at admission, median (IQR) 18 (12-22) 17 (12-24) 18 (11-21) 0.894
TOAST

Large artery atherosclerosis, n (%) 6(20.0%) 3(21.4%) 3(18.8%) 0999
Cardioembolism, n (%) 20 (66.7%) 9(64.3%) 11 (68.8%) 0.999
Other, n (%) 1(13.3%) 2(143%) 2(125%) 099
Occluded vessels

Extracranial internal carotid artery, (%) 1(13.3%) 107.1%) 3(185%) 0.602
Intracranial internal carotid artery, n (%) 3(10%) 2(143%) 1(6.3%) 0.586
Horizontal segment of MCA (M1), n (%) 9(30%) 3(21.4%) 6(37.5%) 0.440
Insular segment of MCA (M2), n (%) 10 (33%) 5(35.7%) 5(31.3%) 0999
Posterior circulation, 1 (%) 4(13.3%) 3(21.4%) 1(6.3%) 0316
“Time from stroke onset to arterial blood sampling before therapy, h 57(40-88) 57(41-167) 57(35-7.4) 0396
Time from stroke onset to EVT and arterial blood sampling after EVT, h 6.6 (4.8-9.7) 6.6 (4.8-17.8) 6.8 (4.7-9.3) 0520
Successful reperfusion, n (%)" 22(73.3%) 12(85.7%) 10 (62.5%) 0.226

Clinical outcome

Malignant edema, 1 (%) 3(10%) 00%) 3(18.8%) 0.228
NIHSS 241 later, median (IQR) 14(8-21) 11(8-16) 18 (9-22) 0119
Functional independence at discharge 4(13.3%) 4(28.6%) 0(0%) 0.037%
Functional independence at 3rd month”” 9 (30%) 6(42.9%) 3(18.8%) 0.236

HT, hemorrhagic transformation; EV'T, endovascular thrombectomy; TIA, transient ischemic attack; t-PA, recombinant tissue plasminogen activator; mg/dL, milligram/deciliter; HbA1c,
glycated hemoglobin; LDL, low density lipoproteins; NIHSS, National Insttutes of Health Stroke Scale; TOAST, Trial of Org 10172 in Acute Stroke Treatment; MCA, middle cerebral artery.
*p < 0.05. "Successful reperfusion was defined as achieving a modified treatment in cerebral infarction (mTICI) score of 2b, 2c, or 3. “Functional independence was defined as Modified
Rankin scale (mRS) ranging from 0 to 2.
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Patients with ischemic stroke Patients with ischemic stroke

receiving EVT receiving L.V. rt-PA and
(n=18) EVT (n=12)
Study population
(m=30)
Non-HT patients Non-HT patients

after EVT after LV. rt-PA and
(m=8) EVT (n=6)
HT patients HT patients

after EVT after L.V. rt-PA and

(n=10) EVT (n=6)
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Type of 6MWD SBP. DBP
intervention

Mean SUCRA, Rank, Mean SUCRA, Rank, Mean SUCRA, Rank, Mean

rank % % rank % % rank % % rank
HIT 1000 99 10 90.9 751 14 498 194 25 395 144 28
AT 502 00 30 489 19 30 353 43 29 150 74 26
RT 27.7 00 39 606 142 26 - - - - - -
CE 705 ) 22 48.1 88 31 821 702 15 867 746 14
cr 16 00 49 15 00 49 328 61 30 288 36 31

igher SUCRA and lower mean rank indicate a better intervention effect. HIIT, CE, combined aerobic and

resistance exercise; CT, conventional therapy; —, not reported.

intensity interval training; AT, aerobic training; RT, rsistance trai
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Comparison Number of studies MD (95% CI) Heterogeneity test

(%) p-value
VO
HIIT - CT 2 3.61(3.08,4.15) 0 066
AT-CT 17 197 (1.29,2.65) 78 <0.00001
RT-CT 4 168 (0.09, 3.26) 66 003
CE-CT 3 315(-0.12,6.42) 50 0.006
HIIT - AT 6 3.57(223,491) 7 0.002
AT-RT 2 192042, 3.43) 0 096
RT-CE 2 ~2.16(~499, 0.66) 0 052
AT-CE 4 ~112(-241,0.16) 0 051
MWD
HIIT - CT 2 61.74 (1963, 103.86) 0 061
AT-CT 10 32.90 (289, 6291) 7 <0.0001
RT-CT 5 38.19 (3.28,73.10) 7 00007
CE-CT 3 27.66 (331, 52.01) 0 099
HIIT - AT 3 30.08 (=679, 66.96) 49 014
AT-RT 2 ~9.26 (~45.32,26.79) 0 081
AT-CE 2 ~3.88 (~31.45,23.70) 0 089
RT-CE 1 ~16.80 (-127.13, 93.53) - -
SBP
HIIT - CT 1 0.08(~7.08,7.24) - -
AT-CT 3 057 (491,3.76) 0 052
CE-CT 1 ~3.20(~15.30, 8.90) - -
HIIT - AT 1 ~130(~6.59, 3.99) - -
AT-CE 1 350 (=393, 10.93) - -
DBP
HIIT-CT 1 0.28(~4.44,5.00) - -
AT-CT 3 ~151(~440,137) 6 016
CE-CT 1 010 (~5.48,5.28) - -
HIIT - AT 1 040 (~5.43,4.63) - -
AT-CE 1 370 (<0.66,8.06) - -

HIIT, high-intensity interval trainings AT, acrobic training; RT, resistance training; CE, combined aerobic and resistance exercises CT, conventional therapy; —, not reported. Red and bold
numbers are statistically significant.
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week for 8 weeks

HIIT: 85-95% HRyis

HIIT: 3 times per week
33 HIT Intervals recovery 38min
Gellesvik 576292 for $uwecks
Norway (4min); 4 groups MWD
etal (27)
3-5 times per
CT:587492 31 cr - -
week for 8 weeks
HIIT: Started at 0.1 mph
below maximum safe
HIIT:
Boyne 13 HIIT speed and held for 30s; 25min 3 times per week
America 59.0£9.0 VOt MWD
etal. (25) Intervals recovery (30- foF dweeks
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etal. (33) VOyui for 12weeks
CT:70428.1 27 cr - 60min
Globas AT:686267 2 AT 40-80% HRR 30-50min 3 times per week
Germany VOjpuis MWD
etal. (34) CT:68726.1 18 cr = - for 12weeks
Jin etal, AT:57.6£66 6 AT 40-70% HRR A0min 5 times perweek | VOyyu, MWD,
China .
(3) CT:56.316.5 63 cr - 40min for 12weeks SBE, DBP
Xuetal. AT:59£12 15 AT 60% VO, 30min 5 times per week
China VO
36) CT: 6449 15 cr - 30min for dweeks
Han etal AT:- 59 AT 60-80% HR . 30min 5 times per week
China VO, MWD
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Bang etal, AT 56865 6 AT 30min iones per week
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etal. (43)
Vanroy | Belgium AT:66.7£88 £ AT 60-80% R, 30min 3 times per week VO,
etal. (44) CT:638+11.8 2% cr - 30min for 12weeks
Tangetal.  Canada AT:65.9+64 25 AT 40-80% HRR/Borg: 0min 3times per week | VO, MWD
(45) 11-14 for 24weeks
CT:669:78 25 cr <40% HRR 60min
Severinsen | Denmark | AT:69:+24.82 17 AT 50-75% HRR 0min 3times perweek VO, 6MWD
etal. (46) RT: 68417.38 14 RT 50-80% IRM - for 12weeks
CT:66+23.17 17 cr - -
Chang  Korea AT:5555120 2 AT speed starting at 40min 5 times per week VO
etal.(17) 1.2km/h, gradually for 2uwecks
increased to 2.6 km/h
CT:597+12.1 2 cr - -
Lennon  Ircland AT605£100 24 AT 50-60% HR .. 30min 10weeks VO SBE.
etal. (48) 2 cr - - DEE
Swoller | Switzerland | AT:57.0£120 7 AT 40-70% HRR 30min 3 times per week VO
etal. (19) CT630£130 A o _ _ for 4wwecks
Fuetal  China AT:775%65 2 AT Borg: 10-12 30min 5 times per week MWD
(0 CT:788468 20 cr = 30min for weeks
Iveyetal.  America RT:57214 2 RT 70% IRM 45min 3times per week | VOypas, MWD
6N CT:5549 16 cr - 45min for 12weeks
Shaoetal. | China RT: © RT - 45min 5 times per week MWD
=2) 64.56£7.08 for 6wecks
cr. 7 cr - 45min
65726595
Marzolini  Canada CE:617£100 36 CE AT: 60-80% HRR/ AT: 20-60mi AT:3timesper VO, GMWD,
etal (53) V04 RT: 50-70% RT: week for Gweeks; SBE DBP
IRM RT:2 times per
week for 6 weeks
ATi656132 38 AT 60-80% HRR/VO, s 20-60min 5 times per week
for 6wwecks
Ranetal. | China CE:- 2 CE AT: Borg: 12-15; RT: AT:20ming 5 times per week VO,
(50) Borg: 12-15 RT: 20min for dwecks
AT:- %) AT Borg: 12-15 A0min
Carretal. America CE:i- 0 CE AT:40-70% Wi RT:- | AT:20-40min 3 times per week VO,
3) RT: - for 16weeks
AT:- % AT 0-70% Wo, 20-40min
Lecetal.  Canada CE:605£10.6 13 CE AT: 50-70% VO, RT: 30min 3times per week | VOyyes, MWD
56 50-80% IRM
RT:629£93 13 RT 50-80% IRM 30min
AT:67.2£106 14 AT 50-70% VO, s 30min
CT:653%6 12 cr - 30min
Kangetal.  Korea CE: 15 CE AT: 50-70% HRyo; RT: 60min 3 times per week VO
7 52552328 Borg: 12-13 for 8weeks
RT: 15 RT Borg: 12-13 0min
5643208
cr 15 cr - 60min
56362276
Duncan  America CE:68590 50 CE AT: 40 rpm; RT: - AT:30min 3 times perweek  VOyu 6MWD.
etal. (58) RT: for 8weeks
Cr:702¢114 50 cr - -
Toledano-  Switzerland | CE:65£10 14 CE AT:50-70% HR,iRT:- | AT:35-55min  2timesperweck  6MWD, SBE,
Zarhi A RT: 45-55 min for 8wecks DB
etal. (39) CT:65%12 14 cr - -

HIIT, high-intensity interval trainings AT, aerobic training RT, resistance training; CE, combined aerobic and resistance exercise; CT, conventional therapy; HRR, heart rate reserve; VO
peak oxygen uptake, HR,..., maximum heart rate; Borg, Borg scale; 1RM, one repetition maximum; 6MWD, 6 min walking distance; SBP, systolic blood pressure; DB, diastolic blood pres
rpm, revolutions per minute; HR,.., peak heart rate; =, not reported.
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Models Combine-10 Combine-34 Combine-50

ML models SVM 0.840 0858 0810 0.861
RE 0724 0.746 0754 0716
DT 0.674 0.636 0653 0650
KNN 0794 0777 0754 0742
Ada 0.752 0.692 0.777 0.708
LR 0.862 0.891 0831 0844
NB 0.781 0.789 0.778 0.866
GBDT 0706 0.676 0758 0.661
DA 0793 0772 0636 0.804

95% CI (0.722,0.817) (0696, 0.823) (0.7,08) (0.696, 0.827)
DL models CNN 0876 0.897 0827 0912
LSTM 0.856 0.895 0847 0.881
RNN 0823 0.891 0772 0.866
LN 0.866 0.892 0853 0.901

95% CI (0.819,0.892) (0.889, 0.898) (0.767,0.883) (0.857,0.923)
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Ischemic stroke patients
Jan 2017 ~ July 2020
N=3187
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Atrial fibrillation
N=678

Apixaban
administration
N=299

Exclusion

- Warfarin (n=100)

- LMWH (n=2)

- Dabigatran (n=24)

- Rivaroxaban (n=62)

- Edoxaban (n=107)

- Antiplatelet (n=40)

- No antithrombotics (n=35)
No mRS at 3 months (n=9)

Early administration
N= 170
Small < 3days
Medium < 6days
Large < 13days

Standard administration
N=129
Small > 4days
Medium > 7days
Large > 14days
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Variable Favorable

prognosis

Unfavorable
prognosis

Anterior circulation (n=104)

NE 4.00 (328~5.28)
LYM 187058
NLR 239(1.76~3.12)

Posterior circulation(n=77)

NE 3.94(3.19~4.60)
LYM 194 (1.44~2.45)
NLR 2254087

4.93 (355 ~5.95)
150£0.43

3.10 (246 ~3.99)

5724261
099 (0.84~1.38)

491(3.15~7.43)

NE, neutrophil; LYM, lymphocyte; NLR, neutrophil-to-lymphocyte ratio.

0.104
0.004*

0.001%

0.010*
<0.001*

<0.001*

1219 (0960~ 1.547)
0.264 (0.106~0.655)

1416 (1088~ 1.842)

0.027 (0.004~0.193)
5329 (2,113~ 13.441)

1.928 (1288~ 2.886)
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Variable OR 95% CI p-valt
Model 1

Age 1092 1019~1171 0.013*
BMI 0946 0.773~1.159 0592
Diabetes mellitus 0362 0.108~1.216 0.100
SBP 1025 0.966~1.056 0.093
HDL 1413 0.184~10.849 0740
NIHSS, score 3123 1975~4938 <0001%
NE 1889 1200~2975 0.006*
M 0054 0011~0.257 <0001%
Model 2

Age 1076 1012~ 1144 0.019%
BMI 0942 0.779~1.139 0535
Diabetes mellitus 0337 0.106~1.072 0.066
SBP 1027 0.998~1.056 0073
HDL 1759 0.650~13.646 0.589
WBC 0884 0.831~1.203 0434
NIHSS, score 2930 1905~4.508 <0001%
NLR 3028 1615~5.675 0.001%

BMI, body mass index; SBR,systolic blood pressure; HDL, high-density lipoprotein; NIHSS,
National Insitute of Health Stroke Scale. NE, neutrophil; LYM, lymphocyte; NLR,
neutrophil-to-lymphocyte ratio.
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Variable All participants Favorable prognosis ~ Unfavorable prognosis

(n=181) (n=133) (n=48)

Demographic characteristics

Male, 7 (%) 112.(60.9%) 84(62.2%) 28 (57.4%) 0556
Age, years 64(56~70) 63 (56~69) 66(56~74) 0.019%
BMI (kg/m*) 24.00 (22.21~26.12) 24524356 2345£2.22 0055

Vascular risk factors, 1 (%)

Hypertension 150 (82.8%) 111 (83.5%) 39 (81.3%) 0728
Diabetes mellitus 61(33.7%) 40 (30.0%) 21 (43.8%) 0.088
Dyslipidemia 50 (27.6%) 41(308%) 9(18.5%) 0113
Current smoking 47 (27%) 37 (27.8%) 10 (20.8%) 0346
Current drinking 30 (16.6%) 22(16.5%) 8(16.7%) 0984

Clinical assessment

NIHSS, score 2(1~4) 2(1~3) 5(3~7) <0.001*
SBP, mmHg 149.99+20.88 1483142121 154.65£19.38 0074
DB, mmHg 861541198 84(79~93) 88 (78~95) 0306
Treatment with IV 10 (5.5%) 6(4.5%) 4(83%) 0328

thrombolysis, 1 (%)

Lesion location, 1 (%)

Anterior circulation 104 (57.5%) 74 (55.6%) 30 (62.5%) 0411
Posterior circulation 77 (425%) 59 (44.4%) 18 (37.5%)

Laboratory data

TC, mmol/L. 431 (3.55~5.00) 435 (3.54~4.98) 4.12(3.55~5.04) 0525
TG, mmol/L. 1.30 (0,96~ 1.96) 141 (101~2.02) 116 (0.83~ 1.49) 0248
LDL, mmol/L 2.69(1.97~3.34) 2,67 (2.02~336) 270 (1.95~3.28) 0.69
HDL, mmol/L. 1.05(0.88~1.31) 102 (0.87~1.27) 0073
HCY, pmol/L 13.03 (10.60~18.23) 12,99 (10,66~ 17.57) 1326 (10.32~19.66) 0949
WBC, x10°9/L. 650 (5.45~7.99) 636 (5.43~7.55) 6.83 (5.44~8.62) 0.097
NE, x10A9/L9/L. 4.15(3.35~5.29) 3.94 (3.28~4.86) 4.93(3.70~6.86) 0.003*
LYM, x10A9/L, 171(1.32~2.15) 19220.61 1354049 <0.001*
NLR 257 (1.86~3.49) 225 (1.68~3.07) 3.53(2.74~5.36) <0.001*

BMI, body mass index; NIHSS, National Instiute of Health Stroke Scales SBE. systolic blood pressure; DB, diastolic blood pressure; TC, total cholesterol; TG, cholesterol triglycerides LDL,
low-density lipoprotein; HDL, high-density lipoprotein; HCY, homocysteine; WBC, white blood cell; NE, neutrophil; LYM, lymphocyte; NLR, neutrophil-to-lymphocyte ratio.
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AcA anterior cerebral artery

ASPECTS  Alberta Stroke Program Early Computed Tomography Score

AUC area under the receiver operating curve
cA cerebral autoregulation

CBE cerebral blood flow

a confidence interval

cpp cerebral perfusion pressure

cr computed tomography

pC decompressive craniectomy

icp intracranial pressure

D1 integrated discrimination improvement
QR interquartile range (median)

1 ischemic strokes

LHI large hemispheric infarctions

MaAP mean arterial pressure

McA middle cerebral artery

mRS modified-Rankin Scale

NRI net reclassification improvement

OR odds ratio

PCA posterior cerebral artery

ppCT post-decompressive computed tomography
RCS restricted cubic spline

TBI traumatic brain injury
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Predictors in Score

nal vaseular involvement
No o
Yes 5
Longitudinal fissure*
Present o
Compressed 2
Sylvian fissure
Bilaterally present 0
Ipsilaterally compressed 4
Bilaterally compressed 10
ASPECTS o 7
1 6
2 5
3 4
4 3
5 2
6 1
7 o
Sum 24

‘Evaluated at the at thalamus and basal ganglia level, in front of corpus callosum.
The corresponding probabiltis are calculated with the formula: Probability (6-m mRS score
of 4-6) =1/ [1+ 28 0sumens]
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No SICH SICH

n=1,057 n =40
Age 662 (12.6) 739 (132) <0.001 713 (136) 729(109) 0451
Female patients 135 (37.1) 361 (49.2) <0.001 478 (45.2) 18 (45.0) 0978
Risk factors
Hypertension 29 (68.4) 556 (75.9) 0,009 771(72.9) 34(85.0) 0,090
AF 172 (47.3) 407 (55.5) 0.010 555 (52.5) 24(60.0) 0351
Hyperlipidemia 191 (52.5) 385 (52.5) 0.987 557 (52.7) 19(47.5) 0518
Smoking 132(36.3) 187 (25.5) <0.001 310(29.3) 9(225) 0351
Prior stroke 58(15.9) 174(23.7) 0.003 221(20.9) 11(27.5) 0316
SBP, mmHg. 150.3 (28.7) 154.3(30.3) 0.039 153 (29.9) 151.5(27.7) 0.750
DBP, mmHg 87.1(19.2) 86.7 (19.7) 0.709 86.7 (19.4) 89.6 (21.1) 0352
I | NIHSS score 14.8 (6.9) 19.1(6.9) <0.001 17.6(7.2) 20.2(6.4) 0.024
Anterior circulation stroke 318(87.4) 618(84.3) 0.179 903 (85.4) 33(825) 0.607
TOAST 0368 0440
LAA 125 (34.3) 238 (32.5) 353 (33.4) 10(25.0)
CE 171 (47) 331 (45.2) 483 (45.7) 19(47.5)
Others 68(18.7) 164 (224) 221(20.9) 11(27.5)
Intravenous thrombolysis 169 (46.6) 248 (33.9) <0.001 400 (37.9) 17 (425) 0558
EVT procedure
LKW to puncture time, min 292(211) 355 (253) <0.001 335(241) 321(257) 0.739
LKW to reperfusion time, min 306 (193) 369 (234) <0.001 346/(220) 377 (274) 0430
Use of stent retriever 96 (26.4) 224 (30.6) 0.151 307 (29.0) 13(325) 0.637
Pass number 19(1.2) 21(1.4) 0.447 20(1.4) 19(L1) 0.769
Reperfusion success 339 (93.1) 581(79.3) <0.001 889 (84.1) 31(775) 0265
Diabetes status. <0.001 0.020
Non-diabetic 138(37.9) 202(27.6) 335(31.7) 5(12.5)
Prediabetic 125(34.3) 206 (28.1) 320(30.3) 11(27.5)
Newly diagnosed diabetic 25(69) 63(86) 84(7.9) 4(100)
Known diabetic 76 (20.9) 262(35.7) 318(30.1) 20(50.0)
Admission glucose, mmol/L 756 (2.96) 845 (3.55) <0.001 146.2.(615) 1682 (49.3) 0.026
HbAIc, % 6.1(1.2) 6.4(1.4) 0.004 6.3(1.4) 6.3(0.8) 0922
GAR 22.0(54) 235(6.3) <0.001 22.9(6.0) 26.5(6.9) <0.001

Data are given as 1 (%) and mean (standard deviation).
AF, atral fibrillation; CE, cardioembolism; DB, diastolic blood pressure; EV'T, endovascular therapy; GAR, glucose-to-glycated hemoglobin ratio; HbAc, glycated hemoglobin; LAA, lrge
artery atherosclerosis; LKW, last known well; NIHSS, National Institutes of Health Stroke Scale; SBR, systolic blood pressure; TOAST, Trial of ORG 10172 in Acute Stroke Treatment.
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Predictors Estimate (95% CI)
(Intercept) ~0.49
Additional vascular involvement 165 5.23(1.31,2067)
Longitudinal fissure* 062 1.86 (106, 255)
Sylvian fissure
Ipsilaterally compressed 146 432(0.96,1079)
Bilaterally compressed 321 2475 (1591, 29.66)
ASPECTS -033 0.72(051,097)

‘Evaluated at the thalamus and basal ganglia level,in front of corpus callosum,
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mRS of 0-3

Characteristics

n=29
Age, years, [mean (SD)] 57 (14) 55(11) 57 (14) 0444
Sex [N (%)) 0342
Male 52(52.0) 16 (64.0) 36 (50.7)
Female 48 (48.0) 13(520) 35(49.3)
Location [N (%)] 0.287
Left 42(42.0) 20 (42.5) 22(415)
Right 58 (58.0) 27(57.4) 31(58.5)
Medical history [N (%)]
AF 25(25.0) 164) 24(338) 0.003
CHD 8(80) 3(10.3) 50.0) 0884
DM 10(10.0) 6(20.7) 4(56) 0056
Hypertension 36 (36.0) 13 (44.8) 23(32.4) 0344

Lifestyle [N (%)]

Smoke 35(35.0) 12(41.4) 23 (324) 0533

Drink 29(29.0) 10 (34.5) 19.(268) 0597
Admission variables

GCS score, [median (IQR)] 11(9,14] 109, 14] 1208, 14] 0527

NIHSS score, [median (IQR)] 16[13, 18] 13(11,17) 1714, 18] 0.013
Reperfusion therapies* [N (%)] 42(42.0) 16(55.2) 26(36.6) 0138
Antithrombotic treatment [N (%)) 55(55.0) 15(517) 40(56.3) 0842
Severity before DC

Onset to decompression, days, [median (IQR)] 201.3] 2014 201,2] 0.060

GCS score before DC, [median (IQR)] 7(6,8) 7(6,8] 7(6,7) 0245

ASPECTS, [median (IQR)] 100,3] 301,4) 0[0,3] <0.001

Midline shift, mm, [median (IQR)] 10.1(6.9,12.4] 93[39,11.7) 10.2(6.9,12.4] 0275

Brain herniation, [N (%)) 55(55.0) 11(37.9) 44(620) 0.049

BP parameters, mmHg, [mean (SD)]
Admission SBP 148 (27) 147 (19) 149 (30) 0710
Admission DBP 88 (14) 94 (14) 86(14) 0.005

CT characteristics post-DC (47 days)

ASPECTS, [median (IQR)] 0[0,3] 3(1,4) 0[0,2] <0.001
Additional vascular involvement [N (%)) 0.001
Yes 40(40.0) 4138 36 (50.7)

No 60 (60.0) 25(86.2) 35 (49.3)

Longitudinal fissure [N (%)] <0001

Present 50 (50.0) 5017.2) 45 (63.4)

Absent 50 (50.0) 24(828) 26(36.6)

Sylvian fissure [N (%)] <0001

Present 24(24.0) 16(55.2) 8(113)

Compressed ipsilaterally 49(49.0) 12(414) 37(521)

Compressed bilaterally 27(27.0) 164) 26(36.6)

Ambient cisterns [N (%)] 0.004

Present 60/(60.0) 24(828) 36 (50.7)

Compressed ipsilaterally 15(15.0) 4138 11(155)

Compressed bilaterally 25(250) 164) 24(338)

Sulei® [N (%)) <0.001

Present 10(10.0) 8(276) 2028

Effaced ipsilaterally 62(62.0) 20(69.0) 42(59.2)

Effaced bilaterally 28(28.0) 16.4) 27(38.0)

Midline shift, mm, [median (IQR)] 6.9(0.0,11.1] 3.1(0.0,7.5] 7.8(0.0,12.0) 0.005
ICP monitoring, [N (%)) 48(48.0) 14(483) 34(47.9) 1000
Tracheostomy, [N (%)) 29(29.0) 11(379) 18 (25.4) 0310
In-hospital stay, day, [median (IQR)] 25 (11,42 29(25,47] 20 (18, 30] 0048
GCS score at discharge, [median (IQR)] 1003, 1] 110,11 613,11 <0.001

‘Reperfusion therapies included thrombolysis or endovascular treatment. In detail, 42 individuals accepted reperfusion therapy before DC, and 6 of them experienced thrombolysis only, 21 of
them experienced endovascular reatment only, 15 of them received endovascular treatment after thrombolysis.
Sulcal effacement was evaluated at the vertex,in the most rostral 2.5cm of the CT of the head. Partial effacement of the sulc was recorded as present.
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Covariates

(Intercept)
Dysphagia
Diastolic pressure
GCS score
Fazekas scale 2

Days in ICU

0559

0920

0047

~0.464

1145

0569

Multivariable
Odds ratio (95% CI)
1.749 (0.029-146.745)
2509 (1.063-5.922)
1.048 (1.016-1.081)
0.629 (0.491-0.806)
3.144 (1.003-9.853)

1767 (1.328-2351)

0795

0036

0.003

<0001
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!
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Validation Samples
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VAP group Non-VAP group

Total (n = 184) (n =79, 42.93%)

Demographics
Gender, male, n (%) 135 (73:37%) 73(69.52%) 62 (78.48%) 0174
Age, year, mean D 618521325 647341280 801+ 1284 <0001
Medical history

Hypertension, n (%) 106 (57.61%) 63 (60.00%) 13 (5443%) 0449
Diabetes, n (%) 47(25.54%) 330143%) 1407.72%) 0035
Auial fbrillation, n (%) 34 (18.48%) 26.24.76%) 8(10.13%) oon
Prior stroke, 1 (%) 36 (19.57%) 2191%) 13 (16.46%) 0356
CAD.n (%) 28 (1522%) 17(16.19%) 101392%) 0672
COPD,n (%) 20109%) 2091%) 000.0%) o611
Heartfailure,n (%) 572%) 1681%) 10.27%) 0204
Smoking, 1 (%) 68 (36.96%) 35 (33.33%) 3 (177%) 0210
Alcohol drinking (%) 36 (19.57%) 20(19.05%) 16 2025%) 0838

Clinical features.

Dysphagia, n (%) 69 (37.50%) 54(51.43%) 15 (18.99%) <0001
Disturbance of consciousness, 1 (%) 62(3370%) 49 (46.67%) 13 (16.46%) <0001
Admission Systolic pressure, mmHg, mean 5D 1527222336 15516+ 2409 149.47 21,93 0103
‘Admission Diastolic pressure, mmHg, mean +SD 89611318 9085+ 13,35 87.98+1277 0135
Admission NIHSS, median (IQR) 90413 12(6-16) 6G-11) <0001
Admission GCS, median (IQR) 15(13-15) 15(11-15) 15(15-15) <0001
Admission mRs, 0~2 score, 1 (%) 46 (25.00%) 20(19.05%) 26(3291%) 0032

Location of occlusion

Anterior circulation, 1 (%) 139 (75.54%) 80.76.19%) 59 (7468%) -
Posteior circultion, 1 (%) 45 20.46%) 25 2381%) 20 25.32%)

0 100 (54.35%) 55(52.38%) 15 (56.96%) 0537

4725.54%) 20(19.05%) 27 (34.18%) 0020
Fazekas scale, (%)
280522%) 22095%) 67.60%) o013

3 9 (4.89%) 8(.62%) 10.27%) 0018
Inspection results
Admission Glu 11.0mmal/L (%) 20 (1087%) 12011.43%) 8(10.13%) 0779
ALB, mmol/L, mean s SD 3835380 3786399 39004302 008
Admission WBC,10°/L, median (IQR) 899(7.30-11.45) 883 (7.08-1164) 907 (776-11.149) 0735
Postoperative NLR, median (IQR) 692 (4.09-10.74) 670 (4.09-10.60) 745 (420-1083) 0915
Postoperative S1I, median (IQR) 1473.27 (866.19-2518.45) 1436.66 (848.03-2398.54) 1637.93 (912.32-2624.76) 0.665
Postoperative PLR, median (IQR) 18305 (131.49-278.63) 17627 (13241-28471) 19389 (131.49-267.29) 0594
Postoperative SIRI, median (IQR) 180(1.02-3.69) 198(112-4.09) 154 (095-281) 0018
Procedure-related
Operation time, hour, median (IQR) 242.00-283) 2422.00-29) 241 200-289) 0605

mIICIz2b 178 96.74%) 100 95.24%) 78 (98.73%)
mICL 1 (%) 0.186
mriCI<2b 6(26%) 5(476%) 10.27%)

Postoperative complications.
Intracranial hemorrhage, 1 (%) 25 (1359%) 15.(14.29%) 101266%) 0750
Gastrointestinal hemorhage, (%) 10a7%) 1681%) 000.0%) 0217
Brain herniation, n (%) 20108%) 20191%) 000%) 0611
Operations
Nasogastric intubation, n (%) 146 (79.35%) 92 (87.62%) 54(68.35%) 0001
Reset Nasogastric tube within 7 days, n (%) 7(380%) 5(476%) 2053%) 0434
Duration of mechanical ventilation, hour, median (IQR) 1834 (11.70-41.96) 2325 (1325-81.85) 13.48 (1006-19.46) <0001
Days in ICU, median (1QR) 206 (151-376) 287(181-5.89) 164(133-2.45) <0001
Prognosis
90 mRs,0~2 score, n (%) 104 5652%) 3(4095%) 61(77.22%) <0001
Mortaliy, (%) 1407.61%) 1201.43%) 2053%) 0024

IQR, interquartle range; CAD, coronary artery disease; COPD, chronic obstructive pulmonary disease; NIHSS, National Institute of Health stroke scale; GCS, Glasgow coma scale; mRs,
modified Rankin scale: Glu, glucose; ALB, albumin; WBC, white blood cell; NLR, neutrophil-to-lymphocyte ratio=neutrophil count/lymphocyte count; SI, systemic immune inflammatory
index = (neutrophil countx platelet count)/lymphocyte count; PLR, patelet-to-lymphocyte ratio= platelet count/lymphocyte count; SIRI, systemic inflammatory response index = (neutrophil
count x monocyte count)/lymphocyte count; ICU, intensive care unit,
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MR methods Hypothyroidism

95% LCI 95% UCI p-value
MR Egger 64 27782 0.1852 16648 0.4623
WME 6 L7491 02412 126844 05802
Ischemic stroke vw 61 47411 13598 16,5308 00146
Simple mode 64 08646 00151 194311 09441
Weighted mode 6 16305 0.1256 211708 07098
MR Egger 64 27285 0.1961 37.9662 0.4578
WME 64 19263 02427 152868 05350
Ischemic stroke (no controls
ww 61 45713 13570 15,3986 00142
excluded)
Simple mode 64 10297 00211 502343 09883
Weighted mode 64 17783 0.1275 248032 06700
MR Egger 66 10293 10067 10523 00131
WME 66 10169 10002 10339 00478
Cerebral infarction vw 66 10110 10006 10215 00373
Simple mode 66 L0147 09783 10525 04362
Weighted mode 66 L0171 09968 10377 0.1046
MR Egger 64 38318 05808 25,2803 0.1678
WME 64 L4772 03706 58876 05803
Cerebrovascular disease
vw 64 24556 10291 58595 00129
sequelae
Simple mode 64 39183 02345 654595 03454
Weighted mode 64 14608 02222 96057 06946
MR Egger 6 43035 06643 278790 0.1309
T S W WME 64 L5474 03613 66273 05564
sequelae (without excluding | IVW. 64 24217 10217 57402 00446
controls) Simple mode 61 37511 02264 62,1629 03596
Weighted mode 64 16789 03273 86116 05368

NSNE, the number of SNPs included in the MR analysis. MR, Mendelian randomization; SNPs, single nucleotide polymorphisms. OR, odds ratios (OR); 95% LC, lower limit of 95% CI; 95%
UCL upper limit of 95% CI; IVW, inverse variance weighting WME, weighted median method.
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Exposures/outcomes Consortium  Ethnicity Sample sizes  Experimental Control

group group
Hypothyroidism UK Biobank European 162,933 2,687 40246 9,851,867
Ischemic stroke. FinnGen Biobank  European 212,774 10,551 202,223 16,380,445
Ischemic stroke (no controls excluded) FinnGen Biobank | European 218,792 10,551 208,241 16,380,466
Cerebral infarction UK Biobank European 361,194 2353 358,841 10,889,323
Cerebrovascular disease sequelae FinnGen Biobank | European 207,706 4638 203,068 16,380,409

Cerebrovascular disease sequelae
FinnGen Biobank  European 218,792 4,638 214,154 16,380,466
(without excluding controls)

NSNP the number of SNPs included in the MR analysis. MR, Mendelian randomization; SNPs, single nucleotide polymorphisms.
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MR Hypothyroidism

methods OR  95%LCl  95%UCI
Ischemic stroke MR-PRESSO 64 11875 0.5889 3.2787 1.0338 103985 0315
Ischemic stroke (no controls excluded) MR-PRESSO 64 1.1829 0.5733 3.2640 10611 10.0397 0.408
Cerebral infarction MR-PRESSO 66 0.0116 0.0052 10116 1.0013 1.0220 0.256
Cerebrovascular disease sequelae MR-PRESSO 64 0.6435 0.4250 1.9032 0.8274 43777 0.128
el RoTaeclas Slscas seavdlac MR-PRESSO 64 0.6052 0.4234 1.8315 0.7987 4.1999 0.125

(without excluding controls)

NSNE, the number of SNPs included in the MR analysis. MR, Mendelian randomization; SNPs, single nucleotide polymorphisms; OR, odds ratios (OR); 95% LC, lower limit of 95% CI; 95%
UCI, upper limit of 95% CI; MR-PRESSO.
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MR NSNP Cochran Q Q_df MR-Egger

methods statistic intercept

MR Egger 64 70.2051 62 02219 0.0031 0.0072 06638
Ischemic stroke

ww o4 704211 6 02433
Ischemic stroke (no MR Egger 64 67.2008 62 03036 0.003 0.007 0666
controls excluded) vw 64 67.4047 63 0.329

MR Egger 66 60.6839 64 05945 ~0.0001 0.0001 0.0784
Cerebral infarction

ww 66 63,8829 65 05159
Cerebrovascular discase | MR Egger 64 717387 62 0.1863 ~0.0026 0.005 0.6037
sequelae ww 64 720537 6 02034
Cerebrovascular disease | MR Egger 64 710925 62 0.2008 ~0.0034 0.0049 0.4985
sequelae (without

ww o4 71624 6 02134

excluding controls)

NSNE, the number of SNPs included in the MR analysis. MR, Mendelian randomization; SNPs, single nucleotide polymorphisms; IVW, inverse variance weighting; MR-Egger, MR-Egger
-
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(7.9%)
(9-79)
(56-142)
(23-74.5)
(-3
(63%)

Value of p
<0.001
0071

0.109

0.103
0243

0.127
0481

0903
<0.001
0253
0906
0389
0921
0.675





OPS/images/fneur-15-1352310/fneur-15-1352310-t001.jpg
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White
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Other

Hypertension (N, %)
History of stroke (N, %)
Smoking (N, %)

Atrial ibril

tion (N, %)
Diabetes mellitus (N, %)
Coronary artery disease (N, %)
Alcohol abuse (N, %)
Hyperlipidemia (N, %)

Pre-stroke mRS of 0 (N, %)

<6 HLKW (N
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43

148
a
61
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6

a2

97

144

16)
(16)
(61.1%)

(72.7%)
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Unadjusted analysis p value Adjusted analysis'

Parameters OR (95% CI) OR (95% CI)

Male (Ref., Female) 159 (1.00-2.52) 0.052 119 (0.57-2.46) 0.642
Age, years 0.96 (0.94-0.98) <0.001 099 (0.95-102) 0.406
Diabetes 0.52(031-0.86) 001 054 (0.28-105) 0.069
Smoking 187 (1.12-3.13) 0016 136 (0.61-3.02) 0.457
Previous stroke/TIA history 0.005 047(0.24-092) 0.027
Intra-arterial thrombectomy 0.39(021-0.72) 0.003 242 (0.91-6.46) 0,078
D-dimer 0.85 (0.76-0.94) 0.002 091 (081-102) 0.094
Stroke lesion size

Small 1 1

Medium 043 (0.25-0.74) 0,002 0.85 (0.41-176) 0.659
Large 0.14(0.07-0.27) <0.001 0.24 (0.09-0.65) 0.005
HT atadmission 0.47(0.23-094) 0032 0.72(0.28-188) 0.508
NIHSS at arrival 0,82 (0.78-0.86) <0001 0.81(0.76-087) <0001
Apixaban dose, 5mg (Ref, 2.5mg) 413 (245-6.95) <0001 1.95(0.97-3.91) 0.061

OR, odds ratio; CI, confidence interval; Ref,reference groups TIA, transient ischemic attack; H, hemorrhagic transformation; NIHSS, National Institute of Health Stroke Scale.
‘Adjusted for age, gender, smoking, diabetes, previous stroke history, D-dimer, intra-arterial thrombectomy, hemorrhagic transformation at index image, stroke lesion size, apixaban dose, and
NIHSS at admission.
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Parameters Apixaban start timing, n (%) Unadjusted Adjusted
analysis analysis'

Early Standard
(N=170) (N=129) OR (95% ClI) OR (95% CI) p value

Primary functional outcome at 3 months

Favorable outcome 105 (61.8) 62(48.1) 1.75 (1.10-2.78) 0.019 275 (1.44-5.28) 0.002

Secondary outcome

ERIS in 3months 424) 9(7.0) 0.32(0.10-1.07) 0.064 0.15(0.03-0.72) 0.018
Stroke progression 4(24) 8(6.2) 0.36 (0.11-1.24) 0.106 0.13 (0.02-0.67) 0015
Stroke progression or 8(47) 17(132) 033 (0.14-078) 0012 013 (0.04-0.02) 0007
ERIS

sICH in 3 months 2(12) 1(0.8) 1.52(0.14-16.9) 0.732 1.95(0.15-26.01) 0613
Death in 1 year 9(53) 8(6.2) 0.85(0.32-2.26) 0.737 0.80 (0.28-2.32) 0.680

ERIS, early recurrent ischemic strokes SICH, symptomatic intracranial hemorrhage; OR, ods ratio and CI, confidence inerval,
‘Adjusted for age, gender, smoking, diabetes, previous stroke history, D-dimer, intra-arterial thrombectomy, hemorrhagic transformation at index image,stroke lesion size, apixaban dose, and
NIHSS at admis
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Early apixaban Standard apixaban

(N=170) (N=129)
Female 72(42.4) 52(40.3) 0813
Age, years 7394100 728599 0371
Hypertension 117(68.8) 89 (69.0) 1.000
Diabetes 50(29.4) 36(27.9) 0876
Dyslipidemia 59(34.7) 38(29.5) 0.403
Smoking 48(28.2) 44.(34.0) 0335
Previous stroke/TIA 52(30.6) 32(248) 0331
Previous antithrombotics 72(42.4) 49(38.0) 0520
CHA2DS2-VAS, score 50 (4.0-6.0) 50/(4.0-6.0) 0.663
HAS-BLED score 30 (20-40) 30/(20-40) 0.868
CrClL ml/min 750 (58.0-87.0) 740 (57.0-87.0) 0788
D-dimer, meg/ml 08 (0.4-20) 09(05-2.6) 0377

Echocardiographic findings'

Left atrium size, mm 450 (41.0-49.0) 45.0(39.0-49.0) 0410
LVEE % 60 (56-64) 60 (54-64) 0623
LV wall motion abnormality (%) 32(189) 26(205) 0403
Other potential source of cardioembolism* 7(41) 764 0799
Stroke lesion size 0.003
Small 53(31.2) 65 (50.4)
Medium 80 (47.1) 41(31.8)
Large 37(218) 230178
HT upon admission 24141 14(109) 0507
T 24(14.1) 16 (124) 0795
IAT 28(165) 26(202) 0.504
IVT and IAT 5(29) 5(9) 0.904
NIHSS score 5(20-11.0) 6(20-14.0) 0377
Onset to frst apixaban administration, days 3(2-5) 9(6-16) <0.001
Apixaban dose 0952
25mg 105 (61.8) 81(628)
50mg 65(382) 48(37.2)
Labeling dose 0.163
Label standard 65(38.2) 48(37.2)
Label low-dose 37(218) 18 (14.0)
Offlabel low-dose 68 (40.0) 63 (48.8)

Values are given as mean:+SD, no. (%), or median (interquartile range). TIA, transient ischemic attack; CrCl, creatine clearance; LV, lef ventricle; LVE, lef ventricular ejection fraction; HT,
hemorrhagic transformation; IV'T, intravenous thrombolysis; IAT, intra-arterial thrombectomy; NIHSS, National Institute of Health Stroke Scale.

1296 patients underwent transthoracic echocardiogram,

‘Leftatral appendage (LAA) thrombus (1= 1), patent foramen ovale (PFO) (n=4), left atial spontancous echo contrast (=3), theumatic mitralstenosis (n=4), moderate aortic stenosis
(n=1) and dilated cardiomyopathy (1= 1).
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24 H LKW Value of

H LKW (N = 216) (N=189) p Adjusted regression analysi:
Primary outcomes. OR 95% CI Value of p
mRS<3 (N, %) 99 (45.8%) 79 (41.8%) 0414 0.74 (0.46-1.19) 022
Secondary outcomes.
mRS<2 (N, %) 74 (34.3%) 60 (31.7%) 0592 093 (0.56-1.53) 0.77
24H NIHSS (Median, IQR) 10 (3-19) 9 (4-20) 0.594 145 (-0.74-3.63) 0.19
TICI score > 2b (N, %) 180 (83.3%) 149 (78.8%) 0.365 1.40 (0.73-2.66) 031
Recanalization at first pass (N, %) 85 (39.4%) 68 (36.0%) 0745 099 (0:61-1.60) 097
Safety outcomes 0.661
“Total ICH (N, %) 39 (18.1%) 31 (16.4%) 0.490 115 (0.64-3.31) 065
Symptomatic ICH (N, %) 15 (69%) 10 (53%) 0686 120 (0.47-3.00) 071
Intraprocedural perforation (N, %) 8 37%) 5 2.6%) 0827 131 (033-534) 069
Neurological complications (N, %) 17 (7.9%) 16 (8.5%) 0.827 0.89 (0.39-2.04) 0.78
Hospital complications (N, %) 49 (22.7%) 25 (13.2%) 0.014 223 (1.21-4.08) 0.01

**Logistic and linear regression analysis was performed for binary and continuous variables, respectively. Adjusted analysis was controlled for potentially confounding factors (p<0.2) and
includes smoking status, diabetes, atrial fibrillation, presenting NIHSS (groups), pe-ASPECTS, anterior-posterior collateralization, and IV thrombolysis.
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GA Gs Risk Ratio Risk Ratio
—Study or Subgroup _ Events Total Events Total Weight M-H.Fixed.95%Cl  MH.Fixed.95%Cl

2016 Schonenberger 27 73 14 77 58%  203[1.16,3.56) —
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Variations  Univariate model Multivariate model

OR P= OR (95% = P-value
(95% value (¢l)]
Cl)
Kidney
function
(Cockroft-
Gauld)
eGFR 1.01 0.472 1.03 0.054
(mL/min/1.73 (0.98- (1.00-1.07)
m2, per 10 unit 1.04)
increase)
Age (per 10 1.35 <0.001 1.25 <0.001
unit increase) (1.23- (1.11-1.41)
1.49)
Male 0.57 <0.001 0.64 <0.001
(0.48- (0.52-0.78)
0.68)
Hypertension 0.93 0.509 0.92 0.539
074~ (0.70-1.20)
1.16)
Diabetes 0.89 0.176 0.99 0.915
mellitus (0.75- (0.81-1.21)
1.05)
Hyperlipidemia 0.78 0.004 0.80 0.022
(0.66- (0.65-0.97)
0.92)
Congestive 1.62 0.010 1.46 0.089
heart failure (L12- (0.94-2.24)
2.34)
Coronary 1.06 0.576 1.05 0.711
heart disease (0.86— (0.82-1.34)
132)
Peripheral 0.98 0.967 0.98 0.974
artery disease (0.42- (0.38-2.54)
2.28)
Previous 1.02 0.777 115 0.155
TIA/stroke 0.87- (0.95-1.40)
history 121)
Active cancer 0.81 0.328 0.94 0.810
(0.52- (0.59-1.52)
1.24)
Current 0.74 0.055 1.07 0.698
smoker 0.54- (0.75-1.55)
1.01)
History of
NOAC
Apixaban 0.79 0.012 0.53 0.179
(0.66- (0.21-1.34)
0.95)
Dabigatran 1.16 0.231 0.76 0.563
0.91- (0.30-1.93)
1.46)
Edoxaban 0.89 0.230 0.56 0.217
0.74- (0.22-1.41)
1.07)
Ribaroxaban 1.29 0.007 0.73 0.507
(1.07- (0.29-1.84)
1.55)
Side of stroke
involvement
Left 1(Ref) 1(Ref)
Right 0.89 0.240 0.92 0.443
(0.74- (0.75-1.13)
1.08)
Multiple 1.08 0.540 1.33 0.063
0.84- (0.98-1.81)
1.40)
Lesion of
stroke
involvement
Anterior 1(Ref) 1(Ref)
circulation
Posterior 0.24 <0.001 0.25 <0.001
circulation 0.19- (0.19-0.33)
0.31)
Multiple 0.89 0418 0.74 0.073
0.67- (0.54-1.03)
1.18)
Stroke
subtype
Large artery 1(Ref) 1(Ref)
atherosclerosis
Small vessel 0.01 0.003 0.02 0.010
occlusion 0.00- (0.00-0.41)
0.24)
Cardioembolism 0.93 0.752 1.04 0.868
(0.60- (0.65-1.68)
1.45)
Other etiology 131 0.700 1.30 0.735
0.33- (0.28-5.96)
5.23)
Undetermined 0.38 <0.001 0.49 0.007
(0.24- (0.29-0.82)
0.62)

OR, odds ratio; CI, confidence interval; eGFR, estimated glomerular filtration rate; TIA,
transient ischemia attack; NOAC, non-vitamin K antagonist oral anticoagulants.
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Variations

Univariate model

Multivariate model

Univariate model

Multivariate model

OR (95% ClI) P-value OR (95% CI) P-value OR (95% Cl) P-value OR (95% CI) P-value
Stroke subtype Cardioembolism Other than cardioembolism
Kidney function (Cockroft-Gauld)
eGFR (mL/min/1.73 m?, per 10 unit 1.02(0.98-1.06) 0.408 1.03 (1.00-1.08) 0.117 0.99 (0.92-1.06) 0714 1.06 (0.98-1.14) 0.150
increase)
Age (per 10 unit increase) 1.29 (1.15-1.44) <0.001 1.20 (1.05-1.37) 0.007 1.69 (1.33-2.15) <0.001 1.67 (1.24-2.25) <0.001
Male 0.60 (0.50-0.73) <0.001 0.64 (0.51-0.80) <0.001 0.47 (0.32-0.68) <0.001 0.54 (0.35-0.84) 0.006
Hypertension 0.92 (0.70-1.20) 0.536 0.93 (0.69-1.26) 0.632 0.95 (0.54-1.65) 0.852 0.87 (0.46-1.65) 0.672
Diabetes mellitus 0.85 (0.69-1.04) 0.122 0.87 (0.70-1.09) 0.240 1.17 (0.81-1.69) 0.407 1.55 (1.01-2.36) 0.044
Dyslipidemia 0.84 (0.69-1.03) 0.089 0.88 (0.71-1.10) 0.264 0.61 (0.43-0.89) 0.009 0.49 (0.32-0.75) 0.001
Congestive heart failure 1.42 (0.94-2.14) 0.096 1.61 (0.99-2.61) 0.054 1.61 (0.65-3.96) 0.300 1.18 (0.39-3.55) 0.763
Coronary heart disease 1.04 (0.81-1.34) 0.756 1.00 (0.75-1.32) 0.982 1.25(0.78-2.01) 0.348 1.29(0.75-2.23) 0.363
Peripheral artery disease 0.66 (0.19-2.25) 0.505 0.46 (0.13-1.65) 0233 1.86 (0.58-5.95) 0.296 260 (0.63-10.73) 0.185
Previous TIA/stroke history 1.01(0.83-1.22) 0.944 1.14 (0.92-1.42) 0.236 1.09 (0.76-1.57) 0.647 1.21 (0.80-1.84) 0.366
Active cancer 0.67 (0.40-1.13) 0.135 0.86 (0.49-1.52) 0.607 1.45 (0.66-3.22) 0.357 1.18 (0.49-2.88) 0.708
Current smoker 0.85(0.59-1.22) 0.378 1.22 (0.80-1.85) 0.360 0.48 (0.24-0.97) 0.042 0.79 (0.34-1.79) 0.566
History of NOAC
Apixaban 0.83 (0.67-1.03) 0.086 0.55 (0.21-1.46) 0.227 0.83 (0.57-1.21) 0335 0.43 (0.02-7.51) 0.565
Dabigatran 1.16 (0.88-1.52) 0.290 0.78 (0.29-2.12) 0.629 1.08 (0.62-1.88) 0.790 0.67 (0.04-12.10) 0.785
Edoxaban 0.89 (0.72-1.11) 0.306 0.58 (0.22-1.54) 0273 079 (0.52-1.21) 0.284 0.47 (0.03-8.28) 0.609
Ribaroxaban 1.22 (0.99-1.52) 0.067 0.74 (0.28-1.99) 0.556 1.48 (0.98-2.23) 0.060 0.75 (0.04-13.06) 0.844
Side of stroke involvement
Left 1(Ref) 1(Ref) 1(Ref) 1(Ref)
Right 0.89 (0.71-1.10) 0.282 0.89 (0.70-1.12) 0313 1.02 (0.68-1.52) 0.943 0.97 (0.62-1.50) 0.874
Multiple 0.82 (0.61-1.09) 0.176 1.17 (0.83-1.63) 0.373 276 (1.53-4.96) <0.001 2.78 (1.35-5.70) 0.005
Lesion of stroke involvement
Anterior circulation 1(Ref) 1(Ref) 1(Ref) 1(Ref)
Posterior circulation 0.22(0.16-0.29) <0.001 0.21(0.15-0.28) <0.001 0.39 (0.24-0.64) <0.001 0.37 (0.22-0.62) <0.001
Multiple 0.69 (0.50-0.94) 0.021 0.64 (0.45-0.92) 0.017 2.13 (1.13-4.01) 0.019 1.43 (0.66-3.13) 0.367
Previous TIA/stroke history Yes No
Kidney function (Cockroft-Gauld)
eGFR (mL/min/1.73 m?, per 10 unit 1.038 (0.994-1.083) 0.088 1.07 (1.01-1.13) 0.013 0.98 (0.94-1.03) 0.421 1.00 (0.95-1.05) 0.941
increase)
Age (per 10 unit increase) 1.38 (1.20-1.59) <0.001 1.23 (1.03-1.46) 0.020 1.33 (1.16-1.53) <0.001 1.24 (1.05-1.46) 0.011
Male 0.59 (0.46-0.74) <0.001 0.64 (0.48-0.85) 0.002 0.56 (0.44-0.70) <0.001 0.62 (0.47-0.81) <0.001
Hypertension 0.93(0.68-1.28) 0.661 1.02 (0.71-1.47) 0.919 0.92 (0.66-1.29) 0.632 0.78 (0.53-1.15) 0.216
Diabetes mellitus 0.99 (0.78-1.27) 0.945 1.00 (0.76-1.32) 0.982 0.80 (0.62-1.02) 0.066 0.86 (0.65-1.13) 0.267
Dyslipidemia 0.63 (0.49-0.80) <0.001 0.61 (0.46-0.81) <0.001 091 (0.72-1.15) 0.431 0.95 (0.73-1.23) 0.680
Congestive heart failure 1.61(0.90-2.88) 0.112 2.07 (1.02-4.20) 0.043 1.64 (1.02-2.63) 0.041 1.35 (0.78-2.36) 0.285
Coronary heart disease 1.16 (0.84-1.60) 0.366 1.22 (0.85-1.76) 0.284 0.99 (0.74-1.33) 0.969 0.94 (0.68-1.31) 0.720
Peripheral artery disease 1.14(0.39-3.29) 0.815 1.45 (0.43-4.93) 0.551 0.77 (0.19-3.10) 0715 0.43 (0.10-1.78) 0.242
Active cancer 1.09 (0.59-2.02) 0.782 120 (0.61-2.37) 0.591 0.61(0.33-1.13) 0.119 0.75 (0.39-1.45) 0.393
Current smoker 0.67 (0.43-1.04) 0.071 0.79 (0.47-132) 0.362 0.82 (0.53-1.26) 0361 1.27 (0.76-2.12) 0.355
History of NOAC
Apixaban 0.82 (0.64-1.05) 0.116 0.70 (0.19-2.55) 0.589 0.77 (0.60-0.99) 0.044 028 (0.07-1.18) 0.082
Dabigatran 1.02 (0.74-1.39) 0.910 0.90 (0.24-332) 0.876 1.36 (0.95-1.95) 0.094 051 (0.12-2.21) 0.366
Edoxaban 0.95(0.72-1.25) 0.720 0.85(0.23-3.10) 0.801 0.85 (0.66-1.09) 0.202 0.28 (0.07-1.20) 0.088
Ribaroxaban 131 (1.00-1.72) 0.048 1.00 (0.27-3.66) 0.998 1.27 (0.99-1.64) 0.063 0.39 (0.09-1.67) 0.207
Side of stroke involvement
Left 1(Ref) 1(Ref) 1(Ref) 1(Ref)
Right 0.93(0.71-121) 0.578 0.95 (0.71-127) 0.741 0.86 (0.66-1.12) 0275 0.86 (0.65-1.14) 0.296
Multiple 1.15(0.79-1.67) 0.461 1.61 (1.04-2.50) 0.033 1.03 (0.72-1.47) 0.883 1.33 (0.87-2.03) 0.183
Lesion of stroke involvement
Anterior circulation 1(Ref) 1(Ref) 1(Ref) 1(Ref)
Posterior circulation 0.24(0.17-0.35) <0.001 022 (0.15-032) <0.001 0.24 (0.17-0.34) <0.001 023 (0.16-0.33) <0.001
Multiple 0.80 (0.54-1.19) 0.270 0.67 (0.43-1.06) 0.085 1.00 (0.66-1.51) 0.989 0.85 (0.53-1.36) 0.491

OR, odds ratio; CI, confidence interval; eGFR, estimated glomerular filtration rate; MDRD, Modification of Diet in Renal Disease; TIA, transient ischemia attack; NOAC, non-vitamin K antagonist oral anticoagulants.
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Visual dipstick result ++:
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Total (95% CI) 533 529 100.0%  1.03[0.87,1.22]
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OR 95% Cl P

Age 1041 1.010~1.073 0010
DM 2829 1.052~7.608 0039
CKD 4399 0.904~21.412 0067
DRT 1004 1.000~1.009 0079
NIHSS 24 Hour 1284 1.201~1373 0.000
mTICI3 0402 0.178~0909 0029

Model by logistics binary regression (backward selection): age, diabetes mellitus (DM),
coronary artery disease (CAD), CKD (chronic kidney disease), smoker, M1 occlusion, BA
occlusion, DPT, DRT, PRT, NIHSS 24 Hour, mTICI 3, no of EVT attempts, SICH.
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Number

Age Mean +5D

Male, 1, %

Risk factors
Hypertension, 1, %
Diabetes mellitus, n, %
CAD,n, %

Atrial fibrillation, n, %

Stroke, 1, %
Hyperlipemia, 1, %

Chronic kidney disease, %
Current Smoker, 1, %

NIHSS Pre-EVT (IQR)
ASPECTS pre-treatment (IQR)
MRS pre-treatment (IQR)
Occlusion vessels

ICA R, %

MCA-M1 1, %

MCA-M2 1, %

Tandem 1, %

Basilar 1, %

Toast type

Large artery atherosclerosis
Cardioembolic

Stroke of other determined etiology
Stroke of undetermined etiology
IV thrombolysis, 1, %

DNT

ONT

DPT (IQR), min

DRT (IQR), min

PRT (IQR), min

LKNPT (IQR), min

mTICI3

No of EVT attempts

SICH, 1, %

24h NIHSS

RFI
124
66871217

88 (70.97%)

76 (61.29%)
34(27.42%)
27 (21.77%)
42.(33.87%)
28 (2258%)
20 (16.13%)
14(11.29%)
19 (15.32%)

1600 (14.00, 21.00)

8.00(8.00, 9.00)
0.00(0.00,0.00)

27 (21.77%)
40 (32.26%)
9(7.26%)
20(16.13%)

28 (2258%)

57 (45.97%)

61 (49.19%)
2(161%)
4(3.23%)

53 (4274%)

45.00 (32,00, 60.00)
139.00 (100.00, 179.00)
152,00 (117.25,205.00)
242,00 (183.25, 314.75)

65.00 (44.25, 106.00)
297.50 (207.75, 434.50)

48(38.71%)

100 (1.00,2.00)
19 (15.32%)

17.00 (12.00, 25.00)

Meaningful Rec:
107
611021275

72(67.29%)

57 (53.27%)
14 (13.08%)
10 (9.35%)
35 (32.71%)
18 (16.82%)
22(20.56%)
4(374%)

30 (28.04%)
13.00 (10.00, 17.00)
9.00 (8.00,9.00)
0.00(0.00,0.00)

16 (14.95%)
57 (53.27%)
6(5.61%)
16 (14.95%)

12(11.21%)

56 (52.34%)
45 (42.06%)
3(2:80%)
3 (280%)

43 (40.19%)
42,50 (30.00, 53.00)
121,00 (95.00, 178.25)
128,00 (105.00, 190.00)
207.00 (155.00, 259.00)
55.00 (35.00, 85.00)
29000 (195.00, 470.00)
66 (61.68%)

1.00 (1,00, 2.00)
0(0.00%)

5.00 (2.00, 11.00)

X?/t/z

6595
0035
1194

0758

~4.300
~0821

~L141

1764
10412
0258
0.060

5182

1524

0.154
~0892
—0.754
~2.190
—2641
—2187
~0.651
12127
~0.764
17.865

~10.069

0.001%

0.546

0219
0.007*
0.010*

0.852

0274

0.384
0.033*
0.018*
0.000%

0412

0254

0.184
0.001%
0612
0.806

0.023*

0677

0.694
0372
0451

0.029*
0.008*
0.029*
0515
<0001%
0445
<0001%

<0001%

“Denotes significance. CAD, coronary artery disease; CKD, chronic kidney disease; DPT, door-to-puncture times DRT, door-to-recanalization time; EV', endovascular thrombectomys IV,

intravenous; LKNPT, last-known normal-to-puncture time; mTICI, modified thrombolysis in cerebral infarction; NIHSS, National Institute of Health Stroke Scale.
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Reader descriptit N readers RAPID sensitivity Reader sensitivity NAGEELES] p-value

Average of all general 8 064 0.41(95% C10.28-0.54) 0.065 0.001
For superiority

radiologists

Average of all readers n 064 0.44(95% C1032-0.55) 0,055 NI= 00001
Superiority = 0.0008

Average of neuroradiologists 3 064 051 (95% CI035-0.67) 0.061 NI= 00088

Superiority = 0.056

The p-values are from a t-test of either superiority or non-inferiority (NI) with a 0.025 margin. The 95% CI for the Rapid sensitivity of 0.64 is 0.54-0.72.
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Total 297 patients from March
2019 to March 2022

231 patients were included in the
final study

Reasons for exclusion

4 patients with missing follow-up
data

54 patients with post-mTICl < 2a

5 patients with other vascular
occlusions other than ICA, M1/M2
segment of MCA, and basilar artery

2 patients with pre-EVT NIHSS < 6

1 patient with pre-EVT ASPECTS < 6
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Mild stroke
severity
(NIHSS < 8)

Moderate to
severe stroke
severity
(NIHSS > 8)

pt

Unadjusted
OR (95% ClI)

Adjusted OR
(95% CI)

Number of patients 1,438 941

eGFR, mL/min/1.73 <0.001

m?

(Cockroft-Gauld)

>90 302 (21.0) 236(25.1) 1(Ref) 1(Ref)

60-89 713 (49.6) 388 (41.2) 0.70 (0.56-0.86) <0.001 0.77 (0.61-0.98) 0.031
30-59 379 (26.4) 295(31.3) 1.00 (0.79-1.25) 0.973 0.91 (0.69-1.18) 0.466
<30 44 (3.1) 22(23) 0.64(0.37-1.10) 0.105 0.42(0.22-0.77) 0.005

TP-value by Chi-square test. ¥ P-value by logistic regression [adjusted for age, sex, history of hypertension, diabetes mellitus, hyperlipidemia, congestive heart failure, peripheral artery disease,
coronary heart disease, previous stroke history, current smoke, side of stroke involvement, lesion of stroke involvement and laboratory results (WBC, Hb, HCT, PLT, INR, LDL)]. NIHSS,
National Institutes of Health Stroke Scale; OR, odds ratio; CI, confidence interval; eGER estimated glomerular filtration rate; MDRD, Modification of Diet in Renal Disease.
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NOAC users

Mild Moderate
stroke to severe
severity stroke
(NIHSS < severity
8) (NIHSS >
8)
Number of patients 1,438 (60.4) 941 (39.6)
Demographics
Age, years 752%£9.0 77585 <0.001
Male 798 (55.5) 392 (41.7) <0.001
Body weight, kg 627 £ 117 593122 <0.001
Body mass index, kg/m? 238+3.6 23.0£39 <0.001
Comorbidities
Hypertension 1,229 (85.5) 795 (84.5) 0511
Diabetes mellitus 525 (36.5) 318 (33.8) 0.176
Hyperlipidemia 860 (59.8) 506 (53.8) 0.004
Congestive heart failure 59 (4.1) 61(6.5) 0.010
Peripheral artery disease 14 (1.0) 9(1.0) 0.967
Coronary heart disease 250 (17.4) 172 (18.3) 0.577
Previous TIA history 56 (3.9) 18 (1.9) 0.007
Previous stroke history 699 (48.6) 463 (49.2) 0.777
Active cancer history 62(43) 33 (3.5) 0.327
Current smokers 133 (9.2) 66 (7.0) 0.054
Side of stroke 1,214 (84.4) 881(93.6) 0279
involvement
Left 534 (44.0) 401 (45.5)
Right 508 (41.8) 340 (38.6)
Multiple 172 (14.2) 140 (15.9)
Lesion of stroke 1,214 (84.4) 881(93.6) <0.001
involvement
Anterior circulation 715 (58.9) 690 (78.3)
Posterior circulation 379 (31.2) 88 (10.0)
Multiple 120 (9.9) 103 (11.7)
Stroke subtype <0.001
Cardioembolism 887 (61.7) 769 (81.7)
Other etiology 551 (38.3) 172 (18.3)

Previous medication

Anti-hypertensive drug 1,076 (74.8) 655 (69.6) 0.005

Anti-diabetic drug 430 (29.9) 230 (24.4) 0.004

Anti-hyperlipidemia 707 (49.2) 438 (46.5) 0211

agent

Neurological status <0.001
Premorbid mRS

0 943 (65.6) 529 (56.2)

1 226 (15.7) 127 (13.5)

2 122 (8.5) 82(8.7)

3 95 (6.6) 90 (9.6)

4 48(33) 68(7.2)

5 4(0.3) 45 (4.8)

Initial NIHSS, median 2(1-4) 15 (11-19) <0.001
(IQR)

Discharge mRS <0.001
0 282 (19.6) 26 (2.8)

1 393 (27.3) 61(6.5)

2 274 (19.1) 87(92)

3 244 (17.0) 124 (13.2)

4 167 (11.6) 231 (24.5)

5 66 (4.6) 318 (33.8)

6 11(0.8) 94 (10.0)

Kidney function marker

BUN, mg/dL 187 £8.0 20.1+10.3 0.001

Creatinine, mg/dL 1.01£0.55 0.96 £ 0.40 0.013

eGFR

Cockroft-Gauld, 73.14£26.2 73.9£27.5 0.474

mL/min/1.73 m?

MDRD, mL/min/1.73 m* 77.8£27.9 78.6 £29.3 0474

Laboratory marker

Leukocyte count, 75+25 84431 <0.001
X10°/pL

Hemoglobin, g/dL 13.3£22 12822 <0.001
Hematocrit, % 39.9+£9.7 39.5£193 0.543

Platelet count, x10°/pL 205.6 £70.1 207.4 £74.1 0.546

Prothrombin Time, 132+ 1.62 121+£0.37 0.014

sec/INR

C-reactive protein, 0.3 (0.1-1.2) 0.7 (0.2-3.9) <0.001
mg/dL

Low-density lipoprotein, 87.8£31.9 85.6 +£29.4 0.072

mg/dL

HbAlc, % 62+ 1.1 6.0+ 1.0 <0.001
D-dimer, pg/mL 0.5(0.3-1.2) 1.2 (0.6-3.0) <0.001
CHADS;-VASC score 432 1.52 4.58 £1.49 <0.001
ATRIA score 3.03£2.06 3.26 £2.11 0.008

Data are expressed as the mean = standard deviation, or number (percentage). P-value
by Chi-square test, Fisher’s exact test, CMH shift test, Student’s t-test and Wilcoxon rank
sum test. NOAC, non-vitamin K antagonist oral anticoagulants; NIHSS, National Institutes
of Health Stroke Scale; TIA, transient ischemia attack; mRS, modified Rankin Scale; IQR,
interquartile range; BUN, blood urea nitrogen; eGER, estimated glomerular filtration rate;
MDRD, Modification of Diet in Renal Disease; INR, International normalized ratio; Atria,
Anticoagulation and Risk Factors in Atrial Fibrillation.
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Variables Stroke mimic Ischemic stroke Hemorrhagic

(n =53) (n =42) stroke (n = 6)
Age, mean £ SD 6715142 7004124 7004138 0.44
Male 28 (52.8%) 36 (67.9%) 10167%) 003
Hypertension 23 (43.4%) 31 (58.5%) 2(33.3%) 021
Diabetes mellitus 15 (28.3%) 17(32.1%) 2(33.3%) 090
Dyslipidemia 6(11.3%) 26(49.1%) 10167%) <0001
WBC (103/uL) 92166 6912.0 13.1£11.6 093
Hemoglobin (g/dL) 133£25 140£2.0 14419 0.18
Hematocrit (%) 39.8+69 42.1£54 42.8£53 0.12
Platelet (103/uL) 22474841 2402646 26531020 045
Fibrinogen (mg/dL) 392641622 3252727 33051222 003
D-dimer (g/L) 17416 09%1.1 054001 022
CRP (mg/L) 38477 05£08 L1zl 0.03
Glucose (mg/dL) 13294519 13132427 1383392 090
Total cholesterol (mg/dL) 15994477 17462454 19754763 017
HDL cholesterol (mg/dL) 49.2£16.0 50.1£11.9 62.7£222 021
LDL cholesterol (mg/dL) 917£33.1 107.4409 12172504 010
BUN (mg/dL) 2624294 17.0£6.7 232£154 0.17
Creatinine (mg/dL) 28212 09£03 1.0£1.0 0.72
INR 1.0£0.1 10£0.1 1512 <0.001

Values represent the number of patients (percentage) or mean £ SD as appropriate. p values were obtained using the Pearson #* test and analyses of variance, as appropriate. IV, intravenous; SD,
standard deviation; ICH, intracerebral hemorrhage; WBC, white blood cell; CRP, C-reactive protein; HDL high-density lipoproteins LDL, low-density lipoprotein; BUN, blood urea nitrogen;
INR, international normalized ratio of prothrombin time.
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Total patients With cognitive Without cognitive Test statistic P value

(n =129) impairment impairment (n = 97)
(n=32)

Infarction lesions

Thalamus 14 (10.9%) 4(12.5%) 10 (10.3%) 0.000 0.986
Basal ganglia/internal 53 (41.1%) 14 (43.8%) 39 (40.2%) 0.125 0.724
capsule

Centrum ovale/corona 56 (43.4%) 12 (37.5%) 44 (45.4%) 0.605 0.437
radiata

Medulla/midbrain/pons/ 27 (20.9%) 8(25.0%) 19 (19.6%) 0.426 0514
cerebellum

CSVD subtypes

Lacuna, n (%) 80 (62.0%) 21 (65.6%) 59 (60.8%) 0.235 0.628
Microbleeds, n (%) 23 (17.8%) 5(15.6%) 18 (18.6%) 0.141 0.707
EPVS (N>10), n (%) 72 (55.8%) 21 (65.6%) 51 (52.6%) 5215 0.074*
Periventricular WMH 2(1-3) 3(2-3) 1(1-2) —3.805 <0.001**
(Fazekas score, 0-3)

Deep WMH (Fazekas 1(0-1) 2(1-2) 1(0-1) —2.454 0.014*
score, 0-3)

Genu of corpus callosum 37 (28.7%) 17 (53.1%) 20 (20.6%) 12.43 <0.001%*
WMH, n (%)

Splenium of corpus 31 (24.0%) 10 (31.3%) 21 (21.6%) 1215 0.270
callosum WMH, n (%)

Total CSVD score (0-4) 2(1-3) 2(2-3) 2(1-3) —2.703 0.007**

WMH, white matter hyperintensity; CMB, cerebral microbleed; EPVS, enlarged perivascular spaces; sLI, silent lacunar infarction; CSVD, cerebral small vessel disease. *p < 0.1, *p < 0.05.
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Regional WMH Total patients With cognitive Without cognitive Test statistic P value

volume (cm?3) (n=129) impairment impairment (n = 97)

(n=32)
Total 6.07 (0.00-64.08) 14.45 (0.00-64.08) 5.52 (0.32-38.58) —3.419 0.001*
Frontal 0.62 (0.00-15.03) 2.96 (0.00-15.03) 0.52 (0.00-7.79) 2773 0.006*
Parietal 0.00 (0.00-6.99) 0.41 (0.00-6.99) 0.00 (0.00-6.89) —2.835 0.005*
Temporal 0.00 (0.00-2.66) 0.00 (0.00-1.95) 0.00 (0.00-2.66) —0.548 0583
Occipital 0.00 (0.00-4.56) 0.00 (0.00-0.85) 0.00 (0.00-4.56) —1.459 0.144
Periventricular 4.45 (0.00-40.70) 10.56 (0.00-40.70) 3.74 (0.00-30.46) —3371 0.001*
Subtentorial (brain 0.00 (0.00-1.21) 0.00 (0.00-1.21) 0.00 (0.00-1.05) —1435 0.151
stem/cerebellum)

'WMH, white matter hyperintensity, *p < 0.05.
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B OR (95% Cl) P value
Age (years) 0.028 1,029 (0.973-1.087) 0317
Depression 1.833 6.252(1.213-32.232) 0.029%
NIHSS score 0215 1.240 (1.050-1.464) 0.011*
EPVS (N > 10) —0.042 1.062 (0.391-2.882) 0.906
Albumin (g/L) —0.173 0.841 (0.718-0.985) 0.032*
Frontal WMH 0.166 1.180 (1.008-1.382) 0.040%
volume (em®)
Parietal WMH 0.06 1.062 (0.769-1.466) 0.715
volume (em*)
Periventricular —0.001 0.998 (0.902-1.104) 0.970
WMH volume
(cm®)
WMH at genu of 1132 3.100 (1.095-8.775) 0.033*
corpus callosum

NIHSS, National Institutes of Health Stroke Scale; BI, Barthel Index; CSVD, cerebral small

vessel disease. *p < 0.05.
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Subjects Total patients With cognitive Without cognitive Test statistic P value

(n=129) impairment impairment (n = 97)
(n=32)

Age 67 +9.69 69 10.62 654933 1.835 0.069*
Gender, male 80 (62.0%) 19 (59.4%) 61 (62.9%) 0.126 0723
Previous history

Cerebral infarction, 26 (20.2%) 8(25.0%) 18 (18.6%) 0.621 0.431
(%)

Hypertension, n (%) 98 (76.0%) 25(78.1%) 73 (75.3%) 0.108 0742

Diabetes mellitus, n 37 (28.7%) 11 (34.4%) 26 (26.8%) 0.674 0412
(%)
NHISS score 2(1-3) 3(1-5) 1(1-3) —2.858 0.004**
Depression, 71 (%) 10 (7.8%) 7 (21.9%) 3(3.1%) 9389 0.002**
Laboratory exam
White blood cells (10°/L) 6.15 (4.94-7.38) 6.15 (4.89-7.28) 6.15 (4.95-7.43) —0.297 0.766
Neutrophils (10°/L) 3.80 (3.02-4.83) 4.02 (2.80-4.70) 376 (3.08-5.12) —0.426 0.670
Lymphocytes (10°/L) 1.56 (1.18-1.98) 156 (1.15-2.07) 1.5 (1.18-1.92) —0.460 0.646
Hemoglobin (g/L) 135 (124-144) 134 (122-144) 137 (124-145) —0.697 0.486
Platelets (10°/L) 197.33 % 55.06 195.90 & 49.80 199.12 + 56.73 —0.124 0.901
Total cholesterol 436(3.75-5.05) 438 (3.69-4.94) 432 (3.75-5.05) —0.402 0.688
(mmol/L)
Triglyceride (mmol/L) 138 (1.05-2.00) 1.31 (0.99-2.10) 1.38 (1.08-1.81) —0.506 0613
LDL-C (mmol/L) 2.60 074 2.60 £ 0.63 2584079 0215 0.830
HDL-C (mmol/L) 0.95 (0.82-1.18) 091 (0.78-1.19) 0.96 (0.83-1.17) —0.531 0.595
Blood glucose (mmol/L) 5.32(4.78-6.63) 497 (4.62-6.21) 535 (4.91-6.63) —1.483 0.138
Total bilirubin (umol/L) 14.80 (11.20-19.80) 16.20 (9.60-22.10) 14.70 (11.50-19.50) —0.050 0.960
Uricacid (mmol/L) 324,55 +86.34 343.18 £ 85.59 317.63 £ 87.37 1.393 0.166
Urea (jumol/L) 530 (4.40-6.50) 5.60 (4.30-6.90) 520 (4.50-6.40) —0.200 0.841
Prealbumin (mg/L) 248.98 + 50.08 24326 4934 25120 £ 50.85 —0.499 0.618
Albumin (g/L) 38.75 4+ 3.51 37314383 39234333 —2.561 0.012*
Homocysteine (j.mol/L) 10.50 (8.93-12.18) 10.70 (9.20-12.00) 10.15 (8.70-12.61) —1.147 0.251
C-reactive protein 1.96 (0.74-4.95) 2.88 (1.09-5.98) 1.78 (0.65-4.57) —1.124 0.261
(mg/L)
Plasma fibrinogen (g/L) 270 (2.21-3.15) 2.90 (2.42-3.14) 268 (2.21-3.19) —0.808 0.419

SBP, systolic blood pressure; DBP, diastolic blood pressure; LDL-C, low-density lipoprotein; HDL-C, high-density lipoprotein; NIHSS, National Institutes of Health Stroke Scale; BI, Barthel
Index; LAA, large artery atherosclerosis; CE, cardioembolism; SAO, small artery occlusion; SO, stroke of other demonstrated etiology; SUE, stroke of other undetermined etiology. *p < 0.1,
o

P <0.05.
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Systolic blood pressure Diastolic blood pressure Hypertension

Predictors Odds
Est. 95% ClI P Est. 95% ClI P ; 95% CI
ratio
(Intercept) 11598 11142-12055  <0.001 7201 68.74-75.27 <0.001 003 000022 0.001
me in weeks since stroke 013 001-025 0.032 003 ~0.05100.11 0413 097 091-104 | 0401
History of hypertension* 148 571-17.25 <0001 344 ~0.69107.57 0.102 i 1349259 0026
Time in weeks since 009 -00610024 0242 0.10 0.00-0.19 0.049 106 099-114 0082

stroke x History of hypertension

Age in years 006 -01410025 0574 -021 ~036t0 0.006 100 0.94-106 0970
~0.06
Hemorrhagic Stroke" -405 | -972t0162 0161 -120 | 54510305 0579 028 006-138 0117
Random effects
7 127.27 5240 329
Tom 47.23 3148 337
icc 027 0.38 051
Nio 74 74 74
Observations 266 266 266
Marginal R/Conditional R* 0.236/0.443 0.132/0.458 0.336/0.672
*Reference is no history of hypertension; 'Reference i ischemic stroke. Bold values indicate statistical significance at p < 0.05.
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Study timepoint With history of hypertension Without history of hypertension

(n=49) (n=25)

Hypertension, n (%)

Baseline 13/49 (27.5) 2025 (8.0)
Post-intervention 16/46 (34.8) 1124 (42)
6-month post-stroke 20142 (47.6) 2/24(8.3)
12-month post-stroke 19/37 (51.4) 0/21(0.0)

Systolic blood pressure, mmHg, mean+SD

Baseline 12642142 1322126
Post-intervention 1299106 118593
6-month post-stroke 13245143 1215497
12-month post-stroke 1380185 1208492

Diastolic blood pressure, mmHg, mean+SD

Baseline 7504104 732485
Post-intervention 76.1£98 720£78
6-month post-stroke 77793 768598
12-month post-stroke 817£102 728£7.0

“n is expressed as a fraction of available data.
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Systolic blood pressure Diastolic blood pressure Hypertension

Predictors
Est. 95% CI P Est. 95% ClI P Odds ratio  95% ClI

Intercept 12186 11684-12688  <0.001 7476 71467805 <0.001 007 002-034 0.001
Group (DOSE)* .16 ~65110620 0961 —140 | -55810277 0508 155 0.28-854 0612
Group (DOSE2)* ~038 ~67110595 0906 0.29 ~386t0445 089 090 0.16-5.01 0900
Post-intervention” 456 0.83-828 0.017 036 20710279 0770 147 052-416 0.467
6-month stroke" 709 330-1088  <0.001 308 060-555 0.015 341 119-9.79 0.023
12-month post-stroke” 1086 692-1481  <0.001 445 188-7.03 0.001 386 128-1166 0017
Random effects i
- 12531 5342 329
oo 9091 3937 573
1cc 042 042 064
Nop 7 7 7
Observations 266 266 266
Marginal RY/Conditional R* 0.066/0.459 0042/0.448 0.039/0.649

*Reference is the usual care group. Reference is baseline timepoint. Bold values indicate statistical significance at p<0.05.
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Systolic blood pressure Diastolic blood pressure Hypertension

Predictors

Est. 95% ClI P Est. 95% ClI P Odds ratio  95% ClI
(Intercept) 1469 11067-11871 <0001 7061 67.65-73.57 <0.001 001 000-006  <0.001
Time in weeks since stroke 019 0.12-0.26 <0.001 009 0.05-0.14 <0.001 103 101-105 0.010
History of hypertension® 1345 8731817 <0.001 557 202-9.12 0.002 22 660-27008 <0001
Age in years 006 ~0.1410025 0576 —021 | -03610-006  0.006 100 094-1.06 0946
Hemorrhagic strok —401 | -96810166 0.165 -L15 ~540103.10 0595 029 0.06-139 0.120
Random effects
o 127.32 5316 329
o 4442 3134 299
1cc 027 037 048
Nip 7 7 7
Observations 266 266 266
Marginal R¥/Conditional R* 0.241/0.444 0.123/0.449 0.345/0.657

*Reference is no history of hypertensior

s Reference is ischemic stroke. Bold values indicate statistical significance at p<0.05.
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ions (n=2387)

Excluded (n=246)
+ Consent to screen not obtained

Assessed for eligibility (n=2141)

Excluded (n=2066)
« Not meeting inclusion criteria (n=1864)
+ No LE hemiparesis (n=606)
210 weeks post-stroke (n=315)

+ Not able to ambulate 15 feet

+ Other inclusion criteria (n="
+ Declined to participate (n=86)
«_ Other reasons (n=116)

=208)

5)

Randomization (n=75)

2

USUAL CARE (n=25)

| DOSE1 (n=25)

I

DOSE2 (n=25)

i

Baseline

¥

USUAL CARE (n=24)
+ Nostroke (n=1)"

DOSEA (n=24)
- BP missing (n=1)

DOSE2 (n=24)
BP missing (n=1)

i

Post-Evaluation

¥

USUAL CARE (n=23)
« Withdraw (i

DOSE1 (n=25)

DOSE2 (n=22)
* Medical (n=1)
BP missing (n=2)

i

6-Month Post-Stroke

¥

USUAL CARE (
« Withdraw (

DOSE1 (n=20)
* Lostto follow-up (n=2)
- Withdraw (n=3)

DOSE2 (n=23)
+ Medical (n=1)

!

12-Month Post-Stroke

¥

USUAL CARE (n=19)
+ Withdraw (n=
Lost to follow-up (n=3)
+ Medical (n=1)

DOSE1 (n=18)
* Withdraw (n=1)
* Lostto follow-up (n=1)

DOSE2 (n=21)
+ Withdraw (n=2)
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Characteristics

Age (years), mean £ SD

Male sex, n (%)

History of hypertension’, n (%)

History of diabetes', n (%)

me from stroke to randomization

(days), mean +SD
Side of hemiparesis, 1 (%)

‘Type of stroke, n
Stroke location, 1

NIH stroke scale (at rehabilitation
baseline), median (Q1-Q3)

6MWT distance (m), mean + SD

Blood pressure measurements

Presence of hypertension, 1 (%)*
Baseline

Post

tervention
6-month post-stroke

12-month post-stroke

All groups (n =74)

57.0£114

44(59.5)
49(66.2)

20(27.0)

27.1£104

Ischemic=61 Hemorrhagic= 13

5 Sub-Cortic:

Cortic:

Missing Data=1

40 (3.0-7.0)

1320896

15/72(20.8)
17/70 (24.3)
22/66 (33.3)
19/58 (32.8)

Systolic blood pressure, mmHg, mean +SD

Baseline

Post-intervention

6-month post-stroke

12-month post-stroke

12182150

1260115

12842138

1318178

Diastolic blood pressure, mmHg, mean +SD

Baseline

Post-intervention

6-month post-stroke

12-month post-stroke

744498

747490

773494

785£10.1

Usual Care (n = 24)

57.

£130
14(58.3)
13(542)
6(250)

2584110

Ischemic =20 Hemorrhagi

Cortical=5 Sub-Cort

Missing Data=

45(3.0-6.5)

12924776

4124 (16.7)
5123 (21.7)
9/23 (39.1)
5/19 (26.3)

12212153
12582143
1285137

1324200

7644118
731595
779496

7864108

al=18

DOSE1 (n = 25)

Ischemic =22 Hemorrhagic=3

Cortic:

560£11.4
16 (64.0)
15 (60.0)
8(32.0)

2694103

L=10;R=15

Sub-Cortical =21

Missing Data=0

4.0(30-7.0)

12884973

7124(292)
7125 (28.0)
6/20 (30.0)
6/18 (33.0)

12342175
12532104
1264+124

13162184

743£9.1
73.6£9.1
763495

761492

DOSE2 (n =25)
5755100
14(56.0)
21(84.0)
6(25.0)

286£103

Ischemic=19 Hemorrhagic =6

Cortical =6 Sub-Cortical

Missing Data=0

4.0 (4.0-6.0)

13794955

4124 (16.7)
5/22(22.7)
7123 (30.4)

8/21(38.1)

1198112
1270£99
1302£154

13074160

5480

777479

777495

8074104

‘Prior history of hypertension or diabetes was confirmed based on self-report and current relevant medications; n i expressed as a fraction of available data. 6MWT, 6-min walk test; NIH,

National Institutes of Healt

1, 15t Quartile; Q3, 3rd Quartile.
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428 patients with LVO treated with MT

165 patients excluded

Tnsufficient BP data: 57
Previous mRS >2: 25
Lost to follow-up: 43

€TICT 0-2a: 40

263 patient

its included

210 patients got eTICI 3

53 patients got eTICI 2b or 2c






OPS/images/fneur-14-1238653/fneur-14-1238653-t001.jpg
Variables Complete reperfusion Incomplete reperfusion

(n=210) (n =53)

Age, y, mean+SD 6774110 7074110 0.085
Male, 1 (%) 135 (64.3) 31(585) 0435
Hypertension, # (%) 173 (82.4) 40(75.5) 0.880
Diabetes melltus, 1 (%) 12(53.3) 26 (49.1) 0577
Atrial ibrillation, n (%) 64(30.5) 25(47.2) 0022
Baseline NIHSS score, points, median (IQR) 15(9,21) 16(13,22) 0.389
Baseline ASPECTS, points, median (IQR) 9(7,10) 8(5,9) 0.021
IV thrombolysis treated, (%) 50(23.8) 9(17.0) 0.287
TOAST type 0011

Cardioembolism 60/(28.6) 26 (49.1)

Arteriosclerosis 101 (48.1) 21(396)

Others. 49(233) 6(11.3)
Occlusion site, 1 (%) 0.003

1cA 65(31.0) 26 (49.1)

MCA/ACA 105 (50.0) 23 (43.4)

VA 16(7.6) 4(75)

BA 20114 0(0.0)
Tandem lesion, 1 (%) 37017.7) 10(192) 0798
Admission SBP, mmHg, mean (SD) 15384283 1472309 0202
Admission DBE, mmHg, mean (SD) 86.1417.2 845+182 0602
72h SBP ., mmHg, mean (SD) 1208£15.0 117.6£21.2 0216
72h DBPy., mmHg, mean (SD) 68.0£10.7 660133 0247
Onset to reperfusion time, hour, mean (SD) 100£9.1 1022858 0856
Symptomatic intracranial hemorrhage, 1 (%) 12(5.8) 3(57) 1000
Asymptomatic intracranial hemorrhage, 1 (%) 32(15.5) 15(283) 0.031
Early neurological deterioration, (%) 29(138) 10(189) 0.388
3-month functional independence, 1 (%) 103 (50.5) 18 (36.7) 0.083
3-month mortality, 1 (%) 39(19.1) 12(245) 0.400

“p value in bold indicates statistical significance; complete reperfusion defined as an expanded Thrombolysis in Cerebral Infarction [¢TICI] score of 3 after MT; Incomplete reperfusion defined
as an expanded Thrombolysis in Cerebral Infarction [¢TICI] score of 2b o 2c after MT; IQR interquartile range; SD, standard deviation; ICA, internal carotid artery: MCA, middle cerebral
artery; ACA, anterior cerebral artery; VA, vertebral artery; BA, basilar artery; SBP, systolic pressure; DBP, diastolic blood pressure.
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Variables Maximum SBP >160 mmHg Maximum SBP <160 mmHg

(n =121) (n =139)

Age,y, mean 5D 6984108 6705112 0,058
Male, 7 (%) 70(60.3) 96 (65.3) 0.441
Hypertension, 1 (%) 100 (82.6) 113 (81.3) 0872
Diabetes mellitus, 1 (%) 69(57.0) 69(49.6) 0.263
Atsial fibrillation, (%) 43(35.5) 46 (33.1) 0.69
Baseline NIHSS score, points, median 168, 20) 16(10,23) 0,099
(IQR)
Baseline ASPECTS, points, median 9(7,10) 9(7,10) 0723
(IQR)
1V thrombolysis treated, 1 (%) 21(18.1) 38(25.9) 0.140
TOAST type 0.402

Cardioembolism 36(29.7) 51(36.7)

Arteriosclerosis 59 (48.8) 57(41.0)

Others. 26(21.5) 31(223)
Occlusion site, (%) 0.105

ICA 49 (40.5) 49(35.3)

MCA/ACA 47 (38.8) 73 (52.5)

VA 10(8.3) 8(58)

BA 15(124) 9(064)
‘Tandem lesion, 1 (%) 20017.2) 27(18.6) 0872
Admission SBP, mmHg, mean (SD) 150.6+28.9 1540289 0381
Admission DBE, mmHg, mean (D) 8674183 8514167 0.489
Onset to reperfusion time, hour, mean 10.1£6.7 100£106 0925
(D)
Complete reperfusion, 1 (%) 92(793) 118 (80.3) 0878
Symptomatic intracranial hemorrhage, n 1107) Q7 0029
(%)
Asymptomatic intracranial hemorrhage, 20077) 27185) 1000
n(%)
Early neurological deterioration, (%) 21018.1) 18(122) 0222
In-hospital mortality, n (%) 22(19.0) 10(6.9) 0.004
3-month functional independence, 1 (%) 3(38.1) 78(55.7) 0.006
3-month mortality, n (%) 31(27.4) 20(14.3) 0012

“pvalue in bold indicates statistical significance. SD, standard deviation; IQR, interquartile range; ICA, internal carotid artery; MCA, middle cerebral artery: ACA, anterior cerebral artery; VA,
vertebral artery; BA, basilar artery; SBP, systolic pressure; DBP, diastolic blood pressure.
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Target group

Defined role

Expected outcome of their
involvement

Project level

National Stroke Society, University
Hospital Heidelberg

Provide leadership and stroke education,
coordinate training, provide standardized
guidelines, foster research, and advocate
stroke care

Advocacy, capacity building, and
sustainability

Hospital level

Physicians, Nurses

Participate in training, provide training,
apply required knowledge, provide quality
stroke care, monitor data, and engage in
research

Quality stroke care, expertise, and role
models

Hospital boards Support reorganization of services and foster | Quality stroke care and education
education
Patients Recipients of improved stroke care Improved outcome of stroke

Patients’ attendants

Learning about the severity and signs of
stroke

Improved reporting rate to seek hospital
care decreased door-to-needle time

Population level

Social media users; and the general
population

Recipients of awareness campaigns

Increased stroke awareness

Governmental level

WHO Country Office Nepal, Ministry of
Health and Population, local political
leaders

Compiling and maintaining a national stroke
registry and multi-level cross-organizational
collaboration

Nationally ratified guidelines, allocation
of human, and financial resources
toward stroke care and education
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Quality improvement

Activity

Assessment

Training and education

Treatment optimization

Networking and team building

tpu

Assessment of resources and capacities in six tertiary care centers
Targets and defined action lists in five tertiary care centers

9 physicians “trained as trainers’; 5 CME; 15 on-site 2-day workshops in 6
hospitals: 1,000 participants in total

Monthly webinars: 45 participants on average; 10 newsletters with the basics of
stroke sent to 100 nurses

Flowcharts, pocket cards, practical guidelines, training manual, and National Stroke
Guideline created

Designated stroke teams in four tertiary care centers

Eight chat groups (hospital-specific; nurses; and physicians) with regular exchange
among 100 health professionals

Quality monitoring

Introduction of a tool

Nine hospitals received an introduction and access to RES-Q

Public awareness

Social media campaign

Live events

Ambient/print media

91 posts (77 organic and 14 paid advertisements) on four different channels reached
2.5 million social media users and 250,000 engagements

Stroke awareness camps in three different cities with >1,000 visitors

10,000 flyers distributed, digital billboards displayed, and banners displayed in 25
restaurants

Stroke care advocacy

Stakeholder engagement

National Stroke Road Map

Taskforce with WHO and Ministry of Health; five meetings held; local political and
religious leaders involved in activities

In preparation
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Step 1: Assessment and planning

1.1. Do an assessment of stroke care in the country and define gaps in care using the WSO Roadmap.

1.2. Define a nationally owned roadmap.

1.3. Identify existing hospitals in each region with the potential to become stroke-ready hospitals.

1.4. Ensure the commitment of hospital boards and medical teams to actively participate in the program.

1.5. Clearly define your overall goal and strategies, and define the accountabilities for implementing the strategies.

Step 2: Establishing stroke-ready hospitals

2.1. Choose one aspect of stroke care to start with (e.g., hyperacute care).

2.2. Visit each participating hospital and assess the existing structures and facilities (e.g., process of care, diagnostic resources, protocols, and educational level of staff).

2.3. Build a stroke team in each hospital (physicians, nurses, and therapists) that has full ownership of implementation.

2.4. Define individual targets, milestones, and key actions to achieve these milestones.

2.5. Conduct training, training, training! Provide face-to-face and online educational tools.

2.6. Empower local health workers to become trainers themselves.

2.7. Develop and implement practical stroke care protocols.

2.8. Build a network of stroke teams and engage peer support.

Step 3: Quality monitoring

3.1. Do focus groups with local health workers to identify acceptable and suitable tools and methods for continuous quality monitoring.

3.2. Introduce the stroke registry.

33. Define a designated data manager and team in each hospital.

3.4. Analyze the data and identify areas for improvement.

Step 4: Public awareness

4.1. Address the general population through different modalities (social media, health camps, and flyers).

4.2. Involve marketing/communication experts and use available resources (WSD Campaign).

4.3, Use public awareness to support stroke care advocacy.

Step 5: Stroke care advocacy

5.1. Form a task force with relevant key stakeholders (political institutions, NGOs).

5.2. Regularly present progress to the task force and demonstrate to them opportunities in stroke care.

5.3. Create a National Stroke Care RoadMap to be agreed on by all stakeholders.

5.4, Use your local data to increase support for stroke care in the National Health Strategy (¢.g. for funding, public awareness campaigns, and education).
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Countries = Centers Outcome Treatment group Male (%) Mean age + SD Mean NIHSS Occlusion Premorbid mRS

events (no. of (years) =+ SD baseline 0-2 (no. of
participants) (score) participants %)

Schonenberger etal. (17) | Germany Single acfgh GAT73 658 718 £ 129 168 £3.9 Anterior 64 (87.6)
(NCT02126085) cs77 545 712+ 147 172437 circulation 71(92.2)
(SIESTA)
Lowhagen Henden etal. | Sweden Single dh GA45 58.0 726 £ 115 195+5.7 Anterior 44 (98)
[e2) csds 510 73.4£12.3 172450 circulation 44(98)
(NCT01872884)
(AnStroke)
Simonsen et al. (25) Demark Single aeg GA65 554 71.0 £ 10.0 173£6.1 Anterior 63 (96.9)
(NCT02317237) cs63 476 718+ 128 17.7 £4.6 circulation 63 (100)
(GOLIATH)
Ren etal. (27) China Single abegh GA48 542 69.21:£578 13.6+3.8 Anterior 48 (100)
(ChiCTR-IPR- cs42 57.1 69.19 %+ 6.46 13638 circulation 42 (100)
16008494)
Sun etal. (26) China Single afgh GA20 65.0 67.0 £ 16.0 144£56 Anterior 20 (100)
(NCT02677415) Cs20 65.0 5934223 13.0£6.4 circulation 20(100)
(CANVAS)
Maurice et al. (22) French Multicenter bg GA 169 53.0 70.8 £ 13.0 160 £ 6.0 Anterior NR
(NCT02822144) Cs 176 560 726 £12.3 160 £ 5.0 circulation
(GASS)
Liang et al. (28) China Multicenter abfigh GA43 76.7 64.0 £ 11.0 164£6.9 Posterior NR
(NCT03317535) csa4 86.4 60.0 £ 13.0 150£4.6 circulation
(CANVAS IT)

NIHSS, National Institutes of Health Stroke Scale; mRS, modified Rankin Score; NR, not reported; mTICI, modified Thrombolysis in Cerebral Infarction; CS, conscious sedation; GA, general anesthesia.
a, mRS scores at 3 months; b, mRS <2 at 3 months; ¢, change in NIHSS score 24 h after intervention; d, difference in mRS scores at 3 months; e, infarct growth 48-72 h after intervention; f, in hospital and 3-month mortality; g, reperfusion rate (mTICI 2b-3);
h, preumonia.
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Trials

Inclusion criteria

enberger et al. (NCT02126085)

Patients with the following criteria were included: severe ischemic stroke defined by a National Institutes of Health Stroke Scale
(NIHSS) score >10 [range, 0-42 with higher scores indicating more severe neurological deficits (a difference of 4 points was
considered to be clinically relevant)], isolated or combined occlusion at any level of the internal carotid artery or the middle cerebral
artery, decision for thrombectomy according to the internal protocol for acute recanalizing stroke treatment of the Heidelberg
University Hospital and at the discretion of the physician in charge

Exclusion criteria

Patients were excluded from the trial if diagnostic imaging results did not clearly depict site of vessel occlusion; their clinical or
imaging findings suggested occlusion of a cerebral vessel that was not an internal carotid artery or a middle cerebral artery, or
imaging showed intracerebral hemorrhage; coma at admission [Glasgow Coma Scale (GCS) score <8 (range, 3-15 points with 3
being the worst and 15 the best, composed of 3 parameters: best eye response, best verbal response, and best motor response)J;
severe agitation at admission (making groin and vascular access impossible); loss of airway-protective reflexes of at least absence of
gag reflex, insufficient saliva handling, observed aspiration, vomiting, or a combination thereof at admission; obviously or known
difficult airway; or known intolerance of certain medications for sedation, analgesia, or both

Study design This was a single-center, parallel-group, open-label RCT with blinded end point evaluation [PROBE (prospective, randomized,
open, blinded end point) design]. In this trial, patients selected for thrombectomy were preliminarily randomized 1:1 (using sealed,
opaque envelopes based on a computer-generated list not allowing for sequence guessing) to receive either conscious sedation or
general anesthesia, standardized according to institutional treatment protocols

Efficacy outcomes Change in NIHSS score 24 h after intervention; mRS scores at 3 months.

Safety outcomes Adverse events, serious adverse events and death

Trials Lowhagen Henden et al. (NCT01872884)

Inclusion criteria

(1) =18 years of age, (2) proven occlusion in anterior cerebral circulation by computed tomographic (CT) angiography and NIHSS
score > 10 (if right-sided occlusion) or > 14 (if left-sided occlusion), and (3) treatment initiated within 8 h after onset of symptoms

Exclusion criteria

(1) The patient was not eligible for randomization because of anesthesiological concerns (airway, agitation, etc) at the discretion of
the attending anesthetist, (2) occlusion of posterior cerebral circulation, (3) intracerebral hemorrhage, (4) neurological recovery or
recanalization before or during angiography, and (5) premorbidity modified Rankin Scale (mRS) score >4 or other comorbidity
contraindicating embolectomy

Study design Alladmitted patients were directly transported to the CT laboratory where the neurological examination and the CT examination
were performed simultaneously. Patients who were eligible for EVT were then transported directly to the neurointerventional suite.
In the absence of contraindications, intravenous thrombolysis was started before EVT in all patients. After informed consent,
patients were randomly allocated in blocks to cither GA or CS in a 1:1 ratio using sealed non-transparent envelopes

Efficacy outcomes Difference in mRS scores at 3 months; Composite of death, non-fatal stroke, TIA, or peripheral embolism. The NIHSS score shifts at
24, day 3, and hospital discharge, as well as cerebral infarction volume at day 3, ASPECTS at day 3

Safety outcomes Adverse events, serious adverse events and death

Trials Simonsen et al. (NCT02317237)

Inclusion criteria

We included all adult patients (18 years of age or older) who presented with large vessel occlusions in the anterior circulation and in
whom groin puncture could be performed within 6 h from symptom on set or when last seen well

Exclusion criteria

Study design

We excluded patients who were intubated at presentation or with a Glasgow Coma Scale score (score range: 3-15, with a lower score
indicating lower levels of consciousness) lower than 9 as well as those who were not living independently and had a premorbid mRS
score (score range: 0-6, with a lower score indicating independent living) of more than 2. Because the primary trial end point was
infarct growth, we required a diffusion weighted imaging (DWI) MRI scan to establish a baseline (preEVT) infarct volume.
Therefore, patients with a contraindication to MRI were excluded. In addition to the DWI scan, the imaging protocol consisted of a
T2*-a T2 fluid attenuated inversion recovery—and anangiography sequence. Imaging time was 11 min. Patients with baseline
infarcts >70 mL were excluded, given their reduced likelihood for achieving good clinical outcomes. Movement or agitation was not
a contraindication for the study

The GOLIATH trial was an investigator-initiated, single-center prospective, randomized, open-label, blinded end-point (or PROBE)
evaluation that enrolled patients from March 12, 2015, to February 2, 2017. Patients were randomized to GA or CS in a 1:1 fashion

Efficacy outcomes

The primary outcome was infarct growth, measured in milliliters. Secondary outcome measures were mRS scores after 90 days, time
and blood pressure levels

Safety outcomes

Trials

Inclusion criteria

Adverse events, serious adverse events and death
Ren et al. (ChiCTR-IPR-16008494)

American Society of Anesthesiologists (ASA) grades I-11I; National Institutes of Health Stroke Scale (NIHSS) score <20; AIS within
6.5h of symptom onset; age >60 years; and intracranial proximal arterial occlusion in the anterior circulation (carotid artery, M1 or
M2 segments of the middle cerebral artery, or Al segment of the anterior cerebral artery) demonstrated by computed tomography
angiography, magnetic resonance angiography, or digital subtraction angiography (DSA)

Exclusion criteria

Prestroke modified Rankin Scale (mRS) score > 2; hemorrhage demonstrated by computed tomography (CT); obvious or known
difficult airway; cognitive impairment; disturbance of consciousness; hypoxemia (SpO2 < 90%); occlusion in the posterior
circulation; or body mass index (BMI) >30 kg/m?

Study design

In this single-center study, a computer-generated randomization table was used by an independent anesthesia assistant to allocate
patients into two groups: the CS group (n = 42) and the GA group (n = 48)

Efficacy outcomes

The primary outcome was a favorable neurologic outcome at 90 days [favorable outcome was defined as mRS score 0-2 and
unfavorable as mRS score 3-6]. Secondary outcomes included baseline characteristics, intraprocedural hemodynamics (recorded at
the following time points: arrival at catheterization laboratory [T0]; before puncture [T1]; after angiography (T2]; 3 min T3], 6 min
[T4], 9 min [T5], 12 min [T6], 15 min [T7], 30 min [T8], and 45 min [T9] during the procedure), successful recanalization, time
metrics (time interval from stroke onset to catheterization laboratory, catheterization laboratory to groin puncture, and groin
puncture to recanalization), vasopressor use, satisfaction score of the neurointerventionalist, complications (pneumonia, other
infections, vessel perforation, vessel dissection, distal thrombus, and symptomatic intracerebral hemorrhage, defined as worsening
involving NIHSS score >1 within 7 days after hemorrhage), the conversion rate from CS to GA, Alberta Stroke Program Early CT
Score (ASPECTS) and NIHSS score

Safety outcomes
Trials

Inclusion criteria

Adverse events, serious adverse events and death
Sun et al. (NCT02677415)

The patients were screened for eligibility if they were admitted with AIS for emergency EVT. The inclusion criteria included
patients with age 18 years or older having stroke because of intracranial occlusion, based on single phase, multiphase or dynamic
computer tomography angiogram (CTA) or digital subtraction angiography (DSA), at one or more of the following arteries: internal
carotid artery (ICA), middle cerebral artery (MCA) segments (M1, and M2) equivalent affecting at least 50% of MCA territory.
Patients were eligible only if stroke occurred no more than 6 h from the onset of symptoms and who were previously functionally
independent (mRS 0 to 2)

Exclusion criteria

We excluded patients who were moribund with Glasgow coma scale (GCS) score <8, requiring tracheal intubation for airway
protection and lung ventilation. Patients with intracerebral hemorrhage on brain imaging, severely agitation, having seizures,
current NIHSS score <8 or > 35, or known allergy to specific anesthetics (propofol), or analgesics (sufentanil and remifentail) were
excluded from the study

Study design The CANVAS pilot trial is single-center prospective, randomized, open-label, blinded end-point (PROBE) evaluation and enrolled
patients with AIS from Beijing Tiantan Hospital, Capital Medical University between April 2016 and June 2017

Efficacy outcomes mRS after 90 days; favorable outcomes (mRS 0-2); mRS after 30 days; NIHSS after 24 h; NIHSS after 7 days; Reperfusion rate
(mTICI 2b-3); Length of ICU stay; Workflow time in mins (symptom to the door; door to arterial puncture; arterial puncture to
reperfusion; symptom to reperfusion)

Safety outcomes Adverse events, serious adverse events and death

Trials Maurice et al. (NCT02822144)

Inclusion criteria

We studied patients older than 18 years who had given written informed consent and who were admitted to a participating center
for occlusion of a large vessel in the anterior cerebral circulation, admitted for endovascular therapy,17 and affiliated with a social
security system

Exclusion criteria

Non-inclusion criteria included patients who were already intubated and mechanically ventilated before inclusion in the study; had
intracerebral hemorrhage associated with the ischemic stroke; were contraindicated for conscious sedation (e.g., Glasgow coma
scale <8; agitation preventing patient from staying still during the procedure; deglutition disorder) or succinylcholine (e.g.,
hyperkalemia, body mass index >35 kg/m?); had known allergies to any of the drugs used for anesthesia or to any of their excipients,
uncontrolled hypotension, or life-threatening comorbidity; could not walk; had a previous stroke; were pregnant or breastfeeding;
were legally protected adults (e.g., under judicial protection, guardianship, or supervision); or were persons deprived of their liberty]

Study design

This was an investigator-initiated, prospective, multicenter, parallel-group, single-blind, randomized, controlled, superiority trial
conducted in four centers in France. Patients underwent randomization in a 1:1 ratio to undergo either general anesthesia or
conscious sedation. Randomization was centralized and computer generated, and each patient was given a unique randomization
number (patient code)

Efficacy outcomes

The primary outcome was the neurologic outcome assessed by modified Rankin score between 2 and 6 months after the
endovascular treatment. Secondary outcomes were time from stroke onset to groin puncture; time from arrival in the stroke center
to groin puncture; technical failure of the endovascular treatment (defined as failure of arterial puncture or catheterization);
reperfusion results evaluated by the neuroradiologist (good reperfusion corresponded to a modified treatment in cerebral ischemia
scale score of 2b or 3); National Institutes of Health Stroke Scale score at day 1 (i.e., day after the endovascular treatment) and day 7
(or the day the patient left the hospital if scheduled before day 7)

Safety outcomes
Trials

Inclusion criteria

Adverse events, serious adverse events and death
Liang et al. (NCT03317535)

Eligible candidates were patients 18 years and older with acute PCS (basilar artery or vertebral artery) discovered by computed
tomography angiography or magnetic resonance angiography whose condition was suitable for recanalization treatment with <24 h
from onset to primary treatment and whose modified Rankin Scale (mRS) score was 2 or lower before the stroke occurred

Exclusion criteria

Exclusion criteria included unclear radiological images for identifying infarction and vessel occlusion, anterior circulation
occlusion, intracranial hemorrhage, posterior circulation Acute Stroke Prognosis Early Computed Tomography score <6,
pons-midbrain index score 3 or greater, severe agitation or seizures, loss of airway protective reflexes and/or vomiting on admission,
intubation before EVT, unconsciousness, known allergy to anesthetics or analgesics, and refusal to participate on the part of the
patient or their legal representative. Before recruitment, patients had to obtain agreement from the neuroradiologist and
anesthesiologist that they were suitable for GA or CS

Study design This is a double-center randomized parallel-group exploratory Choice of Anesthesia for Endovascular Treatment of Acute Ischemic
Stroke in Posterior Circulation (CANVAS II) trial. Enrolled participants were randomized in a 1:1 ratio for treatment with GA or CS
Efficacy outcomes ‘The primary end point was functional independence, defined as an mRS score of 2 or lower at 90 days. Secondary outcomes

included changes in NIHSS score from baseline to 30 and 90 days after randomization; modified treatment in cerebral infarction
(mTICI) score at baseline and after treatment; conversion rate; all-cause mortality and proportions of complications up to 90 days
after randomization; and time-related outcomes, such as treatment time, length of stay in the hospital and intensive care unit, and
time from onset to door

Safety outcomes

Adverse events, serious adverse events and death
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Complete reperfusion Incomplete reperfusion

Outcome OR (95%Cl) p value Outcome OR (95%Cl) p value

3-month functional independence

<100 mmHg 123 (038-4.11) 0.705 0.42(0.05-383) 0574
1 00-120mmHg 1.00 (reference category) NA 100 (reference category) NA
120-140 mmHg 1.77(0.97-3.23) 0.061 0.74(020-279) 0.657
>140 mmHg 257 (0.69-9.54) 0.197 029 (0.14-061) 0123

3-month mortality

<100mmHg 0.43 (0.05-3.63) 0.681 3.25(0.34-31.07) 0544
100-120mmHg 1,00 (reference category) NA 1,00 (reference category) NA
120-140 mmHg 151 (0.70-3.26) 0.289 0.81 (0.18-3.60) 1.000
>140mmHg 1.15(0.22-5.99) 1.000 0.77 (0.59-1.00) 1.000

“Association of achieved average systolic blood pressure during the frst 72 following mechanical thrombectomy with clinical outcomes on multivariable logistic regression models adjusting
for age, sex, occlusion location, toast type and onset to revascularization time.
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Independent Hemorrhagic transformation
variables

Adjusted OR p value
(95% ClI)
Diabetes mellitus 0.169 (0.022-1.322) 009
Ipsilateral POD,c.cy 1.008 (1.0004-1.016) 004

OR, odds ratio; CI, confidence intervals PODycy e difference value of peak opical density
between internal carotid artery and cortical veins.
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Variable Men Women

Median, IGR  Adjusted *OR Median, IQR  Adjusted *OR
(95% CI) * (95% Cl) #

SBP 02 140 (130-152) 1.085 (0.998-1.178) 0.055 145 (132-154) 1.147 (1.000-1.314) 0.049

SBP 03 139 (127-149) 1.138 (1.043-1.241) 0.004 140 (130-148) 1.190 (1.043-1.357) 0.010

SBP max 152 (140-166) 1.046 (0.974-1.123) 0215 156 (143-168) 1.113 (1.000-1.239) 0.051

SBP min 134 (124-143) 1.095 (0.999-1.200) 0.052 136 (126-145) 1.165 (1.008-1.346) 0.039

SBP mean 143 (133-153) 1.084 (0.991-1.186) 0.079 146 (136-156) 1.185 (1.027-1.367) 0.020

OR, odds ratio; CI, confidence interval; SBP, systolic blood pressure; SBP02, SBP at 1 h; SBP03, SBP at 24 h; SBP max, maximum SBP among three timepoints; SBP min, minimum SBP among
three timepoints; SBP mean, average of SBP among three timepoints. *Adjusted for body mass index, baseline NIHSS score, baseline heart rate, current drinkers, previous stroke, and atrial
fibrillation, SBP 02, SBP 03, SBP max, SBP min, and SBP mean. *OR per 10 mm Hg increase in SBP indicator measure.
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edian, IQR Adjusted *OR a edian, IQR Adjusted *OR a
95% i 95%
SBP 02 142 (132-154) 1113 (1.019-1.217) 0.018 140 (130-152) 1057 (0.941-1.188) 0350
SBP 03 140 (130-148) 1.164 (1.063-1.275) 0.001 138 (126-149) 1106 (0.981-1.247) 0.100
SBP max 155 (141-168) 1.081 (1.005-1.163) 0.037 152 (140-166) 1013 (0.915-1.122) 0800
SBP min 135 (126-144) 1120 (1.015-1.236) 0.024 133 (121-143) 1075 (0.948-1.218) 0259
SBP mean 145 (136-154) 1.128 (1.025-1.241) 0014 133 (121-143) 1052 (0.928-1.193) 0.429

OR, odds ratio; CI, confidence interval; SBP, systolic blood pressure; SBP02, SBP at 1 h; SBP03, SBP at 24 h; SBP max, maximum SBP among three timepoints; SBP min, minimum SBP among
three timepoints; SBP mean, average of SBP among three timepoints. *Adjusted for body mass index, baseline NIHSS score, baseline heart rate, current drinkers, previous stroke, and atrial

fibrillation, SBP 02, SBP 03, SBP max, SBP min, and SBP mean. *OR per 10 mm Hg increase in SBP indicator measure.
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Variable Total (n Good outcome

(ln = 4, 158))

Age,y 62 (54-69) 62 (54-68) 65 (56.8-72) 0.000
Men 1,113 (69.9%) 823 (71.0%) 290 (66.8%) 0.105
Hypertension 890 (55.9%) 635 (54.8%) 255 (58.8%) 0.156
Diabetes mellitus 303 (19.0%) 220 (19.0%) 83 (19.1%) 0.949
History of stroke 304 (19.1%) 201 (17.3%) 103 (23.7%) 0.004
Coronary heart disease 218 (13.7%) 149 (12.9%) 69 (15.9%) 0.116
Atrial fibrillation 138 (8.7%) 79 (6.8%) 59 (13.6%) 0.000
Current smoker 626 (39.3%) 463 (39.9%) 163 (37.6%) 0.384
Current drinker 384 (24.1%) 299 (25.8%) 85 (19.6%) 0.010
TOAST classification 0.262
LAA, n (%) 781 (49.0%) 525 (45.3%) 256 (59.0%)

CE, n (%) 149 (9.4%) 92 (7.9%) 57 (13.1%)

SAO, n (%) 516 (32.4%) 436 (37.6%) 80 (18.4%)

ODC, n (%) 39 (2.4%) 27 (2.3%) 12 (2.8%)

UND, 1 (%) 108 (6.8%) 79 (6.8%) 29 (6.7%)

BMI (kg/m?) 23.9(21.5-26.1) 24 (21.5-26.2) 23.4(21.4-25.9) 0.031
Baseline heart rate 76 (69-85) 76 (69-84) 78 (69.8-86) 0.058
OTT (min) 170 (130-210) 171 (131-210) 170 (127.8-210) 0.366
DNT (min) 58 (38-85) 57 (37-85) 60 (39.8-90) 0.220
Baseline NIHSS 6(3-10) 5(3-8) 11 (6-15) 0.000
SBPO1 (mmHg) 150 (136-165.5) 150 (135-165) 152 (138-167) 0.257
SBP02 (mmHg) 142 (131-154) 141 (130-152) 145 (134.8-156) 0.010
SBP03 (mmHg) 140 (130-150) 140 (129-148) 142 (130-153.3) 0.000
SBP max (mmHg) 155 (141-168) 154 (140-167) 156 (143-170.1) 0.012
SBP min (mmHg) 135 (124-145) 135 (124-144) 137.5 (124.8-147) 0.008
SBP mean (mmHg) 144.3 (134.3-155.3) 143.7 (134-154) 146.7 (135.7-158) 0.004
DBP (mmHg) 89 (80-98) 89 (80-98) 88 (80-99) 0.924
Any ICH within 24 h 15 10 (0.8) 5(1.1) 0.242
SICH within 24 h 16 3(0.2) 13(2.7) 0.000

Values are n/N (%) or median (IQR) unless otherwise as indicated. IQR, interquartile range; NIHSS, National Institutes of Health Stroke Scale; SBP, systolic blood pressure; DBP, diastolic blood
pressure; SBPO1, bascline SBP; SBP02, SBP at 1 h; SBP03, SBP at 24 h; SBP max, maximum SBP among three timepoints; SBP min, minimum SBP among three timepoints; SBP mean, average of
SBP among three timepoints; BMI, body mass index; O

[, onset-to-treatment time; DN'T, door-to-needle time.
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A alue 95% alue a a
Age 0.968 (0.957-0.979) < 0.001
BMI 1.034 (1.003-1.066) 0.031
Door-to-needle time 0.999 (0.996-1.002) 0.413
Onset-to-treatment time 1.001 (0.999-1.003) 0.271
Men 0.822 (0.649-1.042) 0.105
Current smoker 1.106 (0.881-1.388) 0.385
Current drinker 1.428 (1.008-1.872) 0.010
Hypertension 0.851 (0.680-1.064) 0.156
Coronary heart disease 0.780 (0.573-1.063) 0.116
Previous stroke 0.674 (0.516-0.882) 0.004
Diabetes mellitus 0.991 (0.748-1.312) 0.949
Atrial fibrillation 0.465 (0.325-0.664) < 0.001
Baseline NIHSS 0.858 (0.840-0.877) < 0.001
Baseline heart rate 0.989 (0.982-0.997) 0.006
SBP 01 0.975 (0.929-1.024) 0.307
SBP 02 0.918 (0.861-0.979) 0.009 0.910 (0.848-0.976) 0.008 59.9% 77.6% 75.3%
SBP 03 0.868 (0.813-0.928) < 0.001 0.870 (0.810-0.935) <0.001 62.0% 77.9% 75.8%
SBP max 0.934 (0.885-0.985) 0.012 0.940 (0.887-0.997) 0.040 61.4% 77.9% 75.8%
SBP min 0.911 (0.850-0.977) 0.009 0.899 (0.833-0.971) 0.007 62.0% 75.5% 75.9%
SBP mean 0.904 (0.844-0.968) 0.004 0.902 (0.837-0.973) 0.007 60.3% 77.8% 75.5%

OR, odds ratio; CI, confidence interval; BMI, body mass index; SBP, systolic blood pressure; SBPO1, baseline SBP; SBP02, SBP at 1h; SBP03, SBP at 24 h; SBP max, maximum SBP among three
timepoints; SBP min, minimum SBP among three timepoints; SBP mean, average of SBP among three timepoints; PPV, positive predictive value; NPV, negative predictive value. *Adjusted for
body mass index, baseline NIHSS score, baseline heart rate, current drinkers, previous stroke, and atrial fibrillation, SBP 02, SBP 03, SBP max, SBP min, and SBP mean. “OR per 10 mm Hg
increase in SBP indicator measure.
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Stroke with occlusive disease (n = 11) at TCD 2 ke wit t occlusive disease (n = 22) at T 2

Affected Unaffected p-value for Affected Unaffected p-value for
hemisphere  hemisphere interaction hemisphere  hemisphere interaction
0° to 30° —2.4(-49,0.1) —1(-4323) 0.9 0° to 30° —1.3(=43,16) 0.6 (—3.7,4.9) 043
0° to 70° —32(-57,-0.6) | —34(=67,-06) 0° to 70° —3.7(~6.7,~0.5) —24(~682)
0° to 90° —58(-83,-32) | —5.1(=85-18) 0° to 90° -52 —1.3(-5832)
sitting sitting (—8.2,—2.14)
0° to 90° —7.4(-99,-48) | —33(=66,-03) 0° to 90° —6.7 (=9.7,~3.6) —0.9(=5.4,3.5)
standing standing

Data are expressed as changes in MCA mean velocity (cm/s) with respective 95% confidence intervals. For participants with strokes, TCD 2 was performed 3-7 days post-stroke.
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Stroke with occlusive disease (n = 13) at TCD 1 ke without occlusive disease (n = 29) at T i

Affected Unaffected p-value for Affected Unaffected p-value for
hemisphere  hemisphere interaction hemisphere  hemisphere interaction
0° to 30° —1.6(=8.1,49) 2(~0.6,4.7) 097 0° t0 30° —03(=25,1.9) —15(=3.9,09) 078
0° to 70° —15(=8.1,5) 14(-124.1) 0° to 70° —24(-46,-01) | —49(~74,-25)
0° to 90° 9.9 —3.8(-65-11) 0° t0 90° —33(=56—L1) | —45(=7,-2.1)
sitting (—16.4,—3.4) sitting
0° 0 90° -7.1 ~3.2(=6.2,-0.3) 0° to 90° —3.6(=59,~13) | —3.9(=63,~14)
standing (~14.3,-0.01) standing

Data are expressed as changes in MCA mean velocity (cm/s) with respective 95% confidence intervals. For participants with strokes, TCD 1 was performed <48 h post-stroke.
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Characteristics and risk Ischemic stroke No occlusive disease Occlusive disease

factors n=42 n=29 n=13
Age (years), median (IQR) 675 (59-77) 61(59-76) 75 (70-83) 61 (44-69)
Sex Female 13 (31%) 10 (34%) 3(23%) 13 (59%)

Risk factors

Hypertension 24 (57%) 15 (52%) 9(69%) 6 (27%)
Diabetes mellitus 8(19%) 6(21%) 2(15%) 1(5%)
Atrial fibrillation 6 (14%) 5(17%) 1(8%) 1(5%)
Ischemic Heart Disease 6 (14%) 4(14%) 2 (15%) 1(5%)
Hypercholesterolemia 14 (33%) 7 (24%) 7 (54%) 4(18%)
Smoker or ex-smoker* 20 (48%) 14 (49%) 6 (46%) 3 (14%)

Premorbid history

Premorbid mRS 0 33 (79%) 24 (83%) 9(69%) 22 (100%)
1 2(5%) 2(7%)
2 1(2%) 1.(3%)
3 6 (14%) 2(7%) 4(31%)

Stroke history

First stroke 31 (74%) 23 (79%) 8 (62%)
NIHSS at admission, median (IQR) 4(2-10) 5(2-13) 2(2-6)

Mild (1-7) 26 (62%) 16 (55%) 10 (77%)
Moderate (8-16) 12 (29%) 9(31%) 3(13%)
Severe (>16) 4(9%) 4(14%)

Stroke subtype (OCSP classification)

Total anterior circulation infarct 8 (19%) 6(21%) 2(15%)
Partial anterior circulation infarct 22 (53%) 15 (52%) 7 (54%)
Posterior circulation infarct 6 (14%) 3 (10%) 3(23%)
Lacunar infarct 6 (14%) 5(17%) 1(8%)

Stroke affected hemisphere

Left 18 (43%) 15 (52%) 3(23%)

Cerebral circulation affected

Anterior 37 (88%) 26 (90%) 11(85%)
Posterior 5 (12%) 3 (10%) 2(15%)
ItPA treatment** 16 (38%) 11 (38%) 5(38%)
Endovascular clot retrieval* 18 (43%) 14 (48%) 4(31%)

#Smoker, current smoking or ceased in the last 2 years. Ex-smoker, ceased >2 years. ** Treatment with rtPA does not exclude endovascular clot retrieval or vice versa. mRS, modified Rankin
Scale; NIHSS, National Institutes of Health Stroke Scale; OCSP, Oxfordshire Community Stroke Project, rtPA, recombinant tissue plasminogen activator.
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mRS classifications RR (95% CI) p-value

mRS 0-2 223 (118-4.21) 0.01

mRS 3-5 0.83 (0,67, 1.03) 0.09

MRS 6 0.71(0.59, 0.85) 0.0002
BAO, basilar artery occlusion; mRS, modified Rankin Scale; R, risk ratio; C1, confidence

interval.
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Scenario Total cost Incre- Total eff Incre eff ICER Increased

(Intl.$) cost (QALY) (QALY) (Intl.$/ efficacy (LY)
(IntL.$) QALY)

Base case analysis
SMT 13,592 - 146 - - 303 - -
EVT+SMT 32213 18,621 215 068 27,265 388 084 22,098
Scenario 1: Effectiveness of EVT from all BAO patients

SMT 13,683 - 157 - - 32 - -
EVT+SMT 32025 18,343 213 056 32877 383 070 26020
Scenario 2: Effectiveness of EVT from ATTENTION study

SMT 12,063 - 112 - - 249 - -
EVT+SMT 32248 20,184 212 1.00 20,138 387 138 14,576
Scenario 3: Effectiveness of EVT from BAOCHE study

SMT 14,101 - 143 - - ERE) - -
EVT+SMT 32816 18715 232 089 21131 412 099 18,972
Scenario 4: Effectiveness of EVT from BEST study using ITT analysis

SMT 14,885 - 189 - - 358 - -
EVT+SMT 32,456 17,571 213 024 72918 392 034 51515
Scenario 5: Effectiveness of EVT from BEST study using as-treated analysis

SMT 13,929 - 156 - - 316 E -
EVT+SMT 33,004 19,075 233 078 24514 417 100 19,051
Scenario 6: 150% of current EVT cost

SMT 13,592 - 146 - - 303 - -
EVT+SMT 40,560 26968 215 068 39,487 388 084 32004
Scenario 7: 200% of current EVT cost

SMT 13,592 s 146 N - 303 - -

EVT+SMT 48,907 35315 215 0.68 51,709 388 084 41,909

Intl$, international dollar; Incre, incremental; E, effectiveness; QALY, quality-adjusted life years LY, lfe year; SMT, standard medical therapy; EV', endovascular treatment; ICER, incremental
cost-effectiveness ratio; RCT, randomized controlled trials; BAOCHE study, Basilar Artery Occlusion Chinese Endovascular Trial; BEST study, Acute Basilar Artery Occlusion: Endovascular
Interventions vs. Standard Medical Treatment; ATTENTION study, Endovascular Treatment for Acute Basilar Artery Occlusion; BASIC study, Basilar Artery International Cooperation Study;
[T, intention-to-treat,
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Tornado Diagram - ICER
EVT+SMT vs. SMT

EV. 27265.33

MRS 6 proportion at 90 days in SMT (0.56 to 0.367)

MRS 6 proportion at 90 days in EVT (0.298 to 0.391)
MRS 35 proportion at 90 days in SMT (0.428 t0 0.317)
MRS 3.5 proportio at 90 days in EVT (0.261 to 0.351)
Discount rate (010 0.08)

‘Additional cost o EVT (14359 to 19299)

Utiity of mRS 0-2 (0.82 0 0.69)

Probabilty of recurrent stroke to MRS 6 (0.102 10 0.162)
Probabilty of recurrent stroke to mRS 3-5 (0.267 to 0.386)
Recurrence rate of minor stioke (0.0961 to 0.1093)

Utiity of mRS 3-5(0.17 0 0.26)

Annual posthospitalisation costs of MRS 0-2 (2142 to 2281)
Recurrence rate of moderate stroke (0.1303 o 0.1534)
Utiity of recurrent stroke (0.26 t0.0.16)

Cost o hospitalization for RS 0-2 (2617 to 2877)

Annual posthospitalisation costs of MRS 3-8 (3592 to 3212)
Cost o stroke death (3153 to 2851)

Cost o hosptalization for MRS 35 (3591 to 3251)

Cost of recurrent stroke (3686 to 3852)

‘Additional cost of IVT (2897 to 3247)

MRS 0-2 proportion at 90 days in SMT (0.076 to 0.241)
MRS 02 proportin at 90 days in EVT (0.301 to 0.384)
Probabilty of recurrent stroke to MRS 02 (0.47 to 0.596)
IVT propottion in BAO (0.276 to 0.356)

RR of non-stroke death for mRS 3-5(1.49 to 1.92)

IR A

ICER
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Age > 60 Age < 60

Men (n = 621) Women (n = 341) Men (n = 492) Women (n = 139)

Variable Median,  Adjusted*OR P- Median,  Adjusted*OR P- Median,  Adjusted*OR P- Median,  Adjusted*OR
IQR (95% CI) * value IQR (95% ClI) * value IQR (95% CI) * value IQR (95% ClI) *

SBP 02 141 (131-155) | 1.083(0.973-1.206) | 0144 | 145(134-153) | 1194 (1011-1.411) |  0.036 140 (130-152) | 1.085(0.949-1.240) | 0232 142 (130-156) | 0953 (0.725-1.254) | 0731
SBP 03 140 (128-149) | 1.139(1.017-1276) | 0025 | 140(132-148) | 1220 (1.042-1.430) |  0.014 138 (126-149) | 1.136(0.991-1302) | 0.068 139 (126-150) | 1.012(0.762-1.345) | 0932
SBP max 154 (140-167) | 1.050(0.957-1.151) | 0303 | 156(145-169) | 1139 (1.003-1.294) | 0.046 151 (140-166) | 1.035(0.923-1.161) | 0559 156 (140-168) | 0.947 (0.741-1.210) |  0.661
SBP min 135(125-143) | 1.081(0.958-1.220) | 0205 | 136(130-145) | 1202(1.005-1.439) | 0044 132(120-142) | 1.114(0.964-1.287) | 0.143 134(122-145) | 1.003(0.753-1335) | 0.986
SBP mean 144(135-153) | 1.081(0.962-1.215) |  0.190 | 146(137-156) | 1239 (1.038-1.478) | 0017 142(132-153) | 1.084(0.938-1.252) | 0276 145(132-157) | 0.965(0.724-1.288) | 0.811

OR, odds ratio; CI, confidence interval; SBP, systolic blood pressure; SBP02, SBP at 1h; SBP03, SBP at 24 h; SBP max, maximum SBP among three timepoints; SBP min, minimum SBP among three timepoints; SBP mean, average of SBP among three timepoints.
*Adjusted for body mass index, baseline NIHSS score, baseline heart rate, current drinkers, previous stroke, and atrial fibrillation, SBP 02, SBP 03, SBP max, SBP min, and SBP mean. *OR per 10 mm Hg increase in SBP indicator measure.
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Evolocumab user (N = 42) Total (N =261)

Median onset-to-door time (IQR) 69(39.25,171.25) 60(31.5,127) 60(33, 136) 036
Nt 145 (125.5, 205.25) 134(1055, 168.5) 135 (109, 176) o0
(1Qr)
Median puncture-to- 024
R, 144(295,595) 34(22,50) 37(23,56)
Primary occlusion site'
Right side 23(62.2%) 94 (49.0%) 117 (51.1%) 015
CeAICA 5(11.9%) 18 (8.2%) 23.(8.7%) 039
ICA terminus 1(95%) 34.(15.5%) 38 (14.4%) 047
M1 23 (54.8%) 123 (56.2%) 146 (55.9%) 087
M2 4(95%) 14 (6.4%) 18 (6.9%) 050
ACA/PCA 1(24%) 5(23%) 6(23%) 100
VBA 5(11.9%) 25 (11.4%) 30 (115%) 100
Device used‘and procedural result
Stent retriever use 29 (70.7%) 117 (53.4%) 147 (56.3%) 0.04
Aspiration catheter use 31 (75.6%) 143 (65.3%) 175 (67.0%) 021
Angioplasty and/or stenting 1(98%) 19 (8.7%) 23 (85%) 077
mTICI 22 37 (88.1%) 189 (86.3%) 226 (86.7%) 100
Clinical outcomes
Early neurological deterioration 5(11.9%) 14420.1%) 19(18.8%) 021
Any hemorrhage 7(167%) 74.(33.8%) 81(31.0%) 0.03
Symptomatic ICH 12.4%) 19 (8.7%) 20 (7.7%) 016
Discharge NIHSS, mean (SD) 88(68) 124(98) 1185 (9.49) 002
Median (IQR) 8(4,12) 10(5,17) 9(4,16)
Discharge mRS <3 22(524%) 78 (35.6%) 100 (38.2%) 0.041
In hospital death 124%) 27(12:3%) 28(10.7%) 006
3-month mRS <2* 22(55.0%) 80 (39.2%) 102 (41.8%) 006
Death within 3-month? 3(7.5%) 39.(19.1%) 2(17.2%) 008
Stroke recurrence within 070
Sacalle 5(12.5%) 21 (10.4%) 26 (10.8%)

“p-value: chi-square test for categorical variables, t-test for continuous variables and Wilcoxon rank-sum test for mRS. Values in bold indicate a p-value less than 0.05. 'For tandem or multiple
occlusions, the main culprit lesion is indicated. “Right side” was checked for occlusion locations within anterior circulation. *The proportion of devices used during procedures, allowed
duplicate checks. *Pairwise deletion for missing. CCA, common carotid artery: ICA, internal carotid artery; M1/M2, Ist and 2nd segments of middle cerebral artery; ACA, anterior cerebral
artery; PCA, posterior cerebral artery; miTICI, modified Thrombolysis In Cerebral Infarction; ICH, intercerebral hemorrhage; NIHSS, National Institute of Health Stroke Scale; mRS, modified
Rankin scale.
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Variable Odds Ratio (95% CI)  p-Value

ICVs asymmetyry —_— 3.809 (1.582:9.171)  0.003
Presentation NIHSS score 0,989 (0.929-1.052)  0.717
ASPECTS of 0.771 (0.608-0.978)  0.032
IV-rtPA ——— 2.847(1.098-7385) 0031
MCA M1 segment —.— 0.772(0.301-1.982)  0.591
MCA M2 segment ——— 0.561(0.090-3.489)  0.536
Poor collateral . 3998(1572-10169)  0.004
T T T T T T T T 11
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Evolocumab user Non-user (N =219) Total (N = 261) p-value*
(N=42)
Male 17 (40.5%) 95 (43.4%) 112 (42.9%) 087
Age, mean (SD) 698 (126) 69.1(116) 69.2(117) 072
Pre-stroke mRS 086
0 36 (85.7%) 185 (84.5%) 221 (84.7%)
1 4(9.5%) 16 (7.3%) 20 (7.7%)
2 2(4.8%) 18 (8.2%) 20(7.7%)
Initial NIHSS, median (IQR) 141025, 18.75) 16(11,19) 15(11,19) 065
Risk factor
Hypertension 28 (66.7%) 134(61.2%) 162 (62.1%) 0.60
Diabetes 11(26.2%) 63 (28.8%) 74 (28.4%) 085
Dyslipidemia 8(19.0%) 68 (31.1%) 76 (29.1%) 014
Atrial fibrillation 14.(33.3%) 100 (45.7%) 114 (43.7%) 017
Past stroke history 7(16.7%) 34 (15.5%) 41(15.7%) 082
Current smoker 14(33.3%) 56 (25.6%) 70 (26.8%) 034
Obesity (BMI230) 3(7.1%) 14(64%) 17 (6.5%) 074
Stroke subtype 010
Large artery atherosclerosis. 16.(39.0%) 53 (24.2%) 70 (26.8%)
Cardioembolism 14(34.1%) 100 (45.7%) 114 (43.7%)
Others 11(26.8%) 66 (30.1%) 77 (29.5%)
Medication
IV t-PA use 13 (31.0%) 77 (35.2%) 90 (34.5%) 072
Prior statin use 6(14.3%) 57 (26.0%) 63 (24.1%) 012
Discharge Statin prescription” 38 (92.7%) 163 (84.9%) 201 (86.3%) 022
Discharge antiplatelet' 28 (68.3%) 106 (55.2%) 134 (57.5%) 016
Discharge anticoagulant' 13(31.7%) 83 (43.2%) 96 (41.2%) 022
Laboratory findings
SBP 152.3(286) 1528 (28.6) 152.8 (28.6) 091
DBP 893 (153) 869 (20.0) 87.3(193) 046
Creatinine 0.87(032) 0.9 (0.66) 0.97(062) 025
CRP 0.58 (1.30) 1.06(293) 0.98 (2.74) 029
AST 235(93) 25.4 (14.0) 25.1(134) 039
ALT 18.1(8.9) 213 (14.9) 208(142) 019
HbALC! 6.33(1.66) 627 (1.18) 6.28(1.29) 081

“p-value: chi-square test for categorical variables and t-test for continuous variables. Values in bold indicate a p-value less than 0.05. ' Among patients who survived until discharge. ‘Pairwise
deletion for missing, NIHSS, National Institute of Health Stroke Scale; mRS, modified Rankin scale; -PA, tissue plasminogen activator; SBE, systolic blood pressure; DB, diastolic blood
pressure; CRP, C-reactive proteins AST, aspartate aminotransferasel; ALT, alanine aminotransferase.
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222 patients under EVT for AIS-LVO

29 excluded
15 posterior circulation
™ vessels occluded
8 multiple vessel occlusion
6 isolated extracranial ICA
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193 patients with unilateral anterior
intracranial circulation occlusion
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30 CTA image from outside
hospita

28 did not have CTA
9 symptom onset > 24h

126 had pre-procedure CTA available

—
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Any cardiac monitoring 600 (24.2)
External monitor 547 (22.1)
M 102 (4.1)

Cardiovascular disease-related
482 (19.5)
healthcare encounters

Recurrent stroke 154(6.2)

121(6.8)

94(5.3)

29(1.6)

345 (19.3)

91(5.1)

AcC (n=692)
479(69.2)
453 (65.5)
73(10.5)

137 (19.8)

63(9.1)

<0001

<0001

<0001

0.80

<0001
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Poor outcomes
Diabetes status
Admission glucose
HbAle
GAR

SICH
Diabetes status
Admission glucose
HbAlC
GAR

Categorical

0592 (0559-0.626)
0583 (0.548-0.618)
0.565 (0.530-0.600)

0571 (0536-0.605)

0639 (0561-0.717)
0678 (0.603-0.752)
0594 (0512-0.676)

0676 (0.605-0.747)

nuous

NA
0.593 (0.558-0.629)
0.567 (0.531-0.602)

0.574 (0.538-0.609)

NA
0.673 (0.597-0.749)
0.583 (0.505-0.662)

0.674 (0.594-0.753)

AUC, area under the receiver operating characteristic curve; GAR, glucose-to-glycated
hemoglobin ratio; HbALG, glycated hemoglobin.
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otal CoH AcC 2

(N 75)  (n 83) (n=692) value
Cardiology 460 (18.6) 220(123) 240(347) | <0001
consultation
during index
event
Length-of- 6.5(9.0) 5.3(7.0) 9.4(12.4) <0.001

stay (days)
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AcC 2!

(n=692) value
Subtype <0001
Cryptogenic | 1,719.(69.5) L40(836) | 29(33.)
D 493(19.9) 237(133) 256 (37.0)

SVD 263 (10.6) 56 (3.1) 207 (29.9)
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Age (years)
Sy 68.7 (13.6)
Mean (D)
Male, n (%) 1,311 (53.0)
Race
White 1,779 (71.9)
Black 339 (13.7)
Asian 145 (59)
American
16 (<1.0)
Indian
Native
Hawailan or 50 (2.0)
Pacific Islander
Other 146 (5.9)
Ethnicity
Hispanic 133 (54)
Not Hispanic or
2342 (94.6)
unknown
Age Group
(years), n (%)
<50 218 (88)
50-74 1,367 (55.2)
>75 890 (36.0)

CoH

70.3(13.0)

930 (52.2)

1342(753)

166 (93)
126 (7.1)

14 (<1.0)

50(28)

5 (4.8)

57(32)

1,726 (96.8)

111(6.2)
968 (54.3)

704 (39.5)

783)

AcC
(n=692) value

64.6(144)  <0.001

BIESD) 019
<0.001

437(632)

173(25.0)

19(27)

2(<10)

0(0.0)

61(8.8)
<0.001

76 (11.0)
616 (89.0)

<0.001
107 (15.5)

399 (57.7)

186 (26.9)
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Variable

Evolocumab

Age

Tinial NTHSS

Cardioembolism

Hypertension

Diabetes

Smoking

Stent retriever use

Pre-stroke statin

Values in bold indicate a p-value less than 0.05. *Model 1 adjusted for demographics and

Crude OR
(95% ClI)
052(030-

0.89)
057037~
0.88)
103 (101-
1.05)
110 (1.06-
1.14)
178 (115
276)
233 (1.48-
3.69)
1.54(0.96-
2.48)
0.38(0.23-
062)
1.04(0.67-
1.60)
0.99 (0.61-
1.63)

Model 1

p-value Adjusted OR p-value
(95% ClI)

047 (0.27-0.83)

0.02

0.64(0.41-0.99)
0.01

103 (1.01-1.05)
<0.01

110 (1.06-094)

<0.001

<0.0

<0.001

007

<0.001

087

098

additionally adjusted for variables that differed between groups.

0.047

<0.01

<0.001

Model 2

(95% ClI)

0.48(0.27-0.85)

0.74(046-1.18)

102 (1.00-1.04)

110 (1.06-1.14)

1.02 (0.63-1.63)

172 (1.05-2.80)

1.39(0.85-2.26)

059 (0.34-1.05)

Adjusted OR  p-value

0.01

021

010

<0.001

095

0.03

019

0.07

Model 3

(95% CI)

047 (0.27-0.84)

0.72(0.45-1.16)

102 (1.00-1.04)

110 (1.06-1.14)
104 (0.64-1.67)

184 (1.11-3.04)

144 (0.88-2.37)

0.60 (0.34-

.05)

092(0.59-1.44)

0.74 (0.44-1.26)

Adjusted OR  p-value

001

018

012

<0.001

089

002

015

0.08

071

027

I NIHSS. "Model 2 further adjusted for variables with p<0.01 in the univariate analyses. ‘Model 3
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Demographics HT Non-HT

(N=62) (N=64)

IV-rtPA, N (%) 23(37.1) 120176) 0.022%
Onset to puncture (min), 538(383-727) 510 (407-789) 0.634
median (IQR)

admission imaging to 130 (100-166) | 133 (97-182) 0638

puncture time, median (IQR)

Puncture to recanalization 55 (45-75) 58 (44-75) 0.946
(min), median (IQR)

Location of vessel occlusion, N (%) 0.036%
Internal carotid artery 28(452) 15 (23.4)

MCA 1 segment 31(50.0) 44.(688)

MCA 2 segment 3(48) 5(7.8)

Collateral score, N (%) <0.001%
Poor collaterals (ASITN/SIR 48(77.4) 26(40.6)

<3)

Good collaterals (ASITN/SIR 14 (226) 38 (59.4)

>3)

Passes of the thrombectomy device, N (%) 0.060
<2 53(85.5) 61(953)

>2 9(143) 347)

Recanalization after 61(98.4) 62(969) 1.000
thrombectomy (miTICI 2b-3),

N (%)

Emergent angioplasty, N (%)

Balloon angioplasty 6(97) 9(14.) 0.447
Rescue stenting 581 4(63) 0742
Poor outcome (mRS score, 47(758) 33(51.2) 0.005*
3-6),N (%)

p <0.05 indicates statistical significance.
ASITN/SIR, American Society of Interventional and Therapeutic Neuroradiology/Society of
Interventional Radiology; IV-tPA, intravenous recombinant issue plasminogen activator;
MCA, middle cerebral artery; miTICI, modified thrombolysis in cerebral infarction; mRS,
modified Rankin Scale.
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Variable

Evolocumab

Age

Tinial NTHSS

Cardioembolism

Hypertension

Diabetes

Smoking

Stent retriever use

Pre-stroke statin

Values in bold indicate a p-value less than 0.05. *Model 1 adjusted for demographics and
additionally adjusted for variables that differed between groups.

Crude OR
(95% ClI)
199 (1.02-
389)
210(1.25-
3.56)
0.97 (095~
0.99)
0.90 (086~
0.94)
052(031-
0.87)
0.47 (028~
0.78)
059 (032
1.04)
291 (1.6~
5.15)
0.98 (059~
162)
0.90 (0.50-
1.62)

p-value

0.043

<0.01

0.01

<0.001

0.01

<0.01

007

<0.001

093

073

Model 1%
Adjusted OR  p-value
(95% ClI)
210(1.03-433) 0.043
193 (1.11-3.39) 0.02
0.97 (0.95-1.00) 0.02
0.90 (0.86-094) <0.001

Model 2

Adjusted OR  p-value

(95% ClI)

2.02(097-4.24)

1.56 (0.86-2.86)

0.99 (0.96-1.02)

0.90 (0.86-0.94)

0.93 (051-1.71)

0.64(035-1.17)

061 (031-1.17)

2.06(1.03-4.14)

0.06

015

049

<0.001

081

014

0.04

Model 3

Adjusted OR  p-value

(95% CI)

198 (0.94-4.22)

158 (0.87-291)

0.99 (0.96-1.02)

0.91(0.49-1.68)

0.62(0.33-1.15)

0.60(0.31-1.15)

2.08 (1.04-4.20)

120 (0.68-2.14)

115 (0.58-2.25)

0.07

014

049

<0.001

076

013

013

004

054

0.69

I NIHSS. "Model 2 further adjusted for variables with p<0.01 in the univariate analyses. ‘Model 3
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Variables

Age (years), median
(IQR)

male, N (%)
Medical history

Hypertension, N (%)

Diabetes mellitus, N (%)

Hyperlipidemia, N (%)

Atrial fbrillation, N (%)

Blood glucose (mmol/L),
median (IQR)

Smoking, N (%)
Previous stroke, N (%)

Anticoagulation

treatment, N (%)
Antiplatelet treatment, N
%)

Stroke cause, N (%)

Cardioembolism

Large-artery

atherosclerosis.

Undetermined etiology

HT (N = 62)

69 (56-74)

21(33.9)

41(66.1)
16(25.8)
561
28(45.2)

7.20 (6.10-10.04)

17(274)
9(145)

7(113)

4(65)

31(50.0)

16(25.8)

15(24.2)

Stroke presentation details

Presentation NIHSS score,
median (IQR)
SBP (mm Hg), mean (D)

DBP (mm Hg), mean
(sD)

me from onset to

admission imaging (min)
median (IQR)
ASPECTS, median (IQR)

ICVs asymmetry, N (%)

17(12-20)

149 (25)

88(19)

368 (264-510)

8(7-9)
45 (72.6)

“p <0.05 indicates statisical significance.
ASPECTS, Alberta Stroke Program Early CT Score; DB diastolic blood pressure; HT,

hemorrhagic transformation; IV, internal cerebral veins; NIHSS, National Institutes of
Health Stroke Scale; SBP, systolic blood pressure.

Non-HT
(N = 64)

70 (59-78)

0 (31.3)

43(67.2)
15(23.4)
4(63)
23(35.9)

7.20 (5.95-8.31)

19(29.7)
9(14.)

4(63)

8(125)

21(328)
9 (45.3)

4(21.9)

15(8-18)

144 (21)

83(16)

377 (254-591)

9(8-10)
3 (35.9)

0323

0754

0.900
0.758
0742
0292

0249

0778
0942

0316

0248

0058

0.036*

0053

0120

0.880

0.006%

<0.001%
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Variables
Age

Sex

BMI
Hypertension,
Diabetes mellitus
Current smoking
Current drinking
Onset to initial assessment time
SBP

BP

FBG

HbAlc

6

C

LDL-C

HDL-C

TG

B
0.025
—0.124
0022
0298
0779
0.156
0112
0.020
0.033
0.043
0.261
0.288
0919
0541
0591
~0356

1423

SE
0011
0226
0.048
0226
023
0232
0259
0.009
0.006
0.009
0.052
0.101
0.249
015
0.169
0333

0.262

1739

11441

0.453

0.187

5.060

26,867

21.964

25523

8142

13598

13077

12268

114

29.406

0032

0.583

0.648

0.187

0.001

0.501

0.666

0.024

<0.001

<0.001

<0.001

0.004

<0.001

<0.001

<0.001

0.286

<0.001

OR (95%Cl)
1.03 (100~ 1.05)
0.8 (0.57~1.38)
102(0.93~1.12)
135 (0.87~2.10)
2.18(1.39~3.42)
117(0.74~184)
1.12(0.67~1.86)
1.02(1.00~1.04)
103 (1.02~1.05)
1.04(1.03~1.06)
130 (117~ 1.44)
133 (1.09~1.63)
251 (1.54~4.08)
1.72(1.28~230)
181 (1.30~2.51)
0.70(0.37~1.35)

4.15(2.48~6.94)

1YG: tiglyceride glucoses BMI: body mass index; SBP: systolic blood pressures DBP: iastolic blood pressures FBG: fasting blood ghucoses HbA l: gycosylated hemoglobin Al TG:

triglyceride; TC: total cholesterol; HDL-C, high-density l

lipoprotein cholesterol; LDL-C: low-density lipoprotein cholesterol.
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Variables Total (n =401) TyG index quartile

Q1 (n =103) Q2 (n =101) Q3 (n =101) Q4 (n =96)

Age (years) 66.15£10.04 65.43£9.87 67.1510.86 6628+9.52 637249.92 0.631
Gender 0.867
Male 205 (51.00%) 49 (47.60%) 54 (52.90%) 53 (52.50%) 49 (51.00%)
Female 197 (49.00%) 54 (52.40%) 47 (47.10%) 48 (47.50%) 47(49.00%)
BMI, kg/m® 24054237 23204216 23864242 2480235 24372226 <0001
Hypertension, 1 (%) 181 (45.00%) 40 (38.83%) 41(40.59%) 49 (48.51%) 51(53.13%) 0.133
Diabetes mellitus, n
I 148 (36.80%) 6(4.10%) 10 (6.80%) 54(36.50%) 78 (52.70%) <0.001
Current smoking, n
o 147 (36.60%) 35 (23.80%) 35 (23.80%) 37(25.20%) 40/(27.20%) 0.660
Current drinking, n
. 99 (24.60%) 24(24.20%) 27(27.30%) 21(21.20%) 27(27.30%) 0,633
Onset to initial
assessment time 2000(12.00,2600)  20.00(12.00,2625)  20.00(12.00,2650) 2100 (13.00,27.00)  20.00 (1200, 26.00) 0773
(hours)
SBE mmHg 150.13419.71 145,89+ 18.84 147.75417.72 150.69+19.86 156.61+21.01 0.001
DBP, mmHg 82421327 80701137 81631350 818141430 8575+ 1341 0,039
FBG, mmol 5.76 (498, 7.85) 481 (4.08,535) 536 (4.85,5.77) 649 (570, 7.85) 9.31(7.87,9.96) <0.001
HbAIG, % 6,00 (5.80,7.30) 570 (5.40,6.00) 590 (575, 6.00) 6,60 (590, 7.40) 7.40 (6.80,8.38) <0.001
TG, mmol 162(1.27, 1.89) 115(1.07,1.23) 156 (1,38, 1.75) 176 (155, 2.13) 200 (1.74, 2.44) <0.001
TC, mmol 438079 4112077 4442075 439080 457£077 <0.001
LDL-C, mmol 2,68 (230,3.09) 254(2.11,3.07) 267(232,2.99) 265(226,3.25) 288 (2.44,3.27) 0.014
HDL-C, mmol 111095, 1.31) 2,00 (1.00, 3.00) 2,00 (1.00, 3.00) 2,00 (1.00, 3.00) 2,00(1.00, 3.00) 0.002
NIHSS, score 2,00 (1.00, 3.00) 2,00 (1.00, 3.00) 2,00 (1.00, 3.00) 2,00 (1.00, 3.00) 2.00(1.00, 3.00) 0.698
END, n (%) 107 (26.60%) 15 (14.00%) 20 (18.70%) 28(26.20%) 44.(41.10%) <0.001

The variables are presented as 1 (%) or the mean D or median (quartile 1, quartil 3), TyG: riglyceride glucose; BMI: body mass index; SBP: systolic blood pressure; DBP: diastolic blood
pressure; FBG: fasting blood glucose; HbA1c: glycosylated hemoglobin Al TG: triglyceride; TC: total cholesterol; HDL-C, high-density lipoprotein cholesterol; LDL-C: low-density
lipoprotein cholesterol; NIHSS: National Institutes of Health Stroke Scale; END: early neurological deterioration.
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Analysis OR (95%)

Crude analysis tween IVT

054(0.33-09) 0017
and
Multivariable analysis T and
048 (0.28-083) 0.008
PSDin"
With inverse probability
0.61(0.37-0.99) 0.044
weighting’
matching® 0.44(0.24-081) 0.008
With pairwise algorithmic! 05(0.27-0.92) 0026
Adjusted for propensi
. L 052(0.31-086) 0012

score®

IV'T, intravenous thrombolysis; PSD, post-stroke depression; OR: odds ratio; CI, confidence
interval. Shown is the odds ratio from the multivariable logistic regression model, with
adjusted for all covariates in Table 1. Shown is the primary analysis with an odds ratio from
the multivariable logisti regression model with the same strata and covariates with inverse
probability weighting according to the propensity score. ‘Shown is the odds ratio from a
multivariable logistc regression model with the same strata and covariates with matching
according to the propensity score. The analysis included 116 patients (116 who received
thrombolysis administration and 116 who did not). ‘Shown is the odds ratio from a
multivariable logistic regression model with the same strata and covariates, with pairwise
algorithmic according to the propensity score. ‘Shown is the 0dds ratio from a multivariable
Jogistic regression model with the same strata and covariates, with additional adjustment for
the propensity score.
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Characteristic Unmatched Patients Propensity-Scoretsbolysississisti

All patients ~ Non-IVT VT All Non-IVT \'28
patients
(n=633) (n =513) (n=120) (n=233) (n=116) (n=116)
Age (year), mean (ets) 639116 64.22£116 62.68+11.57 0.133 6253+122 626+12.7 625+117 0.007
Female, sex, 1 (%) 259 (409) 207 (40.4) 52(43.3) 0.06 101 (43.5) 51(44.0) 50 (43.1) 0017
Smoker, n (%) 82(13.0) 68 (13.3) 14(117) 0.048 27(116) 13(112) 14012 0.027
Hypertension, 1 (%) 448 (70.8) 372(72.5) 76 (63.3) 0.198 146 (629) 72(62.1) 74(63.8) 0,036
Diabetes mellitus, 7 (%) 182(28.8) 157 (30.6) 25(208) 0.225 52(22.4) 27(233) 25(21.6) 0041
History of stroke, n (%) 107 (16.9) 94(18.3) 13(108) 0.213 27(116) 14(12.1) 13(112) 0027
Heart diseases, n (%) 47(7.4) 33(64) 14(11.7) 0.183 26(11.2) 15(129) 1195 0.109
NIHSS at admission,
20(10,50) | 20(10,40) 35(20,60) <0.001 300,60 | 30(10,80) 30(20,60) 0017
median (IQR)
TOAST subtype, 1 (%) 0.183 0149
LAA 332(524) 271 (52.8) 61(50.8) 113 (48.7) 54 (46.6) 59(50.9)
A0 208(329) 173 (33.7) 35(292) 69(29.7) 34(293) 35(30.2)
CE 16(73) 34(66) 12(10.0) 25(10.8) 15(129) 10(86)
SOD+SUE, 47(74) 35(638) 12(10.0) 25(10.8) 13(112) 12(103)
Mechanical
7(L1) 3(06) 4(33) 0.199 3013) 207) 109) 0076
thrombectomy, 7 (%)
¢GFR (mL/min/1.73m?),
96.7€an73 96.0ean73 99.3ean73 0.166 1004n73m  101.36(2080)  99.35(19.85) 0099
mean73
NLR, median (IQR) 25(19.37) | 25(19,36) 28(21,44) 0.179 27(20,40) 336 (2.81) 3.46(2.49) 0,034
MLR, median (IQR) 0302.04) | 03(02,04) 03(02,04) 0.016 03(0.2,04) 0.34(0.18) 0.35(0.17) 0,034
1243955, 1247 (957, 1187 (943, 1204 (943,
PLR, median (IQR) 0.058 13442(5668) | 130.47(57.76) 0.069
159.0) 1583) 160.0) 159.3)
MHD, median (IQR) 05(04,07) | 05(04,07) 05(03,07) 0.101 05(0.4,07) 0.5 (0.23) 0.55(0.28) 0017

Continuous variables were expressed as mean Vataja, R Kainterquartle range. Categorical variables are expressed as frequencies (percentages). IV, intravenous thrombolysis; SMD,
standardized mean difference; NIHSS, National Institutes of Health Stroke Scale; TOAST, Trial of Org 10,172 in acute stroke treatment; LAA, large artery atherosclerosis; SAO, small artery
occlusion; CE, cardioembolic; SOD, stroke of other causes; SUE, stroke of undetermined causes; éGFR, estimated glomerular fltration rate; NRL, neutrophil-to-lymphocyte ratio; MLR,
monocyte-to-lymphocyte ratio; PRL, platelet-to-lymphocyte ratio; MED, monocyte-to-HDL ratio.
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Hospitalization dates (c.g., admission, discharge)
Index Stroke

Neurology diagnostic testing
Hospltalization

EP consultation
Cardiac monitoring recommendations (if applicable)

Hospital Discharge gy~ Discharge location (skilled nursing facility, inpatient,
home, etc.)

Prescribed stroke-related follow-up cadence (office and remote)

Follow-up through 180 ey StEOK€l04 followv-a dates

days post discharge Neurology diagnostic testing
Cardiovascular disease and AF healthcare utilization
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Model 1

OR(95% CI)

Model 2
OR(95% CI)

TYG index 4.15 (2,48 ~ 6.94)
TyG index quartile

Ql group Reference
Q2 group 1.43 (0.69~2.98)
Q3 group 225 (112~453)
Q4 group 4.96 (2.52~9.79)
pfor trend <0001

<0.001

0339
0023

<0.001

4.36(2.57~7.38)

Reference
1.35 (0,65~ 2.83)
2.21(1.09~447)
5.02(2.53~9.95)

<0001

<0.001

0425
0.027

<0.001

Model 3
OR(95% CI)
363 (1.75~7.54) 0.001
Reference -
1.24 (0.57~2.67) 0.589
177 (0.80~3.91) 0.162
336 (1.38~8.19) 0.008
0.008

Cl, confidence interval; Model 1 adjusted for none; Model I adjusted for age, sex; Model Il adjusted for age, sex,diabetes melitus, Onset to iniial assessment time, SBR, DBP, HbALc, TC,

LDL-C.
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Variables Stroke patients (n = 429) ealthy group (n = 429)

Age (years) 640(58.0-71.0) 640 (58.0-69.0) 0.923
Body mass index (kg/m’) 267(25.0-27.0) 253 (24.1-28.1) 0.155
Male (,%) 158 (36.8%) 158 (36.8%) 1000
Hypertension (1, %) 246 (57.3%) 246 (57.3%) 1.000
Diabetes melitus (1, %) 94 (21.9%) 59 (13.8%) 0.002
Coronary artery disease (1, %) 60 (14.0%) 39(9.1%) 0025
Smoking history (1, %) 104 (24.2%) 128 (29.8%) 0.065
Dyslipidemia (1, %) 108 (25.2%) 69 (16.1%) 0.001
Lack of exercise (1, %) 251 (58.5%) 185 (43.1%) 0.000

Stroke family history (1, %) 55 (12.8%) 23 (5.4%) 0.000
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N of
patients

0103 346
4t05 559
6107 130
Overall 1035
cohort

N of
incident
strokes

2

Observed
stroke
incidence
[95%Cll

17(06-37)
23(11-40]
3.108-77]

22(14-33]

N of Expected
expected stroke
strokes incidence
[95%Cl]
n 31[16-57)
55 9.874-1238]
2 17.811.2-26.5]
94 9.1[734-111]

IRR®
[95%Cll

05[02-15)
02[0.1-04]
02[0.1-05]

02[02-04]

IRR*  ARR

p-value (%)

0225 15
<0.001 75
<0.001 146
<0.001 69

AR, absolute risk reduction; CI, confidence interval; IR, incidence rate ratio; NN, number needed to treat; RRR, relative risk reduction.
* Observed versus expected stroke incidence.

451

764

826

755

NNT
[95%CIl

69.2[267-1163]
13.3[97-211]
68 (46-135]

145(11.3-204]
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Face-to-face surveys in 18595 adults 240 years old in 8 communities
were conducted in the years 2015 in Sichuan of China

I

Questionnaires were obtained in17413 participants. The response rate

| was 93.6%(17413/18595)

521 participants with incomplete questionnaires on stroke history or
risk factors records (e, hypertension, diabetes, dyslipidemia, atral
fibrillation, overweight, smoking, physical inactivity and family history
of stroke) were excluded. Final data involved 16892 valid individual

records
I

2893 were high risk stroke population, carotid ultrasonography was
examined and DNA was obtained in 2377 participants. Of which 429
had a previous history of cerebral infarction. We adopted a 1:1

matching method to select 429 healthy people as the control group

[

Between the two group, genotypes of 19 variants in 10 genes related
to inflammation and endothelial function were examined
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TOAST stroke (%)

Cardioembolic Small artery Other determined Undetermined
occlusion etiology etiology

TOAST index TIA

LAA 625 125 250 00 00
Cardioembolic 00 1000 00 00 00
Small artery occlusion 44 00 914 00 44
Other determined etiology 00 00 00 100.0 00
Undetermined etiology 00 200 67 00 733

LAA, large artery atherosclerosis; TOAST, Trial Of ORG 10172 in Acute Stroke Treatment.
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N of patients N of Incidence (%)

EICE incident [95% CII

timepoint strokes
4s-h 1,035 13 13(07-2.1]
90-day 1,035 2 22(14-33]
12-month 1,002 29 29[19-42]

60-month 920 65 7.1(5.4-9.0]
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mRS score 3-6

Quartiles of remnant cholesterol

P for trend

n (%)
Unadjusted
Adjusted

334(185)
reference

reference

Q2 Q3
293 (16.1) 238(13.2)
0.98(0.95-1.00) 0.95(0.93-0.97)
0.99(0.97-1.02) 0.98(0.96-1.00)

218 (12.1)
0.94(092-096)

0.98(0.96-1.00)

<0.001

0.039
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Study cohort (n =1,035)

Doppler ultrasound findings

Extracranial inner carotid artery 173(16.7)

stenosis, n (%)

Symptomatic inner carotid artery 87(84)

stenosis, n (%)"

Intracranial stenosis, n (%) 64/815° (7.9)
Patent foramen ovale, n (%) 110/200° (55.0)
Electrocardiographic findings

Aurial fibrillation or other cardioembolic 35 (3.4%)
arthythmias, n (%)

Neuroimaging findings

Leukoaraiosis, n (%) 193 (18.7)
Presence of ischemic lesion, n (%) 48 (4.6)
TIA etiology

Large artery atherosclerosis, n (%) 201 (19.4)
Cardioembolic, n (%) 227(219)
Small artery occlusion, n (%) 23(215)
Other determined etiology, n (%) 27(26)
Undetermined etiology, n (%) 357 (345)
Laboratory findings

Total cholesterol - mg/dL, mean £ sd 19732474
LDL - mg/dL, mean +sd 12212418
HDL - mg/dL, mean +sd 5334167
Triglycerides - mg/dL, mean +sd 1266:£602

Secondary prevention therapy

Single antiplatelet treatment, n (%) 581(56.1)
Dual antiplatelet treatment, n (%) 316 (30.5)
Anticoagulants, n (%) 176 (17.0)
Antihypertensive drugs, n (%) 824(79.6)
Lipid-lowering drugs, n (%) 609 (58.8)
Antidiabetic drugs, n (%) 186 (18.0)
Carotid endarterectomy, n (%) 81(7.8)

Carotid stenting, n (%) 6(06)

‘Defined as an inner carotid artery stenosis congruous with TIA symptoms > 50 according to
the North American Symptomatic Carotid Endarterectomy Trial (NASCET) classification.
"Number of patients who underwent intracranial Doppler study.

“TIA etiology was defined according to the Trial of ORG 10172 in Acute Stroke Treatment
(TOAST) classification.
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Quartiles of remnant cholesterol

Q2 Q3 P for trend
n 7,234 1810 1819 1797 1808
Age (years); mean (SD) 6296 (11.44) 65,86 (11.15) 6379 (11.38) 6185 (11.29) 6031(11.19) <0.001
No. of male patients (%) 4572(632) 1,172 (64.8) 1,189 (65.4) 1,135 (63.2) 1,076 (59.5) 0.001
BMI (kg/m"); mean (SD) 2468 (3.34) 2397 (325) 2453 (3.26) 2490 (3.41) 2533 (3.29) <0.001
No. of current smokers (%) 1772(245) 417 (23.0) 422(23.2) 485 (27.0) 448 (24.8) 002
No. of current drinkers (%) 198(27) 19827) 70(3.9) 43 (24) 45(25) 0.008
Medical history (%)
Hypertension 4,604 (63.6) 1,091 (60.3) 1,115 (61.3) 1,174 (65.3) 1224 (67.7) <0.001
Previous Stroke 1,693 (23.4) 428 (23.6) 445 (24.5) 421 (23.4) 399 (22.1) 0392
Previous TIA 143 (20) 48(2.7) 34(19) 32(1.8) 29(16) [
Diabetes 1785 (24.7) 362 (20.0) 444 (24.4) 422(23.5) 557 (30.8) <0.001
CHD 785 (10.9) 229 (12.7) 193 (106) 179 (10.0) 184(102) 0037
PAD 55(08) 16 (0.9) 130.7) 130.7) 13(0.7) 0921
Renal insufficiency 63(09) 12(07) 12(07) 15(08) 24(13) 0.101
Baseline NIHSS score; median
1o 3.00 (200, 6.00) 400200, 7.00] 400200, 6.00] 300200, 6.00] 3.00 (200, 6.00] <0.001
TOAST subtype, no. (%) <0.001
Large artery at
s 1843 (25.5) 440 (24.3) 488 (26.8) 462 (25.7) 453 (25.1)
Cardio-embolism 507 (7.0 185(102) 136/(7.5) 10(6.1) 76(4.2)
‘Small artery occlusion 1,562 (21.6) 358 (19.8) 404 (22.2) 379 (21.1) 421(23.3)
Another cause 92(1.3) 20(1.1) 27(15) 25(14) 20(1.1)
Undetermined cause 3,230 (44.7) 807 (44.6) 764 (42.0) 821 (45.7) 838 (46.3)
NAELD, no. (%) <0.001
NAFLD 3,780 (52.3) 552(30.5) 730 (40.1) 1,039 (57.8) 1459 (80.7)
Possible NAFLD 1,350 (18.7) 395 (21.8) 406 (22.3) 350 (19.5) 199 (11.0)
No NAFLD 2,104 (29.1) 863 (47.7) 683 (37.5) 408 (22.7) 150 (83)
Medication, no. (%)
Antihypertensive 3,361 (46.8) 754 (42.0) 848 (47.0) 859 (48.3) 900 (50.1) <0.001
Antiplatelet 6,939 (96.7) 1723 (959) 1732(96.0) 1734 (97.6) 1750 (97.4) 0003
Lipid lowering 6,948 (96.8) 1738 (96.7) 1741 (96.5) 1721 (96.8) 1748 (97.3) 0544
Statins 6,934 (96.7) 1736 (96.6) 1738 (96.3) 1720 (96.8) 1740 (96.9) 0813
Fibrates 2(03) 3002) 5003) 6003) 10 0.6) 0226
Intravenous alteplase 672(93) 185(102) 157 (86) 173 (96) 157(8.7) 028
Mechanical thrombectomy, 0101
o) 25(0.3) 9(05) 7(04) 8(04) 101
Total cholesterol, mmol/L;
B 3.96(3.29,4.72) 378(3.14,4.58) 3.68(3.09, 4.40) 3.94(3.30,4.58) 444 (376,5.17) <0.001
Triglyceride, mmol/L; median
am) 1.37(1.03, 1.89) 096(0.77,1.24) 112(096,1.33) 147(1.28,1.72) 232(1.92,295) <0.001
HDL-C, mmol/L; median
i) 0.93(0.77, 1.11) 104(0.85,1.25) 097081, 1.15) 0.92(0.78,1.06) 0.82(0.69,0.96) <0.001
LDL-C, mmol/L; median 226(1.67,291) <0.001
s 231(1.72,298) 248(1.89,3.23) 222(1.64,2.89) 227(1.70,291)

IQR denotes interquartle range; SD stands for standard deviation. NAFLD, non-alcoholic faty liver discase; CHD, coronary heartdiscase; PAD, peripheral arterial disease; HDL-C, high-
density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol.
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Study cohort (n =1,035)

Demographic characteristics
Male sex, n (%) 561 (54.2)
Age - years, mean £ 5d. 7064145

Clinical features

Index TIA duration - minutes, mean £sd 147242766
Multiple TIA, n (%) 231(223)
Motor symptoms, n (%) 515 (49.8)
Sensory symptoms, n (%) 372(35.9)
Speech disturbances, n (%) 518(50.1)
Vertebro-basilar symptoms, n (%) 159 (15.4)
Baseline ABCD, score, mean +sd 4013
High-risk TIA (ABCD, score>4), n (%) 689 (6.6)
Low-risk TIA (ABCD; score <4), n (%) 346 (33.4)
Systolic blood pressure on admission 15214267

- mmHg, mean £ sd

Diastolic blood pressure on admission 8475137

- mmHg, mean £ sd

Cardiovascular risk factors

Hypertension, n (%) 710 (68.6)
Diabetes melltus, n (%) 166 (16.0)
Coronary artery disease, n (%) 36(3.5)

Atrial fibrillation, n (%) 137 (13.2)
Cigarette smoking, n (%) 134 (129)
Dyslipidemia, n (%) 436 (42.1)

TIAstroke, n (%) 237 (229)

Ongoing therapy on admission

Single antiplatelet treatment, n (%) 437 (42.2)
Dual antiplatelet treatment, n (%) 13(126)
Anticoagulants, n (%) 104 (10.1)
Antihypertensive drugs, n (%) 672(649)
Lipid-lowering drugs, n (%) 286 (27.6)

Antidiabetics drugs, n (%) 147 (142)
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Cumulative hazard of stroke after TIA
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Subgroup

NAFLD (n=3750)
Q1(033)
Q2(035:059)
Q3(059:088)
Q4088

Possible NAFLD(a=1350)
Q1(039)
Q2(035-059)
Q3(059-088)
Q4(089)

No NAFLD (n=2104)
Q1(035)
Q2(035-059)
Q3(059-088)

Q4 (088)

Event/Sample (%)  Unadjusted OR(95% CT)

109/552(19.7)
119/730(163)

113/1039(109)
173/1459(11.9)

75/395(19.0)
60/406(14.9)
51/350014.6)
24199(12.1)

150/863 (17.4)
114/683 (16.7)
747408 (18.1)
21150 (14.0)

Ref

097(0.93-1.00)
092(088-095)
092(0.89-096)

Ref

0.96(091-1.01)
0.96(091-101)
0.93(0.88-099)

Ref

0.99(0.96-1.03)
1.01096-1.05)
097(091-1.03)

Adjusted OR(95% CT)

Ref
098(0.95-1.02)
094091-097)
0.96(0.93-099)

Ref
0.99(0.94-1.04)
1.00(0.95-1.05)
097(091-1.03)

Ref
101(097-104)
103(099-107)
0.99(0.93-1.05)

- Ptrend=0.008

—— Ptrend=0400

—— Ptrend=0.611
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Extracranial and intracranial vessel study
Echocardiography (when needed)

[
Bologna TIA study cohort
(n=1035)

« Neurologic examination
« ABCD2 score
« ECG

Fast-trackcare | N « Brain CT

(within 24 hours) « Blood test
« BP measurement

Start secondary prevention “

Primary outcome adjudication
(incident stroke)

Follow-up ~ |--=-s-snenn >

90-day (n=1035)

12-month (n=1002)

60-month (n=920)
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CNSR-1II population(n=15166)

Acute ischemic stroke (n=14146)

Transient ischemic
attack(n=1020)

Exclusion criteria:

Enrolled acute ischemic
stroke(n=11933)

vital hepatitis(n=235)
heavy consumption of
alcohol(n=1978)

Enrolled acute ischemic
stroke(n=7313)

Missing data (v=4620)

righyceride(n-3501)

y-glutamyl transferase(nr=1119)
blood lipid(n-0)

3-month follow up.
for analysis(n-7234)

no follow-up
recorded (n=79)






OPS/images/fneur-16-1472871/fneur-16-1472871-e001.jpg
0.718x1n(GG7')+0.053><WC715.745

1 of 09535 In(riglycerides) + 0139 BMI +Y] | o
x
“(0.718xIn(GGT) +0.053x WC ~15.745

o [6[0.953 xIn(triglycerides)+0.139 x BMI +H





OPS/images/fneur-16-1472871/crossmark.jpg
©

2

i

|





OPS/images/fneur-15-1398007/fneur-15-1398007-g002.jpg





OPS/images/fneur-15-1398007/fneur-15-1398007-g001.jpg





OPS/images/fneur-15-1366240/fneur-15-1366240-g002.gif





OPS/images/fneur-16-1462372/fneur-16-1462372-t003.jpg
Multivariate (95% ClI) = Pvalue
Age 0.998 (0.990-1.006) 0597
VLAD 1.546 (0.800-2.986) 0.195
NIHSS score on admission 0959 (0.861-1.068) 0.444
VT 1.509 (1.250-3.034) 0.042

ND, neurological deterioration; OR, odds ratio; CI, confidence interval; VLAD,
vertebrobasilar large-artery disease; NIHSS, National Institutes of Health Stroke Scale;
IVT, intravenous thrombolysis.
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Variable IVT group  Noi
(h =74) (n = 137)

Rate of ND, 1 (%) 17 (23.0) 51(37.2)

Patients Patients
with ND D
(n=17) 5l)

Time distribution of ND, n (%)

<2 days after stroke 16 (94.1) 44 (86.3) 0.385
onset

>2 days after stroke 1(5.9) 7(13.7)

onset

Degree of ND (A NIHSS score)

3(3-5.5) 3(2-5) 0.476

IVT, intravenous thrombolysis; ND, neurological deterioration; NIHSS, National Institutes of
Health Stroke Scale.
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group
4

Age,y | 645(55-71) 68 (59-76) 0.065

Male sex, 1 (%) 50 (67.6) 82 (59.9) 0918

Smoking tobacco, 1 25(33.8) 45 (32.8) 0.89

(%)

Drinking alcohol, n 19(25.7) 38 (27.7) 0724

(%)

Prior infarction, 1 (%) 11(14.9) 19(13.9) 0.843

Atrial fibrillation, 2(27) 7(5.1) 0.409

(%)

Hypertension, # (%) 68 (91.9) 127 (92.7) 0.832

Diabetes, 7 (%) [ 33 (44.6) 68 (49.6) 0.484

Systolic blood 167.5 (156-179) 165 (151-181) 0.607

pressure, mm Hg

Diastolic blood 85 (79-96) 85 (74-95) 0.252

pressure, mm Hg

Glucose, mmol/L 731 (5.71-10.64) | 7.75(5.78-10.73) 0.561

Triglycerides, mmol/L | 1.27(0.99-1.67) 1.42 (0.98-2.05) 0.103

Total cholesterol, .‘ 4.69 (4.12-5.53) 4.83 (3.84-5.56) 0.887

mmol/L |

Low-density a0 (2.37-3.68) 2.98 (2.44-3.79) 0551

lipoprotein, mmol/L

Hemoglobin, g/L. | 136(121-145) 131 (122-140) 0284

Hematocrit, % 0.40 (0.36-0.43) 0.38 (0.36-0.41) 0.117

Platelet (10°/L) 201 (169-247) 215 (178-259) 0.125

International 0.99 (0.92-1.04) 0.98(0.92-1.03) 0.409

normalized ratio

Fibrinogen, g/L 2.71(2.39-3.67) 3.14(2.51-3.83) 0.105

Hospital stay, days 14(10.5-17) 14(10-17) 0554

Stroke subtypes, n (%)

VLAD 29(39.2) 32(23.4) 0.018*

BABD 31 (41.9) 69 (50.4) 039

SAD 11(14.9) 33 (24.1) 0.155

CE 1(1.4) 3(22) 0.67

Other and 202.7) 3(22) 0.815

undetermined causes

NIHSS score

On admission 7(4-9) 4(3-6) 0.000*

At discharge 4(2-6.5) 5(3-6) 0.975

IVT, intravenous thrombolysis; NIHSS, National Institutes of Health Stroke Scale; VLAD,
vertebrobasilar large-artery disease; BABD, basilar artery branch disease; SAD, small-artery
disease; CE, cardioembolism. 1 mm Hg = 0.133 kPa; *denotes P value < 0.05.





OPS/images/fneur-15-1402003/fneur-15-1402003-t002.jpg
Collateral grade 90-d mRS <3 (%) Any ICH within Malignant cerebral All-cause 90-day

48h (%) edema (%) mortality
Grade 0 0(0/15) 7333 (11/15) 100 (15/15) 5333 (8/15)
Grade 1 833 (2126) 57.69 (15/26) 7692 (20/26) 3077 (8/26)
Grade 2 2941 (5/17) 2941 (5/17) 35.20% (6/17) 0% (0117)
Grade 3 3636 (4/11) 1818 (2/11) 0% (0/11) 0% (0/11)

mRS, modified Rankin score; ICH, intracranial hemorrhage.
Group comparisons were corrected by Bonferroni adjustment, and p<0.05/6 =0.0083 was considered significant.
*and # indicate a statistically significant difference compared to grades 0:and 1, respectively.
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Variable

Age (y)

Male sex [ (%)]

History of hypertension [ (%)]
History of diabetes melltus [ (%))

Arial fibrillation [n (%)]

Cli

Hocalization: left hemisphere (1 (%)]
Baseline NIHSS score

Ocelusion site: ICA-T [1 (%))

CTA-SI ASPECTS

Treatment with IV alteplase [ (%))

T

PRT

Grade O (;

7221£10.14
11(73.33)
11(73.33)
8(53.33)
0 (66.67)
10 (66.67)
24132352
12(80)
338083
11(73.33)
38.4649.01

582341632

Grade 1 (

63324783
9(34.62)
12(46.15)
17(65.38)
18.(69.23)
16.(61.54)

21834289
18.(69.23)
321£0.56
19.(73.08)

4046637

65.17£19.76

Grade 2 (n=17)

713241031
12(70.59)
5(88.24)
11(6471)
12(70.59)
3(76.47)
19.834461
5(29.41)
3374107
12(70.59)
356741002

612342287

Grade 3 (n

593241283
3(2727)
5(45.45)
7(63.64)
5(45.45)
6(54.55)

21794258
2(18.18)
3212092
8(7273)
352949.36

75.63£21.08

4933

10871

9.863

0669

2309

1670

4048

16306

0228

0201

1560

1766

0.004

0012

0020

0880

0511

0644

0011

0.001

0877

1000

0.208

0.162

NIHSS, National Institutes of Health Stroke Scale; ICA-T, internal carotid artery terminus; CTA, computed tomography angiography: CTA-SI, CTA source images; ASPECTS, Alberta Stroke

Program Early CT Score; IV, intravenous; IPT, imaging to puncture time; PRT, puncture to recanalization time.
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Predictors Hemorrhagic transformation

OR (el} p-Value
ICVs asymmetry 3809 1582-9.171 0,003+
Presentation NIHSS score 0.989 0.929-1.052 077
ASPECTS 0771 0.608-0.978 0.032¢
IV-rtPA 2847 1.098-7.385 0.031%

Location of vessel occlusion

Internal carotid artery - = -

MCA M1 segment 0772 0301-1.982 0591
MCA M2 segment 0561 0.090-3.489 0536
Poor collateral (ASITN/SIR 3.998 1.572-10.169 0.004*
<)

“p < 0.05 indicates statistical significance.
ASPECTS, Alberta stroke program early CT score; ASITN/SIR, American Saciety of
Interventional and Therapeutic Neuroradiology/Society of Interventional Radiology; HT,
Hemorrhagic Transformation; ICVs, internal cerebral Veins; IV-rtPA, intravenous
recombinant tissue plasminogen activator; MCA, middle cerebral artery; NIHSS, National
Institutes of Health Stroke Scale.
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Outcomes ICVs ICVs p-Value

asymmetry symmetry
(N = 68) (N =58)
AnyHT 45 (66.2%) 17(29.3%) <0.001
PH type 23 (33.8%) 9(15.5%) 0.019%
SICH 16 (23.5%) 3(5.2%) 0.004%
90d mRS >2 52(65.0%) 28 (35%) 0.001%

*p <0.05 indicates satistical significance.
HT, hemorrhagic transformations mRS, modified Rankin scale; PH, parenchymal hematoma;
SICH, symptomatic intracranial hemorrhage.





OPS/images/fneur-15-1407598/crossmark.jpg
©

2

i

|





OPS/images/fneur-15-1366240/fneur-15-1366240-t002.jpg
Multivariable ordinal logistic regression model;
outcome: mRS 90 days after stroke

Variable OR (95% Cl) p-value
ASPECTS mismatch 0.99 (0.85-1.15) 0.903
ASPECTS mismatch x 112 (1.06-1.18) <0.001
CBV-ASPECTS

ASPECTS mismatch x 115 (1.06-1.25) <0.001
NCCT-ASPECTS

Shown are the results of the three multivariable ordinal logistic regression models evaluating
the association between ASPECTS mismatch, the interaction ASPECTS mismatch x CBV-
ASPECTS, and the interaction ASPECTS mismatch x NCCT-ASPECTS with mR$ 90 days
after stroke with given Odds Ratio, 95% confidence interval and p-values given for the variable
of interest. In all models influencing factors such as NCCT-ASPECTS, age, sex, side, NIHSS,
and TICI were included as covariables. In the model assessing the influence of the interaction
between ASPECTS mismatch and CBV-ASPECTS, CBV-ASPECTS was further included as a
covariable. ASPECTS mismatch, CBV-ASPECTS—CBF ASPECTS; CBV-ASPECTS, Cerebral
Blood Volume Alberta Stroke Program Early CT Score; NCCT-ASPECTS, Non-Contrast CT
Alberta Stroke Program Early CT Score.
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Variable N =190
Age (£SD) in yrs. 72413
Sex: male in number (proportion %) 93 (50)
Median NIHSS (IQR) 16 (11-18)
Median NCCT-ASPECTS (IQR) 7(6-9)
Median CBV-ASPECTS (IQR) 6(4-8)
Median CBF-ASPECTS (IQR) 1(1-3)
Median CTP mismatch (IQR) 4(2-6)
Time imaging to reperfusion (min = SD, N = 173) 113 (49)
Number (proportion %) of patients with

Affection of the right hemisphere 97 (51)
IV Thrombolysis received 134 (71)
Successful recanalization (=TICI 2b) 181 (95)
CBV-ASPECTS < 6 83 (44)
NCCT-ASPECTS < 6 37(19)
Vessel occlusion in CTA

Proximal ICA 54(28)
Distal ICA 15(8)
Distal ICA/Carotis T 23(12)
Ml 105 (55)
M2 1¥¢)]
Diagnosis of

Arterial hypertension 128 (67)
Diabetes mellitus 40 21)
Hypercholesterolemia 53(28)
Atrial fibrillation 85 (45)
History of ischemic stroke 17 (9)

ICA, Internal carotid artery; ASPECTS, Alberta Stroke Program Early CT Score; CBF, cerebral
blood flow; CBY, cerebral blood volume; CTP mismatch, CBV-ASPECTS - CBE-ASPECTS;
IQR, denotes interquartile range; M1/M2, first and second bifurcation of the arteria cerebri
media; NIHSS, National Institutes of Health Stroke Scale ranging from 0-42 indicating
the functional deficit; SD standard deviation; TICI 2b, thrombolysis in cerebral infarction
indicating successful reperfusion after performed mechanical thrombectomy.
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Variable

IVT group Non-IVT

(%)

group

(n =137)
Hemorrhagic transformation, 1(1.4) 0(0) 0.351
n (%)
Mucocutaneous hemorrhage, 21(292) 2(15) 0.000
n (%)
Visceral organ hemorrhage, n 2(27) 0(0) 0.122

IVT, intravenous thrombolysis.
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Variable Age dimer brinogen
Hypertension | r-value 0.156 0.087 ~0016 0.202
pvalue 0,088 0344 0864 0,027

p2-M, p2-microglobulin. *Between groups differences p<0.05.
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N

Postinterventional hypothermia 58
Age 231
Baseline NIHSS. 231
Diabetes mellitus 68
Arterial hypertension 177
History of AF 100
Dyslipoproteinemia 10
General anesthesia 172
Onset/last seen well-to-first TICI>2b 231
ASPECTS at baseline 231
Successful recanalization 20
SICH 4

122

4

104

58

53

97

122

122

13

4

OR
206
1.03
105
162
272
1.06
063
149
107
078
020

7.44

95% ClI
(1.01,4.18)
(100, 1.06)
(100, 1.10)
(0.82,3.20)
(1.23,6.00)
(056,1.99)
(034,1.19)
(075,2.99)
(100, 1.15)
(064,0.97)
(0.04,1.10)

(0.37,152)

p-value
0045
0025
0072
0.161
0013
0867
0155
0254
0055
0024
0063

0.189

mRS, modified Rankin Scale; OR, odds ratio; Cl, confidence interval; NIHSS, National Institute of Health Stroke Scale; AF, trial fibrillation; TICI, thrombolysis in cerebral infarction;
ASPECTS, Alberta stroke program early CT score; successful recanalization, TICI > 2b on final angiogram; SICH, symptomatic intracerebral hemorrhage.
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Variable p2-M imer Fibrinogen
Age rvaluelp-value 0.151/0.100 0.119/0.194 0213/0.019%

p2-M rvalue/p-value 0.282/0.002% 0.432/<0001%
D-dimer rvalue/p-value 0.572/<0001%

p2-M, p2-microglobulin.*Between-group differences p<0.05. **Between-group differences p<0.001
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All patients (n = 480) mRS<3

mRS >3 (n=257)
(n=223)

Demographics and clinical data

Male sex (1, %) 221 (46.0%) 108 (48.4%) 113 (44.0%) 0234
Age (mean D) 7304129 6855133 768£11.1 <0001
Baseline NIHSS (median score, IQR) 15 (11;19) 14(8;18) 16 (12 20) <0001

Medical history

Diabetes melitus (1, %) 143 (30.2%) 54(24.3%) 89 (35.5%) 0.009

Arterial hypertension (1, %) 381(79.9%) 159 (71.6%) 222(87.1%) <0.001

History of AF (1, %) 219 (46.5%) 88 (40.4%) 131 (51.8%) 0016

Dyslipoproteinemia (1, %) 231 (48.9%) 118 (53.4%) 113 (45.0%) 0.080

Previous and current smoking (1, %) 86 (18.7%) 52(24.1%) 34 (13.9%) 0.006
stroke (1, %) 24 (15.4%) 8(10.7%) 16(19.8%) 0127

Anesthesia 0.006

Conscious sedation (1, %) 96 (24.7%) 53 (31.9%) 43 (19.4%)

General anesthesia (1, %) 292 (75.3%) 113 (68.1%) 179 (80.6%)

‘Time metrics

Onset-to-needle time (mean min +SD) 2124224 217299 207110 0.662

Onset/last seen well-to-groin time (mean

hasp) 5142569 4542558 5674574 0034

Onset-to-first TICI>2b (mean min +SD) 2574233 260306 2542107 0804

Groin-to-first TICI2b (mean min +SD) 4754299 4358302 5154290 0.006

Imaging data

ASPECTS at baseline (median points, IQR) 8(7:9) 9(89) 8(6:9 <0.001

Site of vessel occlusion 0070

Proximal ICA (n, %) 32(6.7%) 15 (6.7%) 17 (6.6%)

ICA bifurcation (, %) 122.(25.4%) 46(206%) 76 (29.6%)

MCA, M1 segment (n, %) 246 (51.2%) 116 (52.0%) 130 (50.6%)

MCA, M2 segment (1, %) 75 (15.6%) 44(19.7%) 31(12.1%)

MCA, M3 segment (n, %) 5(1.0%) 2(09%) 3(1.2%)

Procedural and imaging outcomes

Number of aspirations (mean £sd) 1992159 191164 2055154 0368

Number of passes (mean sd) 1715107 1535077 1854124 0003

Final TICI score (median, IQR) 2¢ (2b67; 3) 26 (2b67;3) 2¢ (250 3) <0001

Successful recanalization 360 (85.9%) 178 (95.2%) 182 (78.4%) <0.001

Hemorrhage present 79 (16.7%) 20(9.1%) 59 (23.4%) <0001

SICH 20 (4.4%) 2(0.9%) 18 (7.4%) <0001

Functional outcomes

NIHSS discharge (median points, IQR) 5(212) 215 13(7:18) <0001

relative change of NIHSS (median, IQR) -0.67 (~0.86:0.20) ~0.81(~093:0.67) ~0.20 (~0.50; 0.00) <0001

MRS at discharge (median score, IQR) 4(0;6) 10:5) 5(0;6) <0.001

‘mRS after 90 days (median score, IQR) 4(0;6) 1(0:3) 6(4;6)

Mortality at 90 days (1, %) 140 (29.2%) 00.0%) 140 (54.5%)

LVOS, large-vessel occlusion stroke: MT, mechanical thrombectomy; mRS, modified Rankin Scale; SD, standard deviation; NIHSS, National Insttute of Health Stroke Scale; IQR, interquartile
range: A, atrial fibrilation; ASPECTS, Alberta stroke program early CT score; ICA, internal carotid artery; MCA, medial cerebral artery; TICI, thrombolysis in cerebral infarction; successful
recanalization, TICI> 2b on final angiogram; SICH, symptomatic intracerebral hemorrhage
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Variable Age Hyperten: M imer fibrinogen
rvalue 0.275 0239 0474 0656 0.797
WMH score
pvalue 0.002% 0.009% <0.001% <0.001%% <0.001%%

p2-M, p2-microglobulin. *Between-group differences p< 0.05. **Between-group differences p<0.001.
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Variable Group

Mild group (n =42) Moderate group (n =44)  Severe group (n = 34)

Sex 1612 0.447
Male (,%) 22(524) 19(43.2) 13(38.2)
Female (%) 20(476) 25(56.8) 21(61.8)
Age (X +s, years) 68.29+7.10 70.52+10.059 75.32£9.322 6.009 0.003*

Personal History
Smoking (1,%) 5(119) 12(273) 10(29.4) 4210 0122
Drinking (1.%) 6(143) 13(295) 8(23.5) 2898 0.235

Past medical history

Hypertension (1,%) 23 (54.8) 33(75.0) 28 (824) 7.638 0022
Diabetes (1,%) 16 (38.1) 18 (40.9) 17(50.0) 1162 0.559
Hyperlipidemia (,%) 26(61.9) 28(63.6) 20 (58.8) 0.189 0910

Serum markers

ALP (5 5, UIL) 77.190£25.437 83.40928.299 84.17629.221 0.462
GGT (X 5, U/L) 42000420527 39.22717.608 42265217686 0335 0716
UA (X £5, umol/L) 31373898898 33140997376 31017682010 0.601 0550
2-M (X +5 mg/l) 28500958 3.180+0.960 409021128 14898 Pp<0.001%*
D-dimer (% £5, mg/L) 100440498 145240470 1.889:+0.388 35017 <0001
Fibrinogen ( & +5,g/L) 2530£0515 34740566 4190£0.598 84728 p<0.001*

ALP, alkaline phosphatase (ALP); GGT, y-glutamyltransferase (GGT); UA, uric acid (UA); p2-M, p2-microglobulin. *Between-group differences p<0.05. **Between-group differences
p<0.001.
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Sample size Mean age, Gender (M/F) Occlusion Endovascular

years site therapy
s+C | S Ssicls) | S*C s

Hesse etal. (14) Observation 184 102 75174 103/81 57/45 | Anterior circulation  S/S+A/BGC
study

Prochizkaetal. (15) Observation 64 19 69/69 34130 90/106 | LVO S/Solumbra
study

Colby etal. (16) Observation 106 25 725071 52054 104111 ICA,MCA,ACA  S/S+A/Solumbra
study

Kim etal. (17) Observation a2 9 7131690 21721 22/27 | ICAbifurcation,  S/T+A/BGC
study M1, M2

Di Maria etal. (18) Observation 339 550 NA NA MI-MCA, SIS+ A/BGC
study intracranial ICA

Lapergue etal. (12) RCT 203 202 7361733 997104 86/116  Intracranial ICA,  S/S+A/BGC

M1, M2

Blasco etal. (19) Observation 128 273 735/79 54174 133140 Carotid terminus,  S/S+A/BGC
study MCA-MI

Maier et al. (20) Observation L 406 728/69.2 531/580 200206 Intracranial ICA,  S/S+A
study M

Mohammaden etal. (21) | Observation 148 148 63.8/66.6 82/66 66/82 ICA, MCA-M1, “TrevolSolitaire/
study MCA-M2 Embotrap

Okudaetal. (22) Observation 240 128 81/77 NA ICA, MCA-MI, S/S+A/BGC
study MCA-M2

Perez-Garciaetal. (23) | Observation 67 67 7561742 41126 4027 | MCAM2 SIS+A
study

Abdelrady etal. (24) Observation 35 35 68.7/65.89 25/10 20015 Basilar artery SIS+A
study occlusion

Abecassis etal. (25) Observation 20 180 N NA Anterior [posterior  S/S+A
study circulation

Bala etal. (26) Observation 23 165 7168 105/118 8184 | ICA,MCA-MI, SIStA
study MCA-M2

Huoetal. (13) Observation 164 1,069 69/65 97167 684/385 | ICA,M1,M2 SIStA
study

Xuetal. (27) Observation 12 129 62064 70152 70559 | Observationstudy  S/S+A
study

. stent retrieval; -+ C, stent retrieval + contact aspiration; ICA, internal carotid artery; M1, middle cerebral artery-1; M2, middle cerebral artery-2; , Trevo; NA, not available; BGC, balloon-
guide catheter.
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s+C s
Study or Subaroup _Events Total Events Total

0dds Ratio

Weight M.H, Fixed, 95% CI

Odds Ratio
M.H, Fixed, 95% CI

20.1.1MCA

Colby,etal a7 82 58 150
Okudaet al 62 147 62 205
Subtotal (95% Cl) 229 355
Total events 109 120

Heterogeneity: Chi*= 043, df=1 (P = 0.51), F= 0%
Testfor overall effect Z= 3.50 (P = 0.0005)

20.121CA

Coloy,etal 1M 23 17 62
Okudaet al 2 93 2 %
Subtotal (95% CI) 116 158
Total events 53 39

Heterogeneity: Chi*= 0.05, df= 1 (P = 0.82); F= 0%

Testfor overall eflect Z= 3.64 (P = 0.0003)
Total (95% CI) 345 513
Total events 162 159

Heterogeneity: Chi*=1.78, df = 3 (P = 0.62); F= 0%
Test for overall effect: Z= 4.93 (P < 0.00001)
Test for subaroun differences: ChiF=1.31

I

27.3%
467%
74.0%

75%
185%
26.0%

100.0%

213[1.23,368]
168(1.08,262]
185[1.31,261]

243(0.90,653]
277(1.48,519]
267157, 4.54]

2.06[155,2.75]

.25). F= 23.7%

——
.-
>

01 1 10

100





OPS/images/fneur-15-1331733/fneur-15-1331733-g003.jpg
Exposure MR.method OR(95%Cl) P.value SNPs

D-dimer VW 1010.95-1.06)  § 081 9
Weighted Median 1.01(0.94-1.09) & 076 9
MR-Egger 1.040.89-1.21)  w 065 9

fibrinogen VW 1.91(0.97-3.78) ————t 006 3

3

Weighted Median  1.78(0.75-4.23) ] 0.19
— T T T
9 g 2 S @ B

protective factor risk factor





OPS/images/fneur-15-1365876/fneur-15-1365876-g009.jpg
S+A S Odds Ratio Odds Ratio
Study or Subaroup__Events Total Events Total Weight M.H, Fixed, 95% CI M.H, Fixed, 95% CI
Abdelrady,et al 17 35 11 35 21%  206[0.78,5.46) S
Abecassisetal 21192 14 174 49%  1.40[069,285] o
Blasco.etal 16 128 37 237 86%  0.77[0.41,1.45)

Huo,etal 20 164 186 1069 16.4%  0.66(0.40,1.08]

Lapergue,et al 50 195 50 197 140%  1.01[064,160]

Maieret al 274 1111 75 406 312%  1.44[1.09,1.92)

Mohammadenet al 15 111 19 111 62%  0.76(0.36,1.58]

Okudaet al 34 204 17 128 66%  1.31[0.70,2.45)

Perez-Garcia,et al 12 67 13 67 40%  091[0.38,216]

Prochézka,et al 13 B4 40 196 59%  099[0.49,2.00]

Total (95% Cl) 2271 2620 100.0%  1.11[0.94,131]

Total events 472 462

Heterogeneity: Chi*=12.55, df=9 (P = 0.18), F= 28%

Test for overall eflect Z=1.22 (P= 0.22)

0.01

01

100
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S+A £
Study or Subgroup _Events Total Events Total

Odds Ratio

Weight M-H, Fixed, 95% CI

Odds Ratio

M-H, Fixed, 95% CI

Abdelrady,et al 2 3 2 3
Abecassis,et al 10 234 8 170
Blasco.etal 6 128 9 273
Hesse etal 13141 5 98
Huo,et al 14 164 70 1069
Lapergue,et al 13 195 16 197
Maier et al 82 1111 28 406
Okuda,et al 8 240 7 128
Perez-Garcia,et al 10 67 4 67
Total (95% CI) 2315 2443
Total events 158 149

Heterogeneity: Chi*= 5.95, df = 8 (P = 0.65), F= 0%
Test for overall effect: Z= 0.97 (P = 0.33)

18%
86%
53%
52%
16.4%
143%
36.6%
85%
33%

100.0%

1.00[0.13,7.53)
0.90(0.35,2.34]
1.44(050,4.14]
1.89[0.65,5.48]
1.33[0.73,2.42)
081(038,1.73]
1.08(069,1.68]
060[0.21,1.68]
276(0.62,9.30)

1.14[0.87, 1.48]
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S+A s Odds Ratio 0Odds Ratio
Study or Subgroup __ Events Total Events Total Weight M.H, Fixed, 95% Cl MLH, Fixed, 95% CI
Abdelrady,et al 2 35 735 54%  024[0.05,1.26] r
Hesse,etal 12 182 10 102 97%  065[0.27,1.56) —T
Huo,etal 13164 57 1069 113%  153[0.82,2586] e
Lapergue,et al 12203 11 202 84%  109[0.47,253) o
Maier,etal 93 1111 40 406 433%  090(061,1.32) -
Okudaet al 16 118 21 128 141%  080(0.40,1.62) o
Perez-Garcia,et al 13 67 12 67 78%  110[0.46,263 o o
Total (95% C) 1880 2009 100.0%  0.93(0.72,1.20] *

Total events 167 158

Heterogeneity: Chi*=6.12, df=6 (P =0.41); F= 2% 3 ] i e 200

Test for overall effect Z= 0.58 (P = 0.56)

S+A S
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S+A S Odds Ratio Odds Ratio
Study or Subgroup _ Events Total Events Total Weight M-H.Random.95% CI M-H, Random, 95% CI
Abecassis etal 118 182 102 174 111% 113(074,1.71] % i
Blasco,etal 46 128 113273 108% 0.79(051,1.23 -
Huo,etal 7 164 468 1069 12.4% 0.98[0.70,1.37] iE.
Kim,etal 2% 42 27 43 58% 1.32[057,3.07] ST
Lapergue et al 73 192 80 191 112% 0.85(0.57,1.28] -~
Maier,et al 306 1111 179 406 13.9% 0.48(0.38,0.61] w
Mohammaden,et al §6 103 48 102 91% 1.29(0.74,2.23 T
Okuda,et al 64 204 47 128 103% 0.79(0.48,1.25) b i
Perez-Garcia et al 34 67 40 67 74% 0.70(0.35,1.38] s i
Prochézka,etal 16 64 87 196 80% 0.42(0.22,0.79] —
Total (95% Cl) 2267 2655 100.0% 0.81[0.63, 1.04] L
Total events 809 1191
Heterogeneity: Tau?= 0.11; Chi*= 28.86, df= 9 (P = 0.0007); I*= 69% k + +
Test for overall effect Z=1.66 (P = 0.10) 00} 01 S0A1 s i A0,
S+A S 0dds Ratio 0Odds Ratio
Study or Subgroup _ Events Total Events Total Weight M-H,Fixed, 95% Cl M-H, Fixed, 95% Cl
Abecassis et al 18 192 102 174 125%  1.13[0.74,1.71]
Blasco,etal 46 128 13 273 140% 0.79[051,1.23
Huo,etal 7 164 468 1069 213%  0.98(0.70,1.37]
Kim,etal 2% 42 27 49 29%  1.32(0.57,3.07]
Lapergue,etal 73 192 80 191 150%  0.85[057,1.28)
Mohammaden et al 56 103 48 102 68% 129(0.74,223)
Okuda,et al 64 204 47 128 120%  0.79(0.48,1.26 ==
Perez-Garcia et al 34 67 40 67 59% 0.70[0.35,1.38] -
Prochézka et al 16 64 87 196 97% 042(022,079) —
Total (95% CI) 1156 2249 100.0%  0.89[0.76, 1.04] L}
Total events 503 1012
Heterogeneity: Chi*=10.72, df= 8 (P = 0.22); F= 26% v— ; 0 =100

Testfor overall effect Z=1.46 (P=0.14)
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Variable 95%Cl

Lower limit ~ Upper limit

Age 0.043 0025 3.069 1 0.080 1044 0995 1096
Hypertension ~0975 0518 3535 1 0.060 0377 0137 1042
p2-M 0428 0222 3712 1 0.054 1534 0993 2372
D-dimer 1791 0509 12406 1 <0001 5.998 2213 16252
Fibrinogen 2205 0411 28.781 1 <0001 9.074 4054 20311

p2-M, p2-microglobulin; OR, odds ratio; CI, confidence interval. *Between-group differences p<0.05. **Between-group differences p<0.001.
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S+A s Odds Ratio 0dds Ratio

Study or Subgroup _Events Total Events Total Weight M.H,Random, 95%Cl M.H, Random, 95% CI

Abdelrady,et al 28 35 20 35 86% 3.00(1.03,870

Blasco,etal 71 128 208 273 11.8% 039[0.25,0.61] ===

Lapergue,etal 131 203 17 202 120% 1.32[0.89,1.97] =

Maier,et al 703 1111 131 406 125% 362(2.84,4.60) )

Mohammaden,et al 96 148 88 148 11.7% 1.26(0.79, 2.02) +—

Okuda,etal 150 240 66 128 11.9% 157[1.01,2.42) =

Perez-Garcia,et al 48 67 48 67 103% 1.00(0.47,2.12) 1

Prochézka,et al 56 64 170 196 9.8% 1.07 [0.46, 2.50] -

Xu,etal 101 122 77128 11.2% 3.25(1.81,5.84) —

Total (95% CI) 2118 1584 100.0% 1.49[0.86, 2.56] >

Total events 1384 925

Heterogeneity: Tau®= 0.60; Chi*= 90.85, df = 8 (P < 0.00001); F=91% d

Testfor overall effect Z=1.43 (P= 0.15) - o soA‘s 18 1
S+A S Odds Ratio 0dds Ratio

Study or Subgroup _ Events Total Events Total Weight M-H, Fixed, 95% Cl M-H, Fixed, 95% CI

Abdelrady,etal 28 3 20 35 27%  3.00[1.03,870] =

Lapergue,etal 131 203 117 202 285%  1.32(0.89,1.97] -

Mohammadenet al 96 148 88 148 212%  1.26(0.79,2.02 =

Okuda,et al 150 240 66 128 221%  157[1.01,242] =

Perez-Garcia,etal 48 67 48 67 93% 1.00[047,212] i T

Prochézka et al 56 64 170 196 72%  1.07[0.46,2.50] =

Xuetal 101 122 77 129 88%  3.25(1.81,5.84] =

Total (95% CI) 879 905 100.0%  1.53[1.24,1.88] *

Total events 610 586

Heterogeneity: Chi*= 10.95, df = 6 (P = 0.09), F= 45% 0ot o1 1 0 WDO‘

Test for overall effect: Z= 4.03 (P < 0.0001)

S+A S
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S+A S 0dds Ratio Odds Ratio
Study or Subgroup _ Events Total Events Total Weight M-H.Random, 95% CI M-H, Random, 95% CI
Blascoetal 70 128 164 273 131% 0.80(0.52,1.23] i
Colby,etal 68 106 7 215 127% 2.25(1.40,3.61] T
Huo,etal 81 164 536 1069 13.7% 0.97[0.70,1.35) o
Kim.etal 23 42 20 43 96% 3.23[1.36,7.70) |
Lapergue,et al 109 203 90 202 133% 1.44(0.98,2.13] e
Maieret al 402 1111 55 406 13.9% 3.62(2.66, 4.93) =
Mohammaden,et al 94 148 93 148 127% 1.03[0.64,1.65] 1=
Perez-Garcia et al 39 67 42 67 11.0% 083(0.41,1.66] =
Total (95% Cl) 1969 2429 100.0% 1.48[0.94,2.32] g
Total events 883 1077
Heterogeneity: Tau?= 0.36; Chi*= 57,51, df= 7 (P < 0.00001); F = 88% [ + + d
Testfor overall effect: Z=1.71 (P = 0.09) oo ol S‘Aws i 100
S+A S 0dds Ratio Odds Ratio

Study or Subgroup _ Events Total Events Total Weight M-H,Fixed,95% CI M-H, Fixed, 95% CI
Blascoetal 70 128 164 273 223% 0.80[052,1.293)
Huo,etal 81 164 536 1089 339%  0.97(0.70,1.35]
Lapergue,etal 108 203 90 202 196% 1.44[0.98,213)
Mohammaden,et al 9 148 93 148 159%  1.03[0.64,1.65
Perez-Garcia et al 39 67 42 67 82% 083(0.41,1.66)
Total (95% CI) 70 1750 100.0%  1.02[0.85, 1.24]
Total events 393 925

= =4(P= F= k + T + J
Heterogeneity: Chi*= 4.69, df= 4 (P=0.32); P=15% ) ] T 0 0

Test for overall effect: 2= 0.24 (P = 0.81)
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S+A s Odds Ratio Odds Ratio

Study or Subaroup __Events Total Events Total Weight M.H, Random, 95% CI M.H, Random, 95% CI

Bala,etal 67 223 63 165 127% 0.70(0.45,1.06] =1

Blasco,etal 60 128 142 273 128% 0.81(0.53,1.24) E=

Di Maria gt al 12 338 93 550 141% 24201.76,333) e

Lapergueetal 83 203 68 202 13.0% 136(0.91,204) =

Maier,et al 131 1111 42 406 135% 1.16[0.80,1.67) o

Mohammaden,et al 78 148 77 148 123% 1.03[0.65,1.62) e

Okuda,et al 104 240 36 128 122% 1.951.23,3.40) o

Perez-Garcia,etal 27 67 18 67 94% 0.94(0.47,187) S P

Total (95% CI) 2459 1939 100.0% 1.21[0.87, 1.68] »

Total events 662 549

Heterogeneity: Tau*= 0.17; Chi*= 33.15, df= 7 (P < 0.0001); F= 79%

Testfor overall effect Z=115 (P = 0.25) I 0
S+A ] 0dds Ratio 0dds Ratio

Study or Subgroup _ Events Total Events Total Weight M-H. Fixed. 95% Cl M-H, Fixed, 95% CI

Bala,etal 67 223 B3 165 206%  0.70([0.45,1.06] =i

Blasco,etal B0 128 142 273 195% 081[0.53,124 ko1

Lapergue etal 83 203 68 202 163%  136[0.81,204 ™

Maieretal 131 42 406 220%  1.16(0.80,167) i 7%

Mohammaden et al 78 148 77 148 148%  1.03[0.85,162) T

Perez-Garcia,etal 27 67 28 67 68% 094047187 ez ol

Total (95% CI) 1880 1261 100.0%  1.00[0.83,1.19] ¢

Total events 446 420

Heterogeneity. ChF = 6.64, df= 5 (P = 0.25) F= 25% — ; rm—r

Testfor overall effect: Z= 0.05 (P = 0.96)
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Postoperative complications P-value OR (95% CI)

Present (n =23)  Absent (n =29) Univariate Multivariate
Age, years' 4730£1146 519741013 0126
Sex” 1.000
Male 12(52.2) 14(48.3)
Female 11(47.8) 15(51.7)
mRS at admission 0524
0-2 16(69.6) 23(793)
3-5 7(30.4) 6(207)
Personal history”
Diabetes 283) 4(12.9) 0.682
Hypertension 9(37.5) 15(48.4) 0412
Smoking 8(348) 12(41.4) 0776
Drinking alcohol 5(21.7) 9(31.0) 0539
Onset type" 0479
TIA 13(56.5) 11(37.9)
Infarction 9(39.1) 15(51.7)
Hemorrhagic 1(4.3) 3(103)
Suzuki stage™ 0898
1 0(0.00) 0(0.00)
1 3(13.0) 4(13.8)
r 11(47.8) 13(44.8)
v 7(30.4) 9(31.0)
v 287) 3(10.3)
Vi 0(0.00) 0(0.00)
Vascular stenosis” 0.008* 0.015% 23.149(1.853-289.217)
<50% 11(47.8) 4(13.8)
>50% 12(52.2) 25(86.2)
Operative side 0.043% 0.018* 0,059 (0.006-0.617)
Stenotic 4017.4) 13(44.8)
Occlusion 19(82.6) 16(55.2)

‘Mean £ D, "Percentage (%). “In this and succ

e tables, Suzuki stage refers to the Suzuki stage of the surgically treated side. *P <0.05.
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All patients MMD uMMD

(n=1481) (n=1429) (n=52)

Age, years* 51(42,57) 50(4257) | 4990£1088 0578
Sext
Male 736(49.7) 710(49.7) 26(50.0) 0.964
Female 745(503) 719(03) 26(50.0)
mRS at
admission
0-2 985(66.5) 946(6.2) 39(75.0) 0.191
35 496(33.5) 483(33.8) 13(25.0)

Personal history"

Diabetes 311210) 305(21.3) 6(11.5) 0.088
Hypertension 548(37.0) 524(36.7) 24(46.2) 0.164
Smoking 636(429) 616(43.1) 20(38.5) 0.506
Drinking
eonol 459(31.0) 445(31.1) 14(269) 0518
Onset type® 0.205
TIA 578(39.0) 554(38.8) 24(46.2)
Infarction 637(43.0) 613(42.9) 24(46.2)
Hemorrh: 266(18.0) 262(18.3) 407.6)
Suzuki stage™ 0429
1 0(0.0) 0(0.0) 0(0.0)
1 281(19.0) 274(19.2) 703.5)
m 589(39.8) 565(39.5) 24(46.2)
w 392(265) 376(26.3) 16(30.8)
v 219(14.8) 214(15.0) 5(9.6)
Vi 0(0.0) 0(0.0) 0(0.0)
Operative side” 0778
Left 712(48.1) 688(48.1) 24(46.2)
Right 769(51.9) 741(519) 28(53.8)
Postoperative
complications bl
RIND 89(6.0) 87(6.1) 23.8)
Infarction 3524) 170.2) 18(34.6)
Hemorrhagic 17(1.1) 15(1.0) 23.8)
Epileptic 25(1.7) 24(1.7) 10.9)
mRS at
0035
postoperative
Improve 410(27.7) 400(28.0) 10(19.2)
Unchanged 1,010(68.2) 974(68.2) 36(69.2)
Deteriorate 61(4.1) 55(3.8) 6(11.5)

“Median (Interquartile Range). *Percentage (%). In this and successive tables, Suzuki stage
refers to the Suzuki stage of the surgically treated side. *P <0.05.
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No. of patients 1481
Age, (years)' 51(42,57)
Sex”
Male 736(49.7)
Female 745(50.3)
Premorbid history”
Hypertension 548(37.0)
Diabetes 311(20.2)
Smoker 636(42.9)
Drinker 459(31.0)
Onset type"
TIA 578(39.0)
Hemorrhagic 266(18.0)
Infarction 637(43.0)

mRS at admission®

0-2 985(66.5)

35 496(33.5)
Surgical side”

Right 769(51.9)

Left 712(48.1)

Suzuki stage™

1 0(0.0)
1 281(19.0)
m 589(39.8)
v 392(26.5)
v 219(14.8)
Vi 0(0.0)

‘Median (Interquartile Range). Percentage (%).In this and successive tables, Suzuki stage:
refers to the Suzuki stage of the surgically treated side.
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k factor OR 95% Cl p-value

Stroke family history 2712 1563-4.705 0000
Diabetes melitus (1, 1577 1,059-2.350 0025
%)

Coronary artery 1588 0.988-2555 0056
disease (n, %)

Smoking history (1, 0817 0585-1.143 0238
%)

Dyslipidemia (, %) 1401 0959-2.048 0081
Lack of exercise (1, %) 1808 1339-2.442 0,000
HABP2 157923349 GG 1307 0.968-1.764 0.081
NOS2A rs8081248 AA 2575 1.488-4.457 0.001
HABP2 15932650 CC 1110 2605-47.379 0001
High-risk interactive 3578 2618-4.890 0,000

genotype
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rs792334 GG T GT GT GG GG T GT
15932650 T T cc cr cc cr cr ™
OR 1* 353 2128 241 5000 400 264 080
95%Cl - 1.78-6.99 2.76-166.67 155-3.75 6.85-333.33 258-621 0.84-833 055-1.16
P-value - 0.000 0.000 0.000 0.000 0.000 0.086 0237

“Using wild-type genotype as a reference OR. OR, odds ratio; CI, confidence interval.
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Best model* Training balanced Testing balanced Cross-validation Sign test (p-value)

accuracy accuracy consistency

1 06492 06492 10110 10(0.0010)
12 0.6678 06677 1010 10(0.0010)
12,3 0.6854 0.6725 910 10(0.0010)
12,34 07034 0.6415 5/10 10(0.0010)
1,2,3,56 07370 0.6078 410 10(0.0010)
1,3,5,6,7.8 0.7868 0.5741 5/10 9(0.0107)
1345678 08491 05820 9110 10(0.0010)
1,2,3,4,5,6,7,8 0.9021 05400 5/10 9(0.0107)
1,2,3,4,5.6,7,8,9 09434 0.5615 810 6(0.3770)
1,2,3,4,5,6,7,8,9,10 09671 05400 6/10 7(0.1719)
1,2,3,4,5,6,7,8,9,10,11 0.9821 0.6216 1010 8(0.0547)
1,2,3,4,5,6,7,8,9,10,11,12 0.9877 0.6150 5/10 8(0.0547)
1,2,3,4,5,6,7,8,9,10,11,12,
N 09917 0.6681 5/10 9(0.0107)
1,2,3,4,5,6,7,8,9,10,11,12,

09938 0.7636 1010 9(0.0107)
13,14
1,2,3,4,5,6,7,8,9,10,11,12,

09938 07356 1010 9(0.0107)
13,1415
1,2,3,4,5,6,7,8,9,10,11,12,

09938 0.6689 1010 9(0.0107)
13,14,15,16
1,2,3,4,5,6,7,8,9,10,11,12,

09938 0.6689 1010 9(0.0107)
13,14,15,16,17
1,2,3,4,5,6,7,8,9,10,11,12,

09938 0.6667 1010 9(0.0107)
13,14,15,16,17, 18
1,2,3,4,5,6,7,8,9,10,11,12,

09938 0.6667 1010 9(0.0107)

13,14,15,16,17,18,19

GMDR, generalized multifactor dimensionality reduction. *Numbers 1-19 represent rs932650, rs7923349, rs8081248, rs1609682, rs1234313, 1s4845625, 151927911, rs4865756, 151991013,
(52297518, 152392221, 15752998, rs1386821, rs1 1811788, rs1800587, rs3093662, rs3783615, rs4253655, and rs4253778, respectively.
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Stroke patit p-value

IFSF4 (rs11811788) 0.100
cc 356 (83.00) 362 (84.40)
G 68 (15.90) 67 (15.60)
GG 5(1.20) 0(0.00)

TNFSF4 (151234313) 039
AA 188 (43.80) 187 (43.60)
AG 195 (45.50) 207 (48.30)
GG 46 (10.70) 35(8.20)

TLGR (151386821) 0670
GG 1(0.20) 1(0.20)
Gr 33(7.70) 25(5.80)
™ 395 (92.10) 403(93.90)

LIA (r51609682) 0458
GG 198 (46.20) 200 (46.60)
Gr 190 (44.30) 198 (46.20)
" 41(9.60) 31(7.20)

ILIA (r51800587) 0055
AA 2(0.50) 2(0.50)
AG 63 (14.70) 41(9.60)
GG 364 (84.80) 386 (90.00)

TLR4 (151927911) 0953
AA 68 (15.90) 65(15.20)
AG 210 (49.00) 210 (49.00)
GG 151 (35.20) 154 (35.90)

ITGA2 (151991013) 0270
AA 196 (45.70) 193 (45.00)
AG 197 (45.90) 186 (43.40)
GG 36 (8.40) 50 (11.70)

NOS24 (152297518) 0426
AA 14(3.30) 12(2:80)
AG 115 (26.80) 132 (30.80)
GG 300 (69.90) 285 (66.40)

VCAMI (152392221) 0248
cC 301 (70.20) 321(74.80)
cr 114 (26.60) 99(23.10)
™" 14(3.30) 9(2.10)

TNF (153093662) 0.145
AA 399 (93.00) 409 (95.30)
AG 30(7.00) 20 (4.70)

VCAMI (153783615)
AA 429 (100.00) 429 (100.00)

PPARA (r54253655) 0.624
AG 3(0.70) 1(0.20)
GG 426 (99.30) 428(99.80)

PPARA (154253778) 1.000
<G 1(0.20) 1(0:20)
GG 428 (99.80) 428(99.80)

TLGR (1s4845625) 0295
cc 87(2030) 106 (24.70)
cr 216 (50.30) 202 (47.10)
ke 126 (29.40) 121(28.20)

ITGA2 (154865756) 0454
AA 29(6.80) 35(8.20)
AG 167 (38.90) 151(35.20)
GG 233 (5430) 243 (56.60)

TLR4 (15752998) 0790
GG 303 (70.60) 294 (68.50)
ar 116 (27.00) 125(29.10)
™" 10(2.30) 10(2.30)

HABP2 (r57923349) 0.001
GG 227 (52.90) 198 (46.20)
Gr 164 (38.20) 212(49.40)
™" 38 (8.90) 19(4.40)

NOS2A (158081248) 0.000
AA 52(12.10) 24(5.60)
AG 184 (42.90) 168 (39.20)
GG 193 (45.00) 237(55.20)

HABP2 (15932650 0.000
cc 44/(10.30) 2(050)
cr 183 (42.70) 97 (22.60)

T 202 (47.10) 330 (76.90)
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S+A s Odds Ratio Odds Ratio
Study or Subgroup _ Events Total Events Total Weight M-H. Random, 95% CI M.H, Random, 95% CI
Abdelrady,et al 34 35 27 35 22%  10070119,8557)
Bala,et al 203 223 155 165 7.5% 065(0.30,1.44) =
Blasco,etal 95 128 237 273 94% 044[0.26,0.74] .
Colby,etal 88 106 152 215 9.0% 203[1.13,3.64) ==
Hesse,etal 159 184 86 102 9.0% 347[193,6.23) =T
Huo,et al 150 164 975 1069  9.0% 1.03[0.57,1.86] S
Kim,et al 39 42 43 49 40% 1.81(0.42,7.75) —
Lapergue,etal 183 203 173 202 8.9% 153(0.84,2.81) =
Maier,et al 961 1111 311 406 111% 1.96 [1.47,2.61] -
Mohammaden,et al 121 148 100 148 9.2% 1.60(0.92,2.79) =y
Okuda,etal 214 240 105 128 8.8% 1.80(0.98,3.31) ==
Perez-Garcia,et al 64 67 63 67 37% 1.35(0.29,6.30) —
Xugetal 110 122 9% 129 8.0% 315[1.54,6.44) ===
Total (95% CI) 2773 2988 100.0% 158[1.11,2.25] &
Total events 2421 2512
Heterogeneity: Tau® = 0.26; Chi* = 45.94, df = 12 (P < 0.00001); F'= 74%
Testfor overall effect Z= 2.51 (P = 0.01) BB s o i
S+A s Odds Ratio Odds Ratio
Study or Subaroup __Events Total Events Total Weight M-H,Fixed, 95% CI M.H, Fixed, 95% CI
Abdelrady,et al 3¢ 35 27 35  04% 10.07[1.19,8557)
Bala,etal 203 223 155 185 82%  0.65[0.30,1.44] =T
Colby,etal 88 106 152 215 87%  203[113,364] =
Hesse,etal 159 184 66 102 59%  3.47[1.93,623 =
Huo,etal 150 164 975 1089 11.3%  1.03[0.57,1.86] R
Kim,etal 39 42 43 49 14%  1.81(0.42,7.75] =
Lapergue etal 183 203 173 202 87%  153[0.84,281) T
Maieretal 961 1111 311 406 31.4%  196[1.47,261) -
Mohammadenet al 121 148 108 148 102%  160[0.92,279] .
Okuda,etal 214 240 105 128 7.6%  180[0.98,331] [
Perez-Garcia,et al 64 67 63 67 14% 1.35(029,6.30] =
Xu,etal 10 122 96 129 47%  315[1.54,6.44) =7
Total (95% Cl) 2645 2715 100.0%  1.83[1.55,2.17] ¢
Total events 2326 2275
Heterogeneity: Chi*= 20.45, df= 11 (P = 0.04); b5 o 1 3 o0

Test for overall effect: Z= 6.98 (P < 0.00001)

S+A S
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250 patients with acute ischemic stroke were
enrolled and underwent MR examination

7 patients were excluded:
* 3 patients with surgical history

+ 4 patients with other intracranial

space occupation

243 patients with infarction

92 patients were excluded:

* Small lesions (short diameter < 10mm)

151 patients with large lesions

62 patients were excluded:
- Bilateral lesions

89 patients were finally included
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Characteristic

No ICH (N =266) 146 (35.6%)

ICH (N=129) 46 (54.8%)

‘Symptomatic (N = 18)

N=2(4.3%)
ICH
HI Total (N =70) N=27 (38.5%)
PH Total (N =35) N=11(14%)
Extraparenchymal N=8(33.3%)
(N=24)

mRS 0-2

OR 95%
@

1

0.46 (029~
0.70)
0.19 (003
0.71)

132 (0.64-
2.76)
0.77 (033
1.74)
0.88 (033
2.20)

p-value

NA

<0.001

0032

05

05

08

Cl, confidence interval; ICH, intracerebral hemorrhage; H, hemorrhagic infarctions; PH,

parenchymal hematoma.
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Al p value
(n=97)
Age (year), median (IQR) 71(60-79) 62(55-71) 73 (66-81) 0.002
Male gender, n (%) 58(60) 23(74) 35(53) 004
Hypertension, 1 (%) 62(61) 2(71) 40 (61) 032
Diabetes melltus, 7 (%) 24(25) 826 1624) 087
Dyslipidemia, n (%) 17(18) 8(26) 9(14) 014
Smoking, n (%) 30031 17(59) 13319) 0.001
Coronary artery disease, 1 (%) 10(10) 1) 9(14) 0.16
Atrial ibrillation, n (%) 42(43) 3(10) 39(59) <0.001
NIHSS, median (IQR) 15 (11-18) 12(8-18) 15 (13-18) 0.04
Occlusion site, 7 (%) 051
MI segment. 81(84) 27(87) 54(82)
M2 segment 16 (17) 4(13) 12(18)
Good collaterals, 1 (%) 27(28) 14(45) 1320 0.04
Ipsilateral ICA stenosis > 50% 15(16) 8(26) 701) 0.07
Hypoperfusion volume (ml), median 105 (62-147) 105 (56-150) 106 (63-145) 094
(IQR)
Core volume (ml), median (IQR) 14(7-32) 5(-13) 23 (11-44) <0.001
Core volume growth rate (ml/h), 38(11,110) 09(0.1,2.1) 60(28,195) <0.001
median (IQR)
Core located deep in the brain, (%) 54(59) 24(89) 30(47) <0.001

Penumbra volume (ml), median (IQR) 79 (41-115) 101 (49-127) 69 (40-105) 0.05
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Variable Overall, N = 457" Alteplase and OR (95% ClI) Value of p?
EVT, N =262"

Any hemorrhage 156 (34%) 85 (32%) 71(36%) 119 (081, 1.76) 04

Symptomatic hemorrhage 21 (4.6%) 14(5.3%) 7(3.6%) 152(0.62,4.07) 04

Hemorrhage class and type

Ia HI-L 37 (8.1%) 23 (8.8%) 14(7.2%) 115 (058, 2.37) 07

1b HI2 45 (9.8%) 30/(11%) 15.(7.7%) 140 (073, 2.78) 03

Ie PH-1 22(48%) 6(2.3%) 16 (8.2%) 0.26 (0.09, 0.66) 0007
Class 1, HI total 82 (18%) 53 (20%) 29(15%) 145 (0.89, 2.41) 014

2 PH-2 25(55%) 14(5.3%) 11(5.6%) 0.89 (0,39, 2.07) 08
Class 2, PH total 47 (10%) 20(7.6%) 27 (14%) 0.51(0.28,094) 0033
Extra-parenchymal (Classes 3a, 3b, 27 (5.9%) 12(4.6%) 15(7.7%) 0.56(0.25,1.24) 02
3¢,and 3d)

No hemorrhage 301 (66%) 177 (68%) 124 (64%) 1

‘Median (IQR) or Frequency (%). *Pearson's Chi-squared test. ICH, intracerebral hemorrhage; HI, hemorrhagic infarctions; PH, parenchymal hematoma.
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Dual antiplatelet ~ Single antiplatelet ~ HR (95%Cl) A1

(N=157) (N=157)

Composite of recurrent ischemic stroke, transient

ischemic attack and death (%)
At6months 6(38) 6(38) 1.02(0.94-1.11) 0343
At lyear 10(6.3) 12(7.6) 0.74(0.61-0.90) 0024

Recurrent ischemic stroke or transient ischemic

Attack (%)
At6months 4(25) 3(19) 1.28 (0.99-147) 0.149
At lyear 6(3.8) 7045 0.88(0.71-1.05) 0263

Vascular-related death (%)

At 6months 2(13) 3(19) 0.76 (0.51-1.03) 0.094
At 1 year 4(25) 5(32) 0.85 (0.69-1.02) 0.118
Number of new ischemic lesions in recurrent ischemic stroke 325 5(-7) 0.8 (0.77-098) 0032
patients (IQR)

Adverse events (%)

Intracranial hemorrhage 0 0 - -

Extracranial hemorrhage 12(7.6) 9(57) 135 (113-1.48) 0017
Major hemorrhage 0 0 - -

Minor hemorrhage 12(76) 9(57) 135 (1.13-1.48) 0017
Dyspepsia 24(15.2) 22(140) 110 (0.97-1.25) 0142
Headache 10(64) 8(5.1) 119 (1.00-1.38) 0.102
Dizziness 8(51) 7(43) 109 (097-1.21) 0225

Palpitation 7(45) 6(3.8) 116 (0.99-1.30) 0128
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Characteristics Overall cohort (N = 516) Propensity score-matched cohort (N = 314)

Dual antiplatelet Single antiplatelet Dual antiplatelet Single antiplatelet
(N=172) (N =344) (N =157) (N =157)

Type of antiplatelet (%)
Cilostazol plus Clopidogrel 97 (56.4) - 87 (55.4) =
Cilostazol plus Aspirin 75 (43.6) - 70 (44.6) -
Clopidogrel alone - 203 (59.0) - 90(57.3)
Aspirin alone - 141 (41.0) - 67 (42.7)
Clopidogrel 300 mg loading 88(90.7) 188 (92.6) 8193.1) 83(92.2)
dose (%)
‘Time to start dual antiplatelet, after 2(1-5) - 201-5) -
onset of TIA/ischemic stroke, days
(IQR)
Duration of dual antiplatelet 6(5-7) - 6(5-7) -

therapy, months (IQR)
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Characteristics

Male gender (%)
Age, years (IQR)
Body mass index,
kg/m2 (IQR)

Transient ischemic attack/

ischemic stroke patients (%)
Baseline NIHSS (IQR)

Baseline ABCD2
score (IQR)

Hypertension (%)/Achieved
target blood pressure (%)

Diabetes melltus (%)/
Achieved target HbAlc (%)

Hypercholesterolemia (%)/
Achieved target LDL-C (%)

Medication

non-adherence (%)
Chronic kidney disease (%)
Coronary artery disease (%)

Smoking (%)/Smoking

cessation (%)

HbALe, mmol/mol (IQR)
LDL-C, mmol/L (IQR)
Degree of stenosis >70% (%)
Fazekas scale (IQR)

Periventricular white matter

Deep white matter

Overall cohort (N = 516)

Dual Single
antiplatelet antiplatelet
(N=172) (N=344)

96 (55.8) 212(61.6)

63 (57-71) 65(56-72)
222(182-255) 231 (17.9-24.4)
34(198)/138(802)  70(203)/ 274 (79.7)
6(3-8) 7(3-9)
16-6) 406-5)

134 (77.9)/ 101 (754) | 271 (78.8)/ 264 (76.7)

106 (61.6)/ 88 (83.0) | 202 (58.7)/ 171 (85.5)

115(66.7)/87(75.7) | 216/(62.8)/ 174 (80.5)

9(52) 16 (4.7)
15(87) 41(11.9)
55(319) 72(209)

106 (61.6)/ 86 (81.1) | 233 (67.7)/ 192 (82.4)

52 (48-59) 52(47-58)
17 (15-2.7) 17 (15-2.8)
41(238) 91(264)
1(0-2) 1(0-2)
1(0-2) 1(0-2)

0525
0458

0414

0211

0326

0437

0534/ 0433

0.457/0.492

0.638/0.319

0.267

0535
0078

0554/ 0.659

0432
0358
0445
0.388

Propensity score-matched cohort (N = 314)

Dual
ntiplatelet
(N=157)

89(56.7)
64(57-70)
22.1(19.8-24.4)

28 (17.8)/ 129 (82.2)

6(3-8)
16-5)

118 (75.1)/ 88 (74.6)

94(59.9)/ 78 (83.7)

101 (64.3)/ 75 (74.3)

6(3.8)

14(89)
53(33.8)

103 (65.7)/ 84 (81.6)

52 (48-59)
17 (16-2.5)
39(24.8)

1(0-2)
1(0-2)

Single
antiplatelet
(N=157)

92(58.6)
65 (57-71)
223(19.9-24.1)

27(17.2)/ 130 (82.8)

6(3-8)
40-5)

121(77.1)/ 89 (73.6)

97 (61.8)/ 79 (82.4)

105 (66.9)/ 76 (72.4)

7(46)

12(7.6)
56(35.7)

105 (66.9)/ 86 (82.0)

52(48-57)
17(1.5-2.6)
42(26.7)

1(0-2)
1(0-2)

p value

0.764
0529

0357

0.482

0544

0546

0.612/0.531

0358/ 0515

0.732/ 0431

0.381

0478
0347

0.718/0.594

0851
0544
0312

0459
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AlS acute ischemic stroke

wo large vessel occlusion

mT ‘mechanical thrombectomy

NIHSS National Institutes of Health Stroke Scale
cr computed tomography

MRI magnetic resonance imaging

SBP systolic blood pressure

DBP diastolic blood pressure

PC-AIS posterior circulation acute ischemic stroke
AC-AIS anterior circulation acute ischemic stroke
mTICT ‘modified thrombolysis in cerebral infarction
BP blood pressure

BG blood glucose

ICAS intracranial atherosclerotic stenosis

D standard deviation

cv coefficient of variation

SICH symptomatic intracranial hemorrhage

mRS modified Rankin scale

ROC receiver operating characteristic

DCA decision curve analysis

cic clinical impact curve

HPT hospital arrival to puncture time

BAO Basilar artery occlusion

ENDOSTROKE endovascular treatment for symptomatic vertebrobasilar occlusion
ENCHANTED enhanced control of hypertension and thrombolyss stroke study

AUC area under the curve





OPS/images/fneur-15-1406882/fneur-15-1406882-t003.jpg
95% C

Lower
Auial fibrillation | 1920 0009 6823 1.606
Peak SBP 0057 0010 1058 1013
Peak DBP. 0148 0010 1160 1036

SBE, systolic blood pressure; DBR, diastolic blood pressure.

Upper

28.993

1.105

1298
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Ischemic stroke/TIA patients between January 2018 and September 2022 at the
Neurological Institute of Thailand, N=4,362

Patients who had asymptomatic carotid artery stenosis,

N=927

Excluded

-moderate or severe intracranial atherosclerosis=64
patients

-no antiplatelet treatment/ASA plus clopidogrel=60
patients

~cardio-embolic stroke =43 patients
-had indication for anticoagulants=25 patients

-received either carotid endarterectomy or stenting
=48 patients

~follow up less than 1 year=120 patients
-missing radiographic data=13 patients

~congestive heart failure/arrhythmia=38 patients

Total number= 516 patients included

in this study

Dual antiplatel

et group, N=172

Single antiplatelet group, N=344

Propensity score-matched analysis

Dual antiplatelet group, N=157

Single antiplatelet group, N=157
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NHISS score 0.097
Peak SBP 0.058
SBP CV. 0.259
HbAlc L144

0.008

0015

0023

0.03

1102

1060

129

3139

95% ClI

Lower
1026
1012
1036

1491

Upper

1184

L1

1621

6.609

SBE, systolic blood pressure; CV, coefficient of variation; HbA1c, glycated hemoglobin.
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FACS (% CD62p-positive
cells; IQR)

Unstimulated

2.7% (0.7-6.9%)

2.1% (1.0-4.2%)

0.692

AA-stimulated

40.1% (12.6-37.2%)

15.8% (20.3-56.3%)

0.020

LTA (%; IQR)

88.5% (11.8-2.0%)

9.0% (7.0-12.0%)

0.015

PEA-200 (5; IQR)

1315 (100-2355)

2485 (157.0-297.0)

0.027

For FACS, the median percentage of CD61-positive cells (platelets), which expressed CD62p without or with stimulation with arachidonic acid (AA) is shown. For LTA, platelets activation is
shown as percentage of aggregation after stimulation with AA. For PFA-200, the time to plug formation was measured in seconds (s). Significant group differences for ASA-intake were observed

with all three methods (Mann-Whitney-U-test).
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Prognosis ICH

Good Prognosis (n = 33) Poor prognosis (n = 48) ICH (n =19) No ICH (n =62)

Baseline characteristics

Sex (Male) 2 35 12 15

Age 628841177 68.96+11.63 62 (52,68) 62(55,70)
Hypertension 2 2 12 37
Diabetes 7 2 4 15
Coronary heart disease 6 10 2 14
Atrial fibrillation 9 15 n 13
Cerebrovascular disease 1 15 6 20
Smoking history 15 2 10 23
Drinking history 8 3 3 18
“Time of onset 10804607 9744579 10(6,15) 93(5.16)
NHISS score 1442£8.00 2741862 2207828 18.529.48
PC-ASPECTS 9(8.10) 9(8.10) 9(7,10) 9(8,10)
Thrombolysis 9 7 3 13
admission SBP 145.24427.50 146,604 24.13 146.16+23.35 146.60+24.13
admission DBP 88 (81.5.98) 88 (7391.5) 88 (81.5.98) 88 (7391.5)
admission BG 6.9(6:8.6) 7.1(629.15) 65(59.8) 7.1(6359.38)

Lesion location

Brainstem 19 27 16 30
Cerebellum 2 2 16 38
Thalamus 6 3 4 15
PCA supply area 15 25 10 30

Occlusion sites

Basilar artery 24 34 14 a
Vertebral artery 9 4 5 18
TOAST classification

Large artery atherosclerosis 17 18 7 28
Cardioembolism 11 23 10 24
Others. 5 7 2 10

Surgical data

OPT 451 (330,762) 540 (416,1018.75) 411 (375,879) 540 (393.75,908.75)
HPT 125(92,163) 161 (119,227) 132 (100,224) 147 (114,211.25)
PRT 88(59,103) 82(58.5,107) 81.58+27.77 86.58+29.84
Number of MT 1) 101.2) 202 10,
mTICT

02 4 5 2 7

2b-3 29 43 18 54
Endovascular therapy 12 17 10 19

SICH 5 14 = =

Postoperative data

peak SBP 148.94£16.00 164.20£16.69 17213£19.16 153.65+15.29
peak DBP 95.1048.45 95.274654 99.9545.85 93.7547.15
SBP mean 138 (128,146) 143 (132.5,148) 142 (131,156) 142 (130,146.25)
DBP mean 80/(77.5,85.5) 84(78,85.5) 84(77.5,86) 81.67 (77.83,85.34)
MAP 100(95,104.33) 102 (98,105.75) 104.45 (96,107) 10089 (97.41,104.39)
SBP SD 7.69 (4.90,10.18) 1144 (7.54,16.4) 113 (7.69,16.6) 8.62(7.02,12.79)
DBP SD 6.67 (4.37,9.09) 983 (6.18,12.99) 9.35 (4.47,14.7) 7.63 (5.67,11.05)
SBPCV 7594330 9.67£3.42 9.07:43.08 8754365
DBP CV 8.40+3.88 11742451 1085+5.72 1024417
BG mean 7.56(6.99,8.22) 7.81(6.889.28) 7.85(7.17,8.27) 7.69(6.89,8.91)
BGSD 0.83(0.59,1.09) 0.82(0.63,1.17) 087 (0.71,1.12) 0.78(0.61,1.16)
BGCV. 11(85.14) 1050 (7.25,14) 119,15 11(8,14)
HbAlc 547 (5.096.18) 6.5 (5.67,8.18) 6.54(5.2,7.32) 5.90(5.26,7.31)

SHR 067 (029,1.1) 0.72(0.21,0.97) 0.8(0.37,1.02) 0.6 (0.21,1.05)

SBE, systolic blood pressure; DB, diastolic blood pressure; OPT, onset to puncture time; HP', hospital arrival to puncture time; PR, aterial puncture to reperfusion time; miTICI, modified
thrombolysis in cerebral infarction; sICH, symptomatic intracranial hemorrhage; CV; coefficient of variations S, standard deviation; BG, blood glucoses SHR, stress hyperglycemia ratio;
HbALC, glycated hemoglobin.
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All Ischemic strokes strokes = Healthy c
N 20 11 7 2
Age (years; mean == SD) 6344156 718102 5844126 345407
Sex (female:male) 6:14 3:8 34 0:2
Median time from symptom onset (hours; IQR) 5.5 (1.7-12.0) 8.3 (1.7-12.0) 4.6 (2.3-10.3) na
NIHSS at admission (median; IQR) 5.0 (1.0-19.0) 4.0 (1.0-8.0) 12.0 (5.0-17.0) na
ASA pretreatment (11; %) 12 (60%) 7(63.6%) 4(57.1%) 1(50%)
Clopidogrel pretreatment (11; %) 1(5%) 1(9.0%) 0(0%) 0(0%)
Arterial hypertension (n; %) 15 (75%) 10 (90.9%) 5 (71.4%) 0(0%)
Diabetes (1; %) 5 (25%) 4(36.3%) 1(14.3%) 0(0%)
Coronary heart disease (1; %) 5(25%) 2(18.2%) 3 (42.9%) 0(0%)
mRS at discharge (median; IQR) 2(1.0-4.0) 1(05-2.5) 5 (3.0-5.0) na

SD, standard deviation; NIHSS, National Institutes of Health Stroke Scale; ASA, acetylsalicylic acid; mRS, modified Rankin Scale; na, not applicable.
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A Nomogram for poor prognosis in patients with PC-AIS.
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Patients with PC-AIS
who underwent MT treatment (n=126)

| Wake-up stroke or time of onset
was unclear (n=20)
v

Available for analysis (n=106)

Death or discharge within 24 hours

oo
ater surgery (n=13)

v

Available for analysis (n=93)
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N No. of eve OR 95% Cl p-value
A Temperature 231 122 128 (1.02,1.60) 0029
Postinterventional body temperature 21 122 097 (0.73,1.29) 0834
Age 231 122 103 (100, 1.06) 0022
Baseline NIHSS. 231 122 104 (0.99,1.10) 0119
Diabetes mellitus 68 41 147 (0.74,291) 0271
Arterial hypertension n7 104 260 (117,5.76) 0018
History of AF 100 58 103 (054,1.95) 0926
Dyslipoproteinemia 1o 5 0.63 (0.33,1.20) 0155
General anesthesia 172 97 145 (0.72,294) 0297
Onset/last seen well-to-first TICI22b 231 122 107 (100, 1.15) 0,056
ASPECTS at bascline 231 12 073 (059,091) 0.006
Successful recanalization 20 3 022 (0.04,1.20) 0079
SICH 4 4 772 (039, 154) 0179

mRS, modified Rankin Scale; OR, odds ratios CI, confidence intervl; A Temperature, temperature 121 afer adission to intensive care unit minus postinterventional body temperature;
NIHSS, National Institute of Health Stroke Scale; AF, atrial fibrillation; TICI, thrombolysis in cerebral infarction; ASPECTS, Alberta stroke program early CT score; successful recanalization,
TICI>2b on final angiogram; sICH, symptomatic intracerebral hemorrhage.
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Subgroup

Gender
male
female
Age
<65
265
Hypertension
yes
no
Diabetes mellitus
yes
no
Hypercholesterolemia
yes
no
Chronic kidney disease
yes
no
Coronary artery disease
yes
no
Smoking
yes
no
Degree of stenosis >70%
yes
no

Events

Dual  Single
6/89 8/92
/68 4/65
5/71 6/73
5/86 6/84
8118 10/121
2139 2736
6/94 8/97
4/63 4/60
7101 8105
3/56 4/52
2/14 212
8143 10/145
5/53 /56
5/104 5/101
8103 10/105
2/54 2/52
3139 5/42
718 7115

Dual antiplatelet

05

15

Hazard ratio

0.81(0.63-1.02)

0.95(0.81-1.09)

0.85(0.69-1.03)
0.82(0.67-1.01)

0.82(0.65-1.02)
0.92(0.74-1.08)

0.78(0.55-1.02)
0.94(0.69-1.09)

0.91(0.78-1.07)
0.77(0.5-1.03)

0.86(0.71-1.03)
0.83(0.68-1.01)

0.71(0.56-0.87)
1.04(0.93-1.16)

0.82(0.64-1.03)
0.97(0.82-1.12)

0.64(0.53-0.77)
0.97(0.79-1.14)

Single antiplatelet

pvalue

0376
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0571
0429
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0544

0659
0732

0238
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0474
0339

0.023
0518
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0.011
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Patients Patients with Univariate analysis Multivariate analysis

without END  END (n = 34)

(n=236) p-value  OR(95%Cl)  p-value OR (95%Cl)
Age, years, median (IQR) 67.5 (61-76) 69 (60-78.8) 0759 1.005 (0.973-1.039)
Female, n (%) 151(76.5) 26 (64.0) 0.152 1.829 (0.793-4.220)
Hypertension, n (%) 118 (50.0) 20(58.8) 0336 1.429 (0.698-2.962)
Diabetes mellitus, (%) 60 (25.4) 15 (44.1) 0.023 2.316 (1.107-4.482) 0.293 1.140 (0.893-1.457)
Hyperli mia, 1 (%) 37(27.2) 4(11.8) 0.060 0.357 (0.118-1.082) 0928 1.056 (0.326-3.417)
Previous stroke or TIA, n (%) 24(17.6) 6(17.6) 1.000 1.000 (0.373-2.680)
Smoking, 7 (%) 67(46.3) 9(26.5) 0.017 0.371(0.161-0.853) 0988 0.993 (0.405-2.438)
Drinking, n (%) 130 (55.1) 12(353) 0.031 0.445 (0.210-0.940) 0.087 2,042 (0.902-4.622)
Initial RBG, mmol/L, median (IQR) 5.29 (4.74-2.11) 5.25 (4.47-9.03) 0.004 1.235 (1.070-1.425) 0.293 1.140 (0.893-1.457)
TG, mmol/L, median (IQR) 1.4 (1.01-1.70) 1.35(1.07-1.56) 0.747 0.925 (0.576-1.484)
TC, mmol/L, median (IQR) 4.63 (3.8-5.59) 5.0(3.97-5.88) 0.261 1.169 (0.890-1.536)
LDL-C, mmol/L, median (IQR) 2.80 (2.10-3.50) 2.88(2.28-3.50) 0.685 1.079 (0.747-1.559)
APTT, s, median (IQR) 25.80(23.10-28.20) | 25.55(22.25-26.98) 0177 0.937 (0.852-1.030)
Initial SBP, mmHg, median (IQR) 139 (129-153.6) 1355 (125.3-146) 0.118 0.984 (0.964-1.004)
Initial DBP, mmHg, median (IQR) 78 (68-87.8) 77 (66.8-82.3) 0.182 0.981 (0.954-1.009)

“Time from onset to admis
(IQR)
Initial NIHSS, median (IQR) 3(2-5) 3(1-4) 0321 0.886 (0.696-1.126)

n, min, median  405.5 (300-546) 415 (321-540) 0920 1.000 (0.998-1.002)

Achieved target APTT, 1 (%) 201 (85.2) 24(70.6) 0.033 0.418 (0.184-0.949) 0.064 0278 (0.071-1.080)

DAPT, dual antiplatelet therapy; PSM, propensity score matching; TIA, transient ischemic attack; RBG, random blood glucose; TG, triglyceride; TC, total cholesterol; LDL-C, low-density
lipoprotein cholesterol; APT'T, activated partial thrombin time; SBE, systolic blood pressure; DB, diastolic blood pressure; NIHSS, National Insttutes of Health Stroke Scale; END, early
neurological deterioration; mRS, modified Rankin Scale.
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DAPT gro Argatroban subgroup
(n=207) (n=207)

OR (95% CI)

Primary outcome

END, n (%) 30 (14.5) 14(6.8) 0.011 2.337(1.200-4.550)
Secondary outcome

mRS 0-2 at 7days, n (%) 124(59.9) 146(70.5) 0.023 0.624 (0.415-0.939)
mRS 0-2 at 90days, n (%) 163(78.7) 171(82.6) 0319 0.780 (0.478-1.773)
Safety outcome

Intracranial hemorthage, n (%) 30.4) 4019) 0703 0.746 (0.165-3.377)
Skin mucosal hemorrhage, # (%) 6(29) 5(24) 0760 1.206 (0.362-4.015)
Urinary tract hemorrhage, n (%) 3(1.4) 4019 0.703 0.746 (0.165-3.377)
Gastrointestinal hemorrhage, n (%) 5(24) 8(3.9) 0398 0.616 (0.198-1.914)

END, early neurological deterioration; mRS, modified Rankin Scale.
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Before PSM After PSM

DAPT group Argatroban Statistical ~ p-value DAPT group Argatroban Statistical ~ p-value
(n=363) subgroup value (n=207) subgroup (n =207) value
(n=225)

Age, years, median (IQR) 67 (58-75) 67(60.5-76) -1018 0.309 69 (58-76) 67(61-75) -0.032 0974
Females, 1 (%) 246 (67.8) 145 (64.4) 0.689 0.407 133(64.3) 136 (65.7) 0,09 0757
Hypertension, 1 (%) 212(58.4) 114(507) 3365 0.067 120(58.0) 110(53.1) 0978 0323
Diabetes melitus, n (%) 82(22.6) 54(24.0) 0.155 0.693 56 (27.1) 46(22.2) 1301 0.254
Hyperlipidemia, 1 (%) 51(14.0) 36(16.0) 0419 0517 27(13.0) 30(145) 0.183 0,669
Previous stroke or TIA, 1 (%) 50 (13.8) 2(98) 2064 0.151 23(111) 22(10.6) 0,025 0875
Smoking, n (%) 126(34.7) 63(28.0) 2868 0.09 72(348) 61(29.5) 1340 0247
Drinking, n (%) 190 (52.3) 123 (54.7) 0.302 0.583 99 (47.8) 115 (55.6) 2476 0116
Initial RBG, mmol/L, median (IQR) 570 (5.01-671) 520 (4.63-5.88) -5619 0,000 525 (4.63-597) 525(4.72-593) ~0.466 0641
TG, mmol/L, median (IQR) 125 (1.01-1.83) 140 (1.01-1.70) 0576 0564 1.21(0.99-1.81) 140 (1.07-1.70) -1323 0.186
TC, mmol/L, median (IQR) 480 (4.06-5.70) 470(3.81-552) -1616 0.106 456 (3.71-5.34) 466 (3.80-5.40) -0.755 0450
LDL-C, mmol/L, median (IQR) 2,83 (2.09-3.36) 280 (2.11-5.50) ~0.620 0535 273 (204-329) 278 (2.10-3.50) ~0.847 0397
APTT, s, median (IQR) 25,60 (22.20-27.60) 2570 (23.00-28.05) —2.007 0045 255 (22.30-27.80) 25.70(22.90-28.10) ~0.568 onz
Initial SBR, mmHg, median (IQR) 141 (128-158) 139 (127-154) -1.076 0.282 139 (127-154) 140 (130-154) ~0.632 0527
Initial DBP, mmHg, median (IQR) 78 (69-87) 78 (68-87) ~0.370 0712 79 (70-87) 78 (69-87) ~0.036 0971
“Time from onset to admission, min, median 420 (308-600) 406 (300-556) -1.226 0.220 395 (300-562) 420 (320-578) ~0872 0.383
(IQR)

Initial NIHSS, median (IQR) 302-4) 3(2-5) —1479 0.139 304 2(1-4) -0.195 0,846

DAPT, dual antiplatelet therapy; PSM, propensity score matching; TIA, transient ischemic attack: RBG, random blood glucose; TG, triglyceride; TC, total cholesterol; LDL-C, low-density lipoprotein cholesterol; A
blood pressure; DBP, diastolic blood pressure; NIHSS, National Institutes of Health Stroke Scale; END, early neurological deterioration; mRS, modified Rankin Scale.

 activated partial thrombin time; SBP,systolic
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ASPECTS scale Site of occlusion

ACA MCA M1 ICA
First Second First scan Second First scan Second
scan scanN=4 N =29 (%) scan N =17 (%) scanN =15
N =4 (%) (%) N =26 (%) (%)
H-ASPECTS AC-ASPECTS Al 105) 2(50) 0 0 20118) 20133)
A2 0 3(75) 0 0 2(11.8) 2(133)
A3 1(25) 2(50) 0 0 1(59) 3(20)
ACh-ASPECTS ~ ACh 0 0 0 0 1(59) 0
MCASPECTS  C 0 0 8(27.5) 15(57.7) 10(58.8) 11(733)
ic 0 0 3(103) 4(15.4) 6(35.3) 6(40)
L 0 0 8(75) 17(654) 12(706) 11(733)
Ins 0 0 12(413) 16(61.5) 10(58.8) 10(66.7)
M1 0 0 2(69) 4(15.4) 5(29.4) 8(53.3)
M2 0 0 5(172) 11(423) 40235 8(533)
M3 0 0 2(69) 2(7.7) 1(59) 3(20)
M4 0 0 2(69) 4(15.4) 4(235) 7(46.7)
Ms 0 0 5(172) 12(462) 6(353) 9(60)
M6 0 0 0 4(15.4) 1(59) 3(20)
PC- ASPECTS  Thalamus 0 0 0 0 1(59) 1(67)

Occipital 0 0 0 1(38) 0 0
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DAPT group

(n=363)

Argatroban group
(n=270)

Statistical
value

p-value

Age, years, median (IQR)
Female, n (%)
Hypertension, n (%)
Diabetes melltus, 1 (%)

Hyperlipidemia, 1 (%)

Previous stroke or TIA, 1 (%)
Smoking, n (%)

Drinking, n (%)

Initial RBG, mmol/L, median (IQR)
TG, mmol/L, median (IQR)

TC, mmol/L, median (IQR)
LDL-C, mmol/L, median (IQR)
Initial APTT,s, median (IQR)
Initial SBR, mmHg, median (IQR)
Initial DBP, mmHg, median (IQR)
“Time from onset to admission, min, median (IQR)
Initial NTHSS, median (IQR)

END, n (%)

MRS 0-2 at 7days, 1 (%)

mRS 0-2at 90days, n (%)
Intracranial hemorrhage, 1 (%)
Skin mucosal hemorrhage, 1 (%)
Urinary tract hemorrhage, n (%)

Gastrointestinal hemorrhage, n (%)

67 (58-75)
246 (67.8)
212(58.4)
82(22.6)
51(14.0)
50(13.8)
126 (34.7)
190 (52.3)
57 (501-671)
125 (1.01-1.83)
480 (4.06-5.70)
283 (2.09-336)
2560 (22.20-27.60)
141 (128-158)
78 (69-87)
420 (308-600)
30-4)
53 (14.6)
221(60.9)
288(79.3)
4(L1)
8(22)
4(11)
12(33)

68 (61-76)
177(65.6)
138 (51.1)
5(27.8)
41(15.2)
30 (111
76 (28.1)
142 (52.6)
544 (4.77-657)
140 (1.02-1.70)
4,68 (3.80-5.60)
281 (2.11-3.50)
25.90 (23.10-27.93)
139 (1285-153.0)
78 (68-87)
406 (300-540)
3(2-5)
34126)
180 (66.7)
219(81.1)
4015)
6(22)
4(15)
10(37)

-1553

0342

3330

2235

0.161

0994

3.069

0.004

~1.606

-1.779

~0.505

~1.903

-1320

~0.439

~1.603

~1.603

0527

2232

0305

0179

0.000

0179

0073

0120

0559

0.068

0135

0.688

0319

0.080

0.950

0.108

0572

0075

0614

0057

0187

0.661

0.109

0.109

0.468

0135

0.581

0672

0.988

0672

0.787

DAPT, dual antiplatelet therapy; TIA, transient ischemic attack; RBG, random blood glucose; TG, triglyceride; TC, total cholesterol; LDL-C, low-density lipoprotein cholesterol; APT',
activated partial thrombin times SBP, systolic blood pressure; DBP, diastolic blood pressure; NIHSS, National Institutes of Health Stroke Scales END, early neurological deterioration; mRS,

modified Rankin Scale.
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Raters  Measure of AL A2 A3 Total AC- Total Total MC-  Total PC-
concurrence  region region region ASPECTS ACh- ASPECTS = ASPECTS

score ASPECTS score score
score

Initial imaging

Agreement rate 9 9% 9% 9 100 7 100 67

Kappa 054 0.48 0.48 074 1 065 1 073
Attending | Agreement rate 8 88 9% 80 100 58 9 55
vs.resident | gapny 025 020 0.48 041 1 049 0.00 061
Fellowvs. | Agreement rate %0 92 9 86 100 50 %0 50
resident Kappa 0.5 047 048 0.57 1 0.40 0.00 0.50

Follow-up imaging

Atending | Agreement rate 91 100 9% 87 100 39 9 7
vs.Fellow | uop 055 1 090 062 1 071 038 073
Attending | Agreement rate 98 9 91 8 100 53 91 7
v Kappa 087 076 055 053 1 0.6 030 073
Resident

Fellowvs. | Agreement rate 9 % 9 91 100 3 91 S

Resident Kappa 063 076 063 075 1 0.23 030 049
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Age, y - mean (45D)
Sex, Female - N (%)
NIHSS
Mean (+5D)
Median (IQR)
ED BP - mean (3D)
Systolic
Diastolic
Medical history - N (%)
Hypertension
Diabetes
Dyslipidemia
Atrial fibrillation
Coronary artery disease
Prior ischemic stroke
Prior smoking
Prestroke mRS
Mean (+5D)
Median (IQR)
Time LKW to 1 imaging, median (IQR)
‘Time LKW to 2* imaging, median (IQR)
‘Type of 1t imaging (» =50)
CT, n (%)
MR, 7 (%)
Type of 2nd imaging (n =46)
CT, n (%)
MR, (%)
Site of occlusion - N (%)
Cervical ICA
Intracranial ICA
Carotid T
MI-MCA
ACA
Treatment - N (%)
None
VT alone
EVT alone
IVT+EVT
Hemicraniectomy
€TICI- N (%) (EVT N =36)
0
1
24
28
2c
3
Discharge destination - N (%)
Home
Acute rehabilitation facility
Skilled nursing facility
Long-term acute care
Hospice
In-hospital mortality
Ambulatory status at discharge - N (%)
Ambulatory unassisted

Ambulatory with assistance

In-hospital mortality
mRS at discharge - N (%)

o

1

74.8 (£14.0)

30 (60)

148 (7.5)

155 (9-20)

147.7 (£29.1)

83.6 (£17.8)

33(66)
15 (30)
24(48)
21 (42)
9(18)
12)
0(0)

12(£1.4)
1(0-2)
6(2-15)

32(29-41)

40 (80)

10 (20)

1124)
35(76)
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1(2)
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10(28)
7019)
e

1122
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7(14)
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7(14)
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20 (40)
10 (20)
7(14)
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DELP group ( ol group (n p value

NIHSS, Mean +SD

14th days 407377 5364465 0.043*
90th days 1764196 2574290 0.029%
90th mRS (n, %) 0.019%
0 34(37.78) 22(24.44)

1 26 (28.89) 19 (21.11)

2 18 (20.00) 18 (20.00)

3 9(10.00) 17 (18.89)

4 3(333) 12(13.33)

5 0 2(222)

DELP, Delipid Extracorporeal Lipoprotein Filter from Plasma system; NIHSS, National Institute of Health Stroke Scale; mRS, modified Rankin Scale; #p <0.05.
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VETELES Weekdays Weekdays Weekend Weekend

daytime (n nighttime daytime (n nighttime

= 7)) (n=44) =17) (n=13)
Male, 1 (%) 31(83.8%) 35 (79.5%) 13 (76.5%) 9 (69.2%) 0776 | 0707 | 0.420 | >0.999 | 0.466 | 0.698 | 0.696
Mean age, y (SD) 69.4£12.0 66.5 %+ 12.1 68.7£94 655+ 129 0267 | 0.853 | 0311 | 0498 | 0.801 | 0459 | 0.610
Mean ODT, min (SD) 499.8 +319.7 374.54338.2 4922 £377.8 365.2 4 261.5 0.092 | 0938 | 0210 @ 0215 | 0.929 | 0299 | 0270
Mean DPT, min (SD) 128.8 £246.5 140.4 £ 250.5 97.2£222 110.3 £122.1 0.811 0.621 | 0792 | 0489 | 0.662 | 0871 | 0.905
Mean NIHSSpre (SD) 20.0£133 228+ 120 220+ 140 206+ 13.8 0328 | 0599 | 0.883 | 0.821 | 0.587 | 0772 | 0.788
Mean NIHSS4n (SD) 18.1£15.1 215+ 143 218+ 15.1 1394 140 0291 | 0385 | 0380 | 0.947 | 0.102 | 0.146 | 0.323
Hypertension, 1 (%) 27 (73.0%) 30 (68.2%) 13 (76.5%) 7 (53.8%) 0.807 | >0.999| 0301 | 0.755 | 0.509 | 0255 | 0.579
Hyperlipidemia, n (%) 0 (0.0%) 0 (0.0%) 1(5.9%) 1(7.7%) 0999 | 0315 | 0.260 | 0279 | 0.228 | >0.999  0.071
Diabetes, (%) 8 (21.6%) 14 (31.8%) 8 (47.1%) 3(23.1%) 0329 | 0.106 | >0.999 | 0373 | 0734 | 0259 | 0279
Smoker, 7 (%) 7 (18.9%) 4(9.1%) 1(5.9%) 2 (15.4%) 0.329 | 0411 | >0.999 | >0.999 | 0.611 | 0.565 | 0510
Atrial fibrillation, n 5 (13.5%) 6 (13.6%) 4(23.5%) 4(30.8%) >0.999 | 0439 | 0214 = 0444 | 0213 | 0.698 | 0377
(%)
IV tPA, 1 (%) 6(16.2%) 17 (38.6%) 5(29.4%) 4(30.8%) 0029 | 0293 | 0420 | 0565 | 0748 | >0999| 0.162
Successful 30 (81.1%) 38 (86.4%) 14 (812.4%) 12 (92.3%) 0.577 | >0.999 | 0.662 = 0.699 | >0.999| 0.613 | 0.828
recanalization, n (%)
Hemorrhagic 8 (21.6%) 12 (27.3%) 4(23.5%) 2(15.4%) 0613 | >0.999 | >0.999 | >0.999 | 0.484 | 0.672 | 0.876
transformation, 7 (%)
Good outcome, 7 (%) 12 (32.4%) 12 (27.3%) 4(23.5%) 5(38.5%) 0634 | 0749 | 0741 | >0999| 0499 | 0443 | 0.799

SD indicates standard deviation; ODT, onset to door time; DPT, door to puncture time; NIHSSpre, National Institutes of Health Stroke Scale scores at admission; NIHSS,4,, NIHSS at 24 h
after treatment; IV, intravenous; and tPA, tissue-type plasminogen activator. n indicates the patients’ number. Categorical variables were expressed as numbers (%). Continuous variables were
presented as mean (standard deviation) due to normal distribution. P value: comparison among four groups. P1I value: comparison between weekdays daytime vs. weekdays nighttime. P2 value:
comparison between weekdays daytime vs. weekend daytime. P3 value: comparison between weekdays daytime vs weekend nighttime. P4 value: comparison between weekdays nighttime vs.
weekend daytime. P5 value: comparison between weekdays nighttime vs. weekend nighttime. P6 value: comparison between weekend daytime vs. weekend nighttime.





OPS/images/fneur-15-1413557/fneur-15-1413557-t002.jpg
VEEIES Weekdays Weekends

daytime nighttime

(n=37) (n=174)
Male, (%) 31(83.8%) 54 (77.0%) 0.466
Mean age, y (SD) 69.4£12.0 668+ 11.6 0.278
Mean ODT, min 499.8 £319.7 399.8 + 3354 0.136
(SD)
Mean DPT, min 128.8 £246.5 125.0 £ 198.9 0.931
(SD)
Mean NIHSS . 200+£133 223+126 0.385
(SD)
Mean NIHSS 4 18.1£15.1 203+ 145 0.461
(SD)
Hypertension, n 27 (73.0%) 50 (67.6%) 0.664
(%)
Hyperlipidemia, n 0(0.0%) 2 (2.7%) 0.552
(%)
Diabetes, 1 (%) 8(21.6%) 25 (33.8%) 0.271
Smoker, 7 (%) 7 (18.9%) 7 (9.5%) 0.224
Atrial fibrillation, n 5(13.5%) 14 (18.9%) 0.597
(%)
IV tPA, 1 (%) 6(16.2%) 26 (35.1%) 0.046
Successful 30 (81.1%) 64 (86.5%) 0.577
recanalization, n
(%)
Hemorrhagic 8(21.6%) 18 (24.3%) 0.816
transformation, 7
(%)
Good outcome, n 12 (32.4%) 21 (28.4%) 0.826
(%)

SD, standard deviation; ODT, onset to door time; DPT, door to puncture time; NIHSSpre,
National Institutes of Health Stroke Scale scores at admission; NIHSS,4,, NTHSS at 24 hours
after treatment; IV, intravenous; and tPA, tissue-type plasminogen activator. n indicates the
patients’ number. Categorical variables were expressed as numbers (percentages). Continuous
variables were presented as mean (standard deviation) due to normal distribution.
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Variables Number

Male, 7 (%) 88 (79.3%)
Mean age, y (SD) 67.7(11.7)
Mean ODT, min (SD) 4332 (332.2)
Mean DPT, min (SD) 126.3 (214.9)
Mean NIHSS e (SD) 215 (12.8)
Mean NIHSS;4, (SD) 195 (14.7)
Hypertension, 1 (%) 77 (69.4%)
Hyperlipidemia, 1 (%) 1(1.8%)
Diabetes, 71 (%) 33 (29.7%)
Smoker, 7 (%) 14 (12.6%)
Atrial fibrillation, 7 (%) 19 (17.1%)
IV tPA, 1 (%) 32 (28.8%)
Successful recanalization, 7 (%) 94 (84.7%)
Hemorrhagic transformation, 7 (%) 26 (23.4%)
Good outcome, 1 (%) 33 (29.7%)

SD, standard deviation; ODT, onset to door time; DPT, door to puncture time; NIHSSpre,
National Institutes of Health Stroke Scale scores at admission; NIHSS,4,, NTHSS at 24 hours
after treatment; IV, intravenous; and tPA, tissue-type plasminogen activator. n indicates the
patients’ number. Continuous variables were expressed as mean (standard deviation) due to
normal distribution, and categorical variables were expressed as numbers (percentages).
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Parameters (RR) Single DELP treatment (n = 90) # Twice DELP treatments (n = 48) #

Before therapy  After therapy p value Before 1st After 2nd p value
DELP DELP

TC (28~59mmol/L) 4992101 35640.86 <0.001%+ 543103 3164067 <0.001%+
LDL-C (1.3~ 37 mmol/L) 315080 2184063 0,001+ 3422087 187048 <0.001%5
HDL-C (0.8~ 1.8mmol/L) 0.970.26 0924034 0275 0.91£0.23 0.87£044 0578
TG (<1.8mmol/L) 2012148 1604103 0.033* 2415183 1484079 0.002%%
WBC (3.5~9.5% 109/L) 788237 8034267 0.694 7924227 7524227 0397
RBC (43~5.8x 1012/1) 472061 45740.62 0120 4.68+0.62 4422067 0.050
HGB (130~175g/L) 144.2716.20 13997£16.23 0077 142,06 16.15 136.08+15.45 0.067
HCT (40~50%) 42454432 41024458 0.034% 41874439 39744484 0.026%
PLT (125350 109/L) 220965218 209405223 0139 224.90+60.20 218.08+63.24 059
PT (10.4~1295) 11774270 12664760 0297 11.94£359 1195£351 0.993
APTT (203~3235) 2353£3.38 2435+431 0.157 2293329 2435401 0.061
FIB (18~3.5g/L) 3216117 296+1.04 0133 3145135 293£1.07 0.405
D-D (<0.55FEUmg/L) 0758121 060073 0313 093153 066078 0.290
TT (14.0~21.05) 18554276 18.68+3.87 0799 1875302 18245312 0416
TP (65~85g/L) 69.90£6.98 68.16+6.27 0.080 69.92:7.18 65.2127.36 0,002+
ALB (35~55g/1) 42.00+3.91 40912445 0.083 42.00£4.01 40404435 0.063
BUN (2.5~7.0mmol/L) 563185 526170 0.160 5.73+2.08 5074196 014
CRE (50~ 130 pmol/L) 67.90+17.84 6659+15.55 0.600 662541933 660241438 0.948
K (3.5~53mmol/L) 3784045 374£041 0522 389048 3834033 0470
Na (137~ 147 mmol/L) 141114270 141074246 0908 140.46+2.90 141062245 0274
Ca* (2.1 ~2.6mmol/L) 220£0.10 218+0.10 0261 2225011 2194011 0.130

#Resuls are shown as mean + SD; DELP, Delipid Extracorporeal Lipoprotein Filer from Plasma system; RR, reference range; TC, total cholesterols LDL-C, low-density lipoprotein cholesterol;
HDL-C, high-density lipoprotein cholesterol; TG, triglycerides; WBC, white blood cell count; RBC, red blood cell count; HGB, hemoglobin; HCT, hematocrit; PLT, pltelets; PT, prothrombin
ime; APTT activated partial thromboplastin time; FIB, fbrinogen; D-D, D-dimer; T, thrombin time; TP, total protein; ALB, albumin; BUN, blood urea nitrogen; CRE, creatinin; K+,
Kalium; Na+, sodium; Ca2+, calcium; *p<0.05, *#p<0.01, ***p<0.001.
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DELPgroup  Control

(n=90) group
(n=90)
Male (n, %) 70 (77.78) 68 (75.56) 0.860
Age,years,
ey 61.73£12.09 63.04£1020 0433
Mean +SD.
NIHSS, Mean +SD 691538 6912546 1.000
LDL-C, mmol/L 3152080 305071 0384
HPA thrombolysis
16 (17.78) 1921.11) 0707
(n, %)
OCSP (n, %) 0933
Lacuna 7(7.78) 6(6.67)
Partial anterior
53 (58.89) 56 (62.22)
circulation
Posterior
24(2667) 21(2333)
circulation
Total anterior
6(667) 7(7.78)

circulation

DELP, Delipid Extracorporeal Lipoprotein Filter from Plasma system; NIHSS, National
Insttute of Health Stroke Scale; tPA, recombinant tissue-type plasminogen activator; OCSP,
Oxfordshire Community Stroke Project.
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Age
Male

Baseline NIHSS

score
Baseline ASPECT
score

Serum glucose

MCE

0.006

0.548

0,033

0737

0.059

0.001

OR
0964
1255

0937

1033

0886

0.169

95%CI
0.939-0.990
0.598-2.633

0.883-0.995

0.857-1.244

0.781-1.005

0.059-0.487

NIHSS, National Insttutes of Health Stroke Scale; MBE, malignant brain edema; MCE,

malignant cerebral edema.
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All

patients
(N =175)
Age, years, median | 70(58-79)
(IQR)
Male, 1 (%) 106(60.6)
Medical history, n
(%)
Hypertension 120(68.2)
Diabetes mellitus | 36(20.6)
Atrial fibrillation 84(48)
Smoking 201)
Baseline NIHSS 17(13-20)
score, median
(IQR)
Baseline ASPECT 9(7-10)
score, median
(IQR)
TOAST
classification, 1 (%)
LAA 63(36)
Cardioembolic 81(46.3)
Undeterminedor | 31(17.7)
others
Occluded vessel
site, n (%)
ICA 67(38.3)
MCA-M1 108(61.7)
OTP median, min | 410(260-643)
(IQR)
Intravenous 67(38.3)
thrombolysis, 1 (%)
Number of stent 21-2)
retrieval passes,
median (IQR)
Serum glucose, 6.86(6.09-
mmol/L median 8.50)
(IQR)
Revascularization | 165(943)
(mTICI > 2b), n
(%)
MCE, n (%) 83(47.4)

Favorable
outcome
group

(N =83)

64(55-76)

58(69.9)

53(639)
17(205)
35(422)
25(30.1)

6(11-18)

9(8-10)

27(325)
39(47.0)
17(205)

31(373)
52(62.7)
395(249-612)

36(43.4)

21-2)

6.53(5.89-8.18)

80(96.4)

6(7.2)

Poor
outcome
group

(N=92)

73(64-81)

18(52.2)

67(72.8)
19(20.7)

19(53.3)
17018.5)

18(14-23)

9(6-10)

36(39.1)
42(45.7)
14(15.2)

36(39.1)
56(60.9)
415(266-699)

31(33.7)

2(1-3)

7.25(6.28-8.87)

85(924)

36(39.1)

0001

0017

0202

0978

0142

0072

0.001

0046

0541

0809

0241

0188

0056

0025

0256

0.001

EV'T, endovascular treatment; NIHSS, National Institutes of Health Stroke Scale; ASPECT,

Alberta Stroke Program Early C

OAST

“Trial of Org 10,172 in Acute Stroke Treatment;

LAA, large-artery atherosclerosis; ICA, internal carotid artery; MCA-M1, middle cerebral
artery M1 segment; OTP, time from onset to puncture; mTICI, modified Thrombolysis in
Cerebral Infarction; MCE, malignant cerebral edema.
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OR 95%C

Baseline NIHSS score 0.106 1.059 0.988-1.135
Baseline ASPECT 0.001 0614 0502-0.750
score

Atrial fibrillation 0.092 2300 0.873-6.061
Serum glucose 0.031 1181 1.015-1.374
Postoperative NLR 0041 L1043 1.002-1.086

MCE, malignant cerebral edema; EV'T, endovascular treatment; NIHSS, National Institutes
of Health Stroke Scale; ASPECT, Alberta Stroke Program Early CT.
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All patients Patients with good  Patients with poor

(n=89) prognosis (n,=42)  prognosis (n, = 47)

Clinical risk factors

Age,y 618549715 611199793 6251149702 0,049 0647
Gender 6821 28014 017 —0217" 0041
NIHSS score 48763867 335742783 623424208 0372 <0001+
Hypertension 717 3507 3710 0059° 0581
Diabetes 35/54 17726 18729 0022 0834
Smoking 52137 23019 2918 ~007" 0507
Drinking 2175 9133 15/%2 —o18" 0266
Previous stroke history 21/78 12130 9138 o 0296

Imaging metrics of infarction lesions
Lesion size (mm’) 3080855 +5321.363 2179.490 4 3897.603 3886.330£6263.121 0176 0.100

Types 23/19/31/16 10/6/14/12 13131714 0243 0.188
Cortex/Subcortical/Basal ganglia/Subtentorial

™MD 0621£0.123 0.681£0.117 0.566£0.103 ~0449 <0.001%*
MK 14960247 1364£0.173 16140246 0545 <0.001%+*
MTT 1480£0.301 14030273 15490310 0261 0010
TP 1.289£0.170 12320.155 1.340£0.169 0325 0,001+
CBE 0552£0210 06300213 0482£0.182 ~0.348 <0.001%+*
CBY 06810214 07390188 0.628£0.224 ~0.268 0010
Collateral circulation 0/1/2 38/33/18 131217 2502111 0477 <0.001%%%

Imaging metrics of peripheral regions (n=82; n,=38; n,=44, 7 brain stem infarctions had no peripheral regions)

™MD 1.0020.082 10120.113 0.994£0.041 ~0071 0525
MK 1003£0.114 0.987+0.156 1.0170.057 0.065 0.561
MTT 1117£0.226 10520.169 117420254 0329 0.003+*
TP 1060£0.117 1026£0.116 1.090£0.111 0332 0.002+*
CBE 1.037£1.009 122241460 0.876£0.161 ~0278 0011*
CBY 0937+0.203 0978+0.139 0.902£0.241 ~0.125 0263

*P<0.05; **P<0.01; ***P<0.001. "Represents independent chi-square test and the correlation coefficient r obtained by Cramer’s V coeffcient. For the remaining factors, Spearman correlation
test was employed to get the r and p-values.
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All patients MCE group Non-MCE group

(N =175) (N=42) (N=133)
Age, years, median (IQR) 70(58-79) 73(63-80) 69(57-79) 0.204
Male, 1 (%) 106(60.6) 22(524) 84(63.2) 0213

Medical history, n (%)

Hypertension 120(682) 3276.2) 88(6.2) 0.222
Diabetes mellitus 36(20.6) 1126.2) 250188) 0.301
Atrial fibrillation 84(48) 26(61.9) 58(43.6) 0,039
Smoking 42024) 5(11.9) 37(27.8) 0.058
Baseline NIHSS score, median (IQR) 17(13-20) 20017-23) 15(12-19) 0.001
Baseline ASPECT score, median (IQR) 9(7-10) 7(4-9) 10(8-10) 0.001
TOAST dlassification, n (%) 0303
LAA 63(36) 1126.2) 52(39.1)
Cardioembolic 81(463) 23(54.8) 58(43.6)
Undetermined or others 3117.7) 8(28.4) 2317.3)
Occluded vessel site, 1 (%) 0.073
ICA 67(38.3) 21(50) 46(34.6)
MCA-M1 108(61.7) 21(50) 87(65.4)
OTP, median, min (IQR) 410(260-643) 377(269-573) 430(254-657) 0.731
Intravenous thrombolysis, 7 (%) 67(38.3) 1126.2) 56(42.1) 0.064
Number of stent retrieval passes, median 20-2) 20-3) 201-2) 0.166
(IQR)
Serum glucose, mmol/1. median (IQR) 6.86(6.09-8.50) 7.51(6.58-9.53) 675(5.93-8.3) 0.028
Baseline NLR, median (IQR) 5.50(3.05-9.5) 9.25(4.77-12.71) 5.14(287-8.18) 0.001
Postoperative NLR, median (IQR) 6.73(4.33-11.14) 10.05(6.89-16.2) 5.70(4.10-8.75) 0.001
Revascularization (mTICI 2 2b), n (%) 165(943) 40095.2) 125(94) 0.760
Favorable outcome, 1 (%) 83(47.4) 6(14.3) 77(57.9) 0.001

MCE, malignant cerebral edema; EV'T, endovascular treatment; NIHSS, National Institutes of Health Stroke Scale; ASPECT, Alberta Stroke Program Early CT; TOAST, Trial of Org 10,172 in
Acute Stroke Treatment; LAA, large-artery atherosclerosis; ICA, internal carotid artery; MCA-M1, middle cerebral artery M1 segment; OTP, time from onset to puncture; miTICI, modified
Thrombolysis in Cerebral Infarction.
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Sensitivity Specificity PPV NPV
(95% Cl) (95% CI) (95%Cl)  (95% CI)
0.81 (0.63-0.93) 0.80 (0.69-0.89) 0.66 (0.49- 0.90 (0.79-

0.80) 096)
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Variables

Multivariate
OR (95% CI)

p value

Smoking

Absence of AF

NIHSS

Good collaterals
Penumbra volume

Core volume growth rate

Core located deep in the brain

Univariate

OR (95% CI) p value
0.96 (093-0.99) 001
254(099-651) 005
495 (1.95-12.57) 0.001
13.48 (3.72-48.87) <0.001
0.92(0.85-1.00) 005
3.36(132-8.53) 001
1.01(1.00-1.02) 003
0.58 (0.43-0.78) <0001
9.07(2.48-33.16) 0.001

095 (0.88-1.03)
175 (0.22-14.04)
102 (0.13-8.01)

5.87 (0.84-40.97)

110 (095-1.28)
470 (0.67-33.03)
101 (099-1.03)
0.46(026-0.83)

982 (081-118.71)

020
0.60
0.98
0.07

0.20

027
0.01

0.07
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signed

Inclusion criteria
-AC-LVO;
-age=18 years;
-baseline NIHSS26;
-pre-mRS<2;

informed consent;

v

¥

Derivation set
(n=193)

Validation set

(n=238) ’

Not use any instrument, n=2;

Not use any instrument, n=38;

Seriously deviated from
experimental protocol, n=4;

Seriously deviated from
experimental protocol, n=15;

Final mTICI=2a,0r 0, n=24

Final mTICI=2a,0r 0, n=14

Lost for follow-up, n=1;

Lost for follow-up, n=1;

Final mTICI 2b or 3
(n=162)

Final mTICI 2b or 3
(n=170)

¥

12

Futile recanalization
(n=88)

Futile recanalization
(n=82)

12

12

90D mRS 3-6 vs. 0-2
(88 vs. 74)

90D mRS 3-6 vs. 0-2
(82 vs. 88)

12
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Subgroup
Creatinine<0.9
Verapamil 0
Verapamil 1
Creatinine09
Verapamil 0
Verapamil 1
Creatinine<0.9
Nimodipine 0
Nimodipine 1
Creatinine09
Nimodipine 0

Nimodipine 1

0 means the medicine i not used and 1 means the medicine is used.
The bold values represent statistical significance, where any p-value less than 0.05 is indicated in bold to show that the result s statistically significant.

total

244

144

248

146
106

6817.8)
1(10)

70(28.7)
0(0)

27(18.8)
42(169)

54 (37)
16 (15.1)

OR_95CI

1(Ref)
0.51(0.06-4.12)

1(Ref)
0(0-Inf)

1(Ref)
0.8 (052-151)

1(Ref)
0.3 (0.16-0.57)

value

053

0.985

0.649

<0.001
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Subgroup OR_95CI value
Creatinine<0.9
Antibiotics 0 206 34(165) 1(Ref)
Antibiotics 1 186 35(18.8) 117 (0.7-1.97) 0,549
Creatinine09
Antibiotics 0 131 40 (305) 1(Ref)
Antibiotics 1 121 30 (24.8) 0.75 (0.43-131) 031
125 23(184) 1(Ref)
267 46(17.2) 0.92(0.53-16) 0777
Creatinine209
CcBo 125 48 (38.4) 1(Ref)
ccB1 127 2(73) 0.34(0.19-0.6) <0.001
Creatinine<0.9
aBlocker 0 387 68(17.6) 1(Ref)
aBlocker 1 5 1020 117 (0.13-10.66) 0.887
Creatinine<0.9
«Blocker 0 248 69(27.8) 1(Ref)
aBlocker 1 4 1025) 0.86 (0.09-8.46) 0.901
Creatinine<0.9
381 67(17.6) 1(Ref)
n 2(182) 1.04(0.22-4.93) 0959
249 69(27.7) 1(Ref)
ARB 1 3 1(333) 13(0.12-14.62) 0829
Creatinine<0.9
Diuretics 0 272 44(162) 1(Ref)
Diuretics 1 120 25(20.8) 136 0.79-2.35) 0.266
Creatinine>09
Diuretics 0 177 48(27.1) 1(Ref)
Diuretics 1 75 22(293) 112 0.61-2.03) 072
Creatinine<0.9
ACEIO 378 65(17.2) 1(Ref)
1 4(286) 193 (0.59-6.33) 028
26 68(27.6) 1(Ref)
6 2(333) 131(0.23-7.31) 0759
P Blockers 0 231 43(18.6) 1(Ref)
f Blockers 1 161 26 (16.1) 0.84(0.49-144) 0529
P Blockers 0 157 48 (30.6) 1(Ref)
f Blockers 1 95 22(23.2) 0.68(0.38-1.23) 0204
Creatinine<0.9
Statins 0 308 55(17.9) 1(Ref)
Statins 1 84 14(167) 0.92(0.48-175) 08
Creatinine209
Statins 0 195 57(29.2) 1(Ref)
Statins 1 57 13 (228) 0.72(036-143) 0342
Creatinine<0.9
20% mannitol 317 42(132) 1(Ref)
20% mannitol 75 27(36) 3.68 (2.08-6.53) <0.001
Creatinine>09
20% mannitol 215 49(228) 1(Ref)
20% mannitol 37 21(56.8) 445 (216-9.17) <0.001
Creatinine<0.9
25% Albumin 369 65(17.6) 1(Ref)
25% Albumin 2 4017.4) 0.98 (0.32-299) 0978
Creatinine209
25% Albumin 237 67(283) 1(Ref)
25% Albumin 15 3(20) 0.63(0.17-232) 0491

CCB, Calcium channel blockers; ARB, Angiotensin I1 receptor blockers; ACEL Angiotensin converting enzyme inhibitors; 0 means the medicine is not used and 1 means the medicine is used.
The bold values represent statistical significance, where any p-value less than 0.05 is indicated in bold to show that the result s statistically significant.
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Variable OR_95CI p value adj.OR_95CI adj.p value

Gender M 054
Admission age 1.05(1.03-1.06) <0.001 1,05 (1.03-1.06) <0.001
Heart rate 101 (1-1.02) 0222

Sbp 1(099-1.01) 06

Dbp 1(099-1.01) 0611

Mbp 1(099-1.01) 0982

Resp rate 105 (1.02-1.09) 0.005 1,03 (0.99-1.07) 0.202
Spo2 1(094-1.06) 098

Creatinine 412 (245-6.93) <0.001 1,94 (1.17-3.21) 0.01

whe 105 (1.02-1.08) 0.001 105 (1.01-1.09) 0.009
mch 1(093-1.07) 0944

meche 0,89 (0.8-1.01) 0.062

mev 102 (0.99-1.05) 0.238

rbe 08 (0.62-1.03) 0.089

rdw 126 (1.14-139) <0.001 11(0.98-1.25) 013
Glucose 1.01(1.01-1.02) <0.001 1.01(1-1.01) <0.001
Aniongap 119 (1.13-1.26) <0.001 111 (1.04-1.19) 0.001
Sodium 1(096-1.05) 0997

Potassium 1.11(09-1.38) 033

inr 133 (1.04-1.7) 0.025 288 (0.39-21.25) 0.299
pt 1.03 (1-1.05) 0.035 091 (0.75-1.1) 0313
ptt 1,01 (1-1.03) 0.006 1.02(1-1.03) 0.021

DB, Diastolic blood pressures SB Systolc blood pressure; MB, Mean blood pressure: white blood cell; MCH, Mean corpuscular hemoglobin; MCHC, Mean corpuscular hemoglobin concentration;
MCY, Mean corpuscular volume; RBC, Red blood cell; RDW, Red cell distribution width; INR, Inernational normalized ratios P, Prothrombin time; and PT' Partal thromboplastin time.
The bold values represent statistical significance, where any p-value less than 0.05 is indicated in bold to show that the result s statistically significant.
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Variables tal (n = 672) Yes (n No (n = 166) P
Gender 054
F 383 (57.0) 285 (56.3) 98 (59)
M 289 (43.0) 221 (43.7) 68 (41)
Admission age 6162149 593+143 686+14.4 <0001
Heart rate 8034178 7984169 818204 0222
Sbp 1345:234 1348222 1337427.0 0601
Dbp 7254165 7274158 719£18.6 0.611
Mbp 8964192 89.64167 8954255 0.982
Respi rate 179450 176449 189250 0005
spo2 978431 978428 978£39 0980
Creatinine 09406 08404 11210 <0001
whe 12958 125254 1432638 <0001
Neutrophils 8062127 805%124 810£140 0720
Lymphocytes 1334106 1362105 123108 0233
Monocytes 43224 43224 44222 0853
Basophils 0303 04203 0303 0042
Eosinophils 07411 0711 07408 0504
mch 304524 304524 304524 0944
mehe 36515 37415 3415 0.060
mev 905£62 904263 91.06.1 0.237
rbe 43207 43206 42208 0087
rdw 139517 13715 144219 <0001
Glucose 1479522 13942444 17384644 <0001
Aniongap 157432 153229 17.1£37 <0001
Sodium 1389439 1389235 138949 0997
Potassium 40038 40208 41208 0315
inr 12409 12406 14514 0.004
pt 135587 12964 1512134 0007
pit 2974150 288+124 3274209 0.004
Albumin 36406 35406 0.166
Globulin 22207 21208 0303
Total protein 5512 51£13 0.165
Fibrinogen 347321724 3487£170.1 345241772 0897
Myocardial infarct 0971
0 623 (92.7) 471 93.0) 152(916)
1 49(73) 35(69) 14(84)
congestive_heart_failure 077
0 619 (92.1) 469 (92.7) 150 (90.4)
1 53(79) 37(7.3) 16(9.6)
peripheral_vascular_disease 0729
0 615(91.5) 463 (91.5) 152(91.6)
1 57(85) 43(8.5) 14(84)
cerebrovascular_disease 1
1 672(100.0) 506 (100) 166 (100)
Dementia, n (%) 0372
0 665 (99.0) 503 (99.4) 162 (97.6)
1 7(1.0) 3(06) 4(24)
chronic_pulmonary_disease 0057
0 568 (84.5) 429 (848) 139(83.7)
1 104 (15.5) 77 (15.2) 27(16.3)
rheumatic_disease 0309
0 661 (98.4) 499 (98.6) 162(97.6)
1 11(1.6) 7(1.4) 4(24)
peptic_ulcer_disease 0.64
0 666 (99.1) 502 (99.2) 164 (98.8)
1 6(09) 408) 202
mild_liver_disease 0023
0 643 (95.7) 489 (96.6) 154 (92.8)
1 29(43) 17349 12022
diabetes_without_cc
0 597 (88.8) 455 (89.9) 142 (85.5) 0.198
1 75(11.2) 51010.1) 24(145)
diabetes_with_cc 1
0 662 (98.5) 499 (98.6) 163 (98.2)
1 10(15) 7014) 308
Paraplegia 0634
0 590 (87.8) 448 (88.5) 142(85.5)
1 82(122) 58 (115) 24(145)
renal_disease 0966
0 636 (94.6) 487 (96.2) 149 (89.8)
1 36 (54) 19(38) 17(102)
malignant_cancer 0471
0 650 (96.7) 491(97) 159 (95.8)
1 22(33) 15(3) 7(42)
severe_liver_disease 0.465
0 663 (98.7) 502 (99.2) 161 (97)
1 9(1.3) 4(08) 503)
metastatic_solid_tumor 1
0 662 (98.5) 500 (98.8) 162(97.6)
1 10(1.5) 6(12) 4(24)
Aids 0433
0 670(99.7) 505 (99.8) 165 (99.4)
1 2(03) 1(0.2) 1(0.6)

Baseline characteristics between survivors and non-survivors.

DBP, Diastolic blood pressure; SBR, Systolic blood pressure; MBP, Mean blood pressure: White blood cel; MCH, Mean corpuscular hemoglobin; MCHC, Mean corpuscular hemoglobin
concentration; MCV, Mean corpuscular volume; RBC, Red blood cell; RDW, Red cell distribution width; INR, International normalized ratio; PT, Prothrombin time; PTT, Partial
thromboplastin time.
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Subgroup Variable Total Event (%) OR (95%CI) P for interaction

myocardial_infarct=0 creatinine.rpart623 152 (24.4) 2 (1.18~3.41) —— 0276
myocardial_infarct=1 creatinine.rpart49 14 (28.6) 4.71(0.92~24.09) ——>
peripheral_vascular_diseaseo creatinine.rpart615 152 (24.7) 2.05 (1.22~3.47) — = 0695

peripheral_vascular_disease1 creatinine.rpart57 14 (24.6) 4.4 (0.32~60.02) €——

peptic_ulcer_disease=0 creatinine.rpart666 164 (24.6) 2.06 (1.24~3.44) ——  0.980
peptic_ulcer_disease=1 creatininerparté 2 (33.3) 0 (0~Inf) —
mild_liver_disease=0 creatinine.rpart643 154 (24) 2.13 (1.18~3.85) ——i 0.470
mild_liver_disease=1 creatinine.rpart 29 12 (41.4) 1.57(0.58~4.24) F—— ——
diabetes_with_cc=0 creatinine.rpart662 163 (24.6) 2.26 (1.3~3.92) —— 0971
diabetes_with_cc=1 creatinine.rpart10 3 (30) 0 (0~Inf) —s
paraplegia=0 creatinine.rpart590 142 (24.1) 1.96 (1.18~3.26) ——t 0.801
paraplegia=1 creatinine.rpart82 24 (29.3) 2.54 (0.4~16.24) «——— —>
malignant_cancer=0 creatinine.rpart650 159 (24.5) 2.11 (1.25~3.55) — = 0651
malignant_cancer=1 creatinine.rpart22 7 (31.8)  8.15 (0~13439.13)—————>
severe_liver_disease=0 creatinine.rpart663 161 (24.3) 2.05 (1.22~3.45) ——t 0.096
severe_liver_disease=1 creatinine.rpart9 5(55.6) 0 (0~Inf) . A m—
metastatic_solid_tumor=0  creatinine.rpart662 162 (24.5) 2.1 (1.25~3.51) —— 0781
metastatic_solid_tumor=1  creatinine.rpart10 4 (40) 0 (0~Inf) —
T T T
0.501.0 2.0

0dds Ratio (95%Cl)
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Outpatient and inpatient of the Medical Information Mart for Intensive Care
Database IV in 2008 to 2019 257366 individuals: 50,048 patients intensive care unit

Patients with non-
traumatic subarachnoid
hemorrhage in ICU(n =831)

L

Exclusion criteria
1.Non-first ICU admidssion(n=158)
2.Patients were missing data with

creatinine(n=1)
3.3.Age<18 (n=0)

Study population 672 individuals

survival group

n=506

non-survival group

n=166
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Variable Thrombolysis in control group Thrombolysis in study group

(n = 49)* (n =33)*
Age (years) 59.1£116 635£102 0.080
Male 30(61.2) 19(57.6) 0.741
Hypertension 24 (49.0) 18 (54.5) 0.621
Diabetes mellitus 8(163) 30.) 0346
Hyperlipemia 9(18.4) 4(12.1) 0.448
Smoking 10 (20.4) 11(333) 0.189
Drinking 7(143) 2(6.1) 0243

Various treatment times

ODT (min) 1434247 138+25.1 0364
DAT (min) 75426 11210 <0.001
DCT (min) 246470 56424 <0.001
INT (min) 183£9.0 129467 0.004
DNT (min) 478+138 257480 <0.001
NIHSS at admission 10(8,12) 12(8,14) 0.076"
NIHSS affer thrombolysis 6(5.7) 5(4,7) 0.042°
NIHSS at follow-up 3(2,45) 3(1.5) 0194

“Values are mean:+SD, number of patients (ercentage), or mean (P, P-). The bold entries mean statstically significant (p <0.05). “Mann-Whitney Utest. ODT, onset to door time; DAT,
doctor arrival time; DCT, door to CT scan time; INT, imaging to needle time; DN, door to needle time; NIHSS, National Institutes of Health Stroke Scale.
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Ipsilateral POD,cs.cy <163.088

Independent variables

Adjusted OR (95% CI) p value
Age 0,983 (0951-1017) 0321
ASITN/SIR 1391 (1.023-1.891) 0035
Initial NIHSS 0.95 (0901-1.002) 0.061
eTICT 1.198 (0.823-1.745) 0346

OR, odds ratio; CI, confidence intervals PODjc v, diference value of peak optical density between internal carotid artery and cortical veins; ASITN/SIR, American Society of Inervention and
Therapeutic Neuroradiology/Society of Interventional Radiology; NIHSS, National Institutes of Health Stroke Scale; ¢TICI, expanded Thrombolysis in Cerebral Infarction.
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Study group (n

Etiology
‘Thrombolysis 19010.1) 33(156) 0.039
Non-stroke 82(17.0) 17(8.1) 0.002
Intracranial hemorrhage 96.(19.9) 44209 0768
Refuse examination or treatment 6(130) 23(109) 0431
EVT without thrombolysis 14(29) 10 (4.7) 0222
Beyond time window 151 (31.3) 74(35.1) 0.324
TIA 28(58) 1047) 0573
Accuracy rate of determining stroke 401 (83.0) 194 (91.9) 0.002

Various treatment times

ODT (min) 1474257 1434245 0.052
DAT (min) 78431 1209 <0.001
DCT (min) 248£79 57425 <0.001

*Values are mean SD or number of patients (percentage). The bold entries mean statistically significant (p <0.05). EV, endovascular treatment; TIA, transient ischemic attack; ODTT, onset to
door time; DAT, doctor arrival time; DCT, door to CT scan time.
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Independent variables Good functional outcome

Unadjusted OR (95% ClI) p value Adjusted OR (95% CI) p value
Ipsilateral PODy, 0,99 (0.984-0.996) <0.001 0,991 (0.984-0999) 0019
Ipsilateral POD, 1005 (0.999-1.012) 0.087 1.006 (0.998-1.015) 0137
Ipsikateral PODcy ey 0.974 (0.965-0.984) <0.001 0,975 (0.963-0986) <0001

The multivariable regression model was adjusted for age, history of coronary heart disease, ASPECTS, ASITN/SIR score, initial NIHSS score, €TICI grade of 3, hemorrhagic transformation
and infarct volume. OR, odds ratio; CI, confidence interval; mRS, modified Rankin Scales PODs, cortical venous average peak optical densitys POD,, peak optical density of terminal internal
carotid artery; POD;cc difference between POD and POD,; ASPECTS, Alberta Stroke Program Early CT Score; ASITN/SIR, American Society of Inervention and Therapeutic
Neuroradiology/Society of Interventional Radiology; NIHSS, National Institutes of Health Stroke Scale; ¢TICI, expanded Thrombolysis in Cerebral Infarction.
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Patientsin the ambluance

Emergency nurses perform routine nursing Emergency doctors ask for history, conduct
procedures, transfer patient information physical examination and screen out
and register suspected AlS patients
%
c,%%
i,

Patientsarrive at hospital and directly
undergo CT and blood test

Stroke doctors wait at the CT room
and further inform related matters

Doctors get examination results and patients
or family members sign informed consent

Patientstreat with intravenous
thrombolysis/EVT

Patientsarrive at hospital through
emergency system or by themselves

N
Triage nurses screen out suspected AIS
patients and activate green channel

Stroke nurses perform routine nursing Stroke doctors arrive at ER, ask for history, evaluate
procedures at ER and assist doctors the patient's condition and prescribe laboratory tests

Doctors accompany patientsto
complete CT scan

Doctors get examination results and patients
or family members sign informed consent

Patientsreturn to ER and treat with
intravenous thrombolysis/EVT
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\ELELIES mRS of 0-2 at mRS>2 at 90 days p value

90 days

(n=82) (n=72)
Demographics
Male, n (%) 95(61.7) 50(61) 45 (625) 0.846
Age, median (IQR) 68 (58-74) 65(55-73) 69(62-75) 0.034
Medical history
Hypertension, 1 (%) 104(67.5) 53 (64.6) 51(70.8) 0412
Diabetes melitus, 7 (%) 23(14.9) 11(134) 12(167) 0572
Hyperlipidemia, n (%) 32(20.8) 19(232) 13.018.1) 0435
Atrial ibrillation, 1 (%) 57(37) 29(35.4) 28(389) 0.651
Coronary heart disease, 1 (%) 69(44.8) 29(35.4) 40(55.6) 0012
Smoking, n (%) 46(29.9) 26(31.7) 20(27.8) 0595
Drinking, n (%) 30(208) 15.(18.3) 17(236) 0417
TOAST classification 0672
LAA, 1 (%) 83 (539) 46(56.1) 37(51.4)
CE,n (%) 52(338) 26(31.7) 26 (36.1)
Other, 1 (%) 11(7.1) 7(85) 4(56)
Unknow, 1 (%) 8(5.2) 3(7) 5(69)
Stroke details
Initial NIHSS, median (IQR) 18(13-21) 16 (12-19) 20 (15-25) <0.001
VT (%) 26(16.9) 12(146) 14(19.4) 0427
OPT (min), median (IQR) 220 (145-350) 2025 (143.75-332.5) 240 (151.25-407.5) 0177
PRT (min), median (IQR) 42 (30-58) 395 (26.75-59.5) 435 (31-57.75) 0545
ORT (min), median (IQR) 266 (187-386) 2575 (184-366.5) 2815 (195.25-447.5) 0192

Imaging details

ASPECTS, median (IQR) 10 (8-10) 10 (8-10) 9(8-10) 0.004
ASITN/SIR, median (IQR) 2(1-3) 3(2-3) 2(1-3) <0.001
Infarct volume (m)*, median (IQR) 15.23 (4.36-64.27) 6.98 (2.89-21.05) 57.56 (16.37-151.49) <0.001
Hemorrhagic transformation*, n (%) 32(20.8) 12(146) 20(30.8) 0019
eTICT 0.059
2b50- 9(538) 37) 6(83)

2b67 21(13.6) 9(11) 12(167)

2 34(22.1) 17(20.7) 17 (23.6)

3 90 (58.4) 53(64.6) 37(51.4)

Ipsilateral PODy, median (IQR) 278317 (233.298-311.679) 257.198 (216.623-296.631) 290.944 (248.647-338.819) <0.001
Ipsilateral POD,, median (IQR) 118,668 (84.659-159.686) 119.914 (91.619-166.566) 115,239 (83.554-152.824) 0128
Ipsilateral PODjc cy, median (IQR) 150.724 (119.583-186.023) 128463 (110.233-153.624) 182,01 (146.621-211.331) <0.001
Low ipsilateral PODjccx, n (%) 100 (64.9) 72(87.8) 28(38.9) <0.001

#Follow-up images were missing in 7 cases.
IQR, interquartle range; mRS, modified Rankin Scale; TOAST, the Trial of ORG 10,172 in Acute Stroke Treatment; LAA, large-artery atherosclerosis; CE, cardioembolic; NIHSS, National
Insttutes of Health Stroke Scale; IV'T intravenous thrombolysis treatment; OPT, onsef-to-puncture time; PRT, puncture-to-recanalization time; ORT onset-to-recanalization time; ASPECTS,
Alberta Stroke Program Early CT Score; ASITN/SIR, American Society of Inervention and Therapeutic Neuroradiology/Society of Interventional Radiology; ¢TICI, expanded Thrombolysis
in Cerebral Infarction; PODy,, cortical venous average peak optical density; POD,, peak opical density of terminal internal carotid artery; PODjcy cy difference between PODy, and POD,,
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First Yearof  Country Sample Sex Median  Hypertension Any MRI ICH IS Anticoagulant ~Research

author publication size (% male) follow- (VA] cerebral Sequence events events method
up time microbleed
(month)
Wagner (16) 2022 Australia 307 167 781492 24 236 (76%) 86 SWI 7 21 NOACs, VKAs Prospective
Choi (17) 2020 Korea 1742 926 73497 164 1,048 (60%) 393 T2 16 64 NOACs, VKAs Prospective
So0 (18) 2019 China 27 140 742489 2 193 (81%) 84 SWI 4 12 VKAS Prospective
30T
2019 Spain 806 449 776465 2 694 (74%) 207 SWI 18 £ NOACs, VKAs Prospective
115/30T
2018 UK 1436 859 76£10 2 930 (64%) 300 T2 7 17 NOACs, VKAs Prospective
15307
Charidimou 2016 Japan 102 73 76 7 85(71%) 2% T2 3 14 NOACs, VKAs Prospective
@y 15T
Song (22) 2014 Korea 504 288 70511 30 392 (77.8%) 155 T2 2 81 Warfarin Retrospective

30T
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A Incidence of CMBs was present at baseline
Risk Difference Risk Difference
ight IV, Fixed, 95% C IV, Fixed. 95% C
Wagner 2022 028013029 005702650  6.0% 028[0.17,039] ==
Choi2020 022560276 002395596 33.9% 0.23[0.18,027] =
So0 2019 035443038 006488857 4.6% 035[0.23,048] =
Marti-Fabregas 2019 025682382 003521258 15.7% 0.26[0.19,033] =
Wwison 2018 020891365 00263844 28.0% 0.21[0.16,026] =
Charidimou 2016 0.25490196 009877296  2.0%  0.25[0.06,045] e
Song2014 030753968 004452146  9.8% 0.31[0.22,039] =
Total (95% CI) 100.0% 0.24[0.22,0.27] +
Heterogeneity: Chi? = 7.84, df = 6 (P = 0.25); I = 23% E ——
Test for overall effect: Z = 17.47 (P < 0.00001) T o ¢ Wy
B Effect of CMBs on future ICH
Prosonce CMBs  Absent CMBs Odds Ratio Odds Ratio
Wagner 2022 4 8 3 224 87% 359(079,16.40) 1
Choi 2020 9 393 9 1349 218%  3.49[135,885)
5002019 3w 115 38%  563(058,54.99)
Marti-Fabregas 2019 9 207 9 599 243%  298[117,761]
Wison 2018 7 a0 7113 157%  385(134,1107]
Charidimou 2016 1 2 2 76 54% 148(0.13,17.03)
Song2014 6 155 6 332 202%  219[069,690]
Total (95% CI) 1251 3869 1000%  3.14[1.99,496]
Total events 39 a7
Heterogeneily: Chi = 1.23, df = 6 (P = 0.98); F = 0%
Test for overalleffect: Z = 4.91 (P < 0.00001)
c Effect of CMBsZ5 on future [CH
Presence CMBs  Absent CMBs Odds Ratio 0dds Ratio
? \H. Fixed, 95% C
5002019 3 e 1 153 69.4%  563(0.58,5499) T
Song2014 1 s 0 32 306% 690(028,17047] —
Total (95% CI) 220 485 1000%  6.02[0.94, 38.60] ——
Total events 4 1
Heterogeneity: Chi* = 0.01, df = 1 (P = 0.92); = 0%
Test for overall effect Z = 1.89 (P = 0.06) SOL B S
D  CMBs presence and risk of recurrent stroke
EventiCH  Eventls Odds Ratio Odds Ratio
—Study or Subaroup _ Events Total Events Total Weight MM, Fixed.95%Cl _ M-H.Fixed 95%Cl
Wagner 2022 4 7 10 21 299% 147026823 e
Choi 2020 9 16 21 64 513%  263(0.86,805] =
Soo 2019 3 4 712 122%  214[0.47,27.10) S e —
Charidimou 2016 13 2 14 66% 3.00(0.18,50.78] ks
Total (95% CI) 30 11 1000%  225[097,5.21] >
Total events 17 40
Heterogeneity: Chi* = 0.35, df =3 (P = 0.95); = 0% T
Test for overall effect: Z = 1.89 (P = 0.06) o0 104 ! 16 10
B Effects of VKA and NOAC on future ICH
VKA NOAC Odds Ratio Odds Ratio
—Study or Subgroup _ Events Total Events Total Weight M:H, Fixed, 95%Cl M:H, Fixed, 95% CL
Wagner 2022 3 20 166 50% 1147[1.12,117.34] =
Choi2020 17 285 4 108 690%  165[0.54,502 1
Wilson 2018 12 179 2 542 117% 19.40[4.30,87.56] =% -
Charidimou 2016 2 82 137 142%  1.44[0.13,1649) s
Total (95% CI) 536 753 100.0%  419[1.94,9.04] >
Total events 34 8
Heterogeneity: Chi? = 8.13, df =3 (P = 0.04); I = 63% 55T o PR

Test for overall effect: Z = 3.65 (P = 0.0003)
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Variables Total (n = 909) Phenotypes

Phenotype-1  Phenotype-2 = Phenotype-3
(n = 401) (n =463) (n = 45)

Demographic characteristics

Age 64(55,72) 61(53,70) 66 (56,74) 70 (54, 75) <0.001% 0.017% 0.591
Gender

Female (%) 281 (31) 120 (30) 147 (32) 14(31) 0.614; 151
Male (%) 628 (69) 281 (70) 316 (68) 31(69)

Nationality

Han (%) 845 (93) 377 (94) 426 (92) 42(93) 0.558; 0.746; 1
Minority (%) 64(7) 24(6) 37.(8) 3(7)

Marriage

Married (%) 893 (98) 391 (98) 457 (99) 45 (100) 0315 0.608; 1
Other status (%) 16 (2) 10 (2) 6(1) 0(0)

Education

High school diploma or 285 (31) 122 (30) 151 (33) 12(27) 0.537;0.726; 0.517
higher (%)

Others (%) 624 (69) 279 (70) 312 (67) 33(73)

Clinical classification and scores

TOAST

LAA (%) 365 (40) 149 (37) 196 (42) 20 (44) 0.105; 0.1;0.361
SAO (%) 267 (29) 134 (33) 125 (27) 8(18)

Others (%) 277 (31) 118 (30) 142 31) 17.(38)

Scales

NIHSS 3(1,5) 3(1,6) 2(1,5) 11(6, 16) 0.058; <0.001%; <0.001¢
GCS 15 (15,15) 15 (15, 15) 15(15,15) 13(9,15) 0.004% <0.001%; <0.001¢
mRS

0-2 (%) 515(57) 234 (58) 275 (59) 6(13) 0.81; <0.001°% <0.001¢
3-6 (%) 394 (43) 167 (42) 188 (41) 39(87)

Previous history

HTN

No (%) 398 (44) 162 (40) 213 (46) 23 (51) 0.112;0.221; 0.618
Yes (%) 511 (56) 239 (60) 250 (54) 22 (49)

AF

No (%) 892 (98) 396 (99) 453 (98) 43 (96) 0.445; 0.151; 0.288
Yes (%) 17(2) 5(1) 10(2) 2(4)

CHD

No (%) 873 (96) 390 (97) 440 (95) 43(96) 0.133;0.63; 1
Yes (%) 36 (4) 1(3) 23(5) 2(4)

DM

No (%) 720 (79) 298 (74) 384 (83) 38 (84) 0.003% 0.189; 0.961
Yes (%) 189 (21) 103 (26) 79 (17) 7(16)

Unhealthy habits

Smoking

No (%) 706 (78) 308 (77) 368 (79) 30 (67) 0.386; 0.186; 0.071
Yes (%) 203 (22) 93 (23) 95 (21) 15(33)

Drinking

No (%) 832(92) 365 (91) 430 (93) 37(82) 0.382; 0.068; 0.02°
Yes (%) 77(8) 36 (9) 33(7) 8(18)

MRI location

Lesions

Onessite (%) 417 (46) 202 (50) 211 (46) 1(9) 0.18; <0.001°; < 0.001¢
Multiple sites (%) 492 (54) 199 (50) 252 (54) 41(91)

Carotid artery ultrasound

IMT: Right
<1.0mm (%) 705 (78) 319 (80) 349 (75) 37(82) 0.168; 0.82; 0.399
>1.0mm (%) 204 (22) 82 (20) 114 (25) 8(18)

IMT: Left

<1.0mm (%) 643 (71) 281 (70) 325 (70) 37(82) 1;0.125; 0.126
>1.0mm (%) 266 (29) 120 (30) 138 (30) 8(18)

CE

No (%) 248 (27) 100 (25) 138 (30) 10 (22) 0.128; 0.827; 0.37
Yes (%) 661 (73) 301 (75) 325 (70) 35(78)

VP

None (%) 248 (27) 100 (25) 138 (30) 10 (22) 0259 0.386; 0.257
SP (%) 65(7) 32(8) 32(7) 12)

VP (%) 596 (66) 269 (67) 293 (63) 34(76)

Cs

No (%) 798 (88) 351 (88) 411 (89) 36 (80) 0.648; 0.237; 0.137
Yes (%) 111 (12) 50 (12) 52 (11) 9(20)

Non-invasive physiological indices

HR (bpm) 77 (70, 86) 78 (72, 88) 75 (68, 83) 86 (76, 100) <0.001% <0.001%
<0.001¢

SBP (mmHg) 140 (127, 156) 143 (130, 157) 138 (124, 152) 148 (140, 161) <0.001% 0.148; 0.004¢

DBP (mmHg) 82(73,91) 85(76,93) 79(71,88) 80 (73, 93) <0.001% 0.296; 0.28

20, (%) 96 (94, 96) 96 (94, 96) 96 (94, 96) 96 (94, 98) 0.682; 0.652; 0.785

Individual characteristics

Weight (Kg) 68 (60,75) 70 (64, 75) 65 (60, 74) 65 (60, 70) <0.001% 0.003% 0.38
Height (cm) 168 (160, 172) 168 (160, 172) 168 (160, 172) 170 (160, 174) 0.61;0.513; 0.384
BMI (Kg/m?) 24.34 (2241, 26.26) 25.06 (23.15,27.34) 23.88 (22.04, 25.76) 22.86 (20.76, 24.8) <0.001% <0.001% 0.073

Inflammatory biomarkers

WBC (10°/L) 654 (5.40, 8.20) 6.94 (5.89, 8.46) 5.92 (4.98,7.38) 12.00 (9.00, 15.32) <0.001% <0.001%
<0.001°

NEU (10°/L) 425 (3.18,5.56) 452 (3.54,5.73) 3.76 (2.8, 4.95) 10.45 (7.27, 12.99) <0.001% <0.001%
<0.001¢

LYM (10°/L) 1,59 (1.25,2.01) 175 (1.42,2.21) 1.55 (117, 1.92) 086 (061, 1.29) <0.001% <0.001%
<0.001

MON (10°/L) 0.45 (036, 0.58) 0.45(0.36,0.59) 0.45 (0.36, 0.56) 064 (051, 1.04) 0.4; <0.001% <0.001¢

NLR 2.55(1.83,3.77) 2,47 (1.84,3.57) 245 (175, 3.5) 9.8 (6.82,19.98) 0.637; <0.001% <0.001¢

LMR 3.50 (2.61,4.67) 3.90 (2.89,5.07) 3.39 (2,59, 4.42) 140 (0.87, 1.74) <0.001% <0.001%
<0.001¢

MHR 046 (0.33,0.61) 0.44(0.32,0.61) 0.46 (0.34, 0.59) 079 (056, 1.08) 0.5; <0.001% <0.001¢

NHR 416 (3.04,5.98) 430 (3.34,6.10) 3.81 (2.78, 5.30) 10.47 (7.76, 12.75) <0.001% <0.001%
<0.001¢

SIT(10°/L) 487 (323, 748) 501 (341, 777) 439 (296, 678) 1945 (1222, 3016) <0.001% <0.001%
<0.001

SIRI (10°/L) 1.16 (0.78, 1.92) 112078, 1.8) 113 (074, 1.77) 8.57 (3.75, 16.43) 0.556; <0.001% <0.001¢

MII-1 7.98 (2,61, 16.33) 7.21(2.73, 14.46) 7.67 (2.14, 14.99) 82.96 (24.98, 0.702; <0.001% <0.001¢

303.47)

Mil-2 341 (115,721) 325 (120, 679) 321 (98, 695) 1297 (301, 10385) | 0.804; <0.001% <0.001¢

MiI-3 1413 (464, 3211) 1509 (534, 2959) 1184 (339, 2906) 13549 (4224,84269) | 0.05% <0.001% <0.001¢

RPR 007 (0.06,0.09) 0.06 (0.05,0.07) 0.7 (0.06, 0.09) 0.08 (0.06, 0.11) <0.001% <0.001%; 0.738

CRP (mg/L) 2.84(0.99, 5.96) 2,67 (1.09, 5.96) 2.79 (0.8, 5.96) 7.85 (2.14, 59.19) 0.568; <0.001% <0.001¢

Red blood cell-related parameters

RBC (10'2/L) 478 (4.41,5.16) 496 (4.65,5.32) 464 (4.25,4.96) 433 (3.91,4.99) <0.001% <0.001% 0.017¢
HGB (g/L) 149 (138, 160) 155 (145, 164) 145 (135, 155) 136 (117, 153) <0.001% <0.001% 0.006¢
HCT 0.4 (0.41,0.48) 0.46 (0.43, 0.49) 0.43 (0.4, 0.46) 0.40 (035, 0.45) <0.001% <0.001% 0.003¢
MCV (fL) 92.9(89.7,95.9) 919 (89.1,94.8) 93.6 (90.6,96.9) 92.8 (89, 96.4) <0.001% 0.476; 0.186
MCH (pg) 31.2(30.1, 32.4) 31.0(30.0,32.1) 315 (303, 32.6) 314 (30.1, 32.8) <0.001% 0.308; 0.67
MCHC (g/L) 336 (329, 342) 337 (330, 343) 335 (328, 342) 337 (325, 348) 0.012% 0.81;0.493
RDWCV (%) 128 (123, 13.4) 126 (12.0,13.2) 13.0 (124, 13.5) 135 (127, 14.0) <0.001% <0.001% 0.003¢

Lipid parameters

TC (mmol/L) 3.99 (3.31,4.7) 47 (4.12,533) 3.43(299,4) 3.59 (2.95,4.13) <0.001% <0.001% 0.512
TG (mmol/L) 1.41 (1.04, 1.95) 1.96 (155, 2.62) 113 (0.8, 1.4) 122 (08, 1.52) <0.001% <0.001% 0.617
HDL-C (mmol/L) 1(0:85,1.18) 103 (089, 1.21) 098 (085, 1.15) 098 (0.72,1.21) 0.011% 0.135; 0.456

LDL-C (mmol/L) 267 (2.13,3.2) 3.19(2.76, 3.69) 2.29 (1.89, 2.67) 226 (1.73,2.82) <0.001% <0.001%; 0.643
AIP 0.14(0,0.3) 0.28 (0.14, 0.44) 0.06 (-0.08,0.17) 0.06 (-0.06, 0.25) <0.001% <0.001% 0.347
el 14.57 (7.99,27.35) 28.65(19.13,44.02) | 893 (5.76, 13.34) 9.55 (4.6, 19.98) <0.001% <0.001% 0.412
non-HDL-C (mmol/L) 2.99(2.37,3.62) 3.64 (3.12,4.19) 2.46 (2.04, 2.95) 2.56 (195, 3.14) <0.001% <0.001% 0.181
AC 297 (2.27,3.71) 3.56 (2.96,4.19) 2.45 (1.96, 3.09) 2.55 (197, 3.64) <0.001% <0.001% 0,227
CRI-I 3.97 (3.27,4.71) 456 (3.96,5.19) 3.45 (2,96, 4.09) 3.55 (2,97, 4.64) <0.001% <0.001% 0,227
CRI-II 2,69 (2.08,3.27) 3.11(2.65,3.61) 229 (1.82, 2.83) 2.28 (1.84, 3.33) <0.001% <0.001%; 0.327

Diabetes-related biomarkers

GLU (mmol/L) 5.89 (4.93,7.98) 6.65(5.35,9.44) 5.34 (4.6, 6.64) 6.66 (5.09, 10.18) <0.001% 0.8; < 0.001°

TyG 8.85(8.41,9.35) 9.32(8.94,9.75) 8.50 (8.21, 8.84) 8.70(8.27,9.22) <0.001% <0.001% 0.015¢

Renal function indicators

Urea (mmol/L) 57(45,6.9) 5.6(4.6,6.9) 57 (45,6.72) 6.8 (4.7,9.0) 0.271;0.007%; 0.002¢
CREA (mol/L) 63.9(53.5,75.3) 65.2(55.6,76.2) 62.5 (51.8,73.6) 66.1 (50.9, 82.7) 0.008%; 0.892; 0.448
UCR 0.08 (0.07, 0.1) 0.08 (0.07,0.11) 0.08 (0.07, 0.1) 0.09 (0.08, 0.12) 0.803; 0.028%; 0.034¢
UA (nmol/L) 312.0 (254.0, 379.0) 328.0 (262.0,406.0) | 300.0 (246.5,357.5) | 303.0 (248.6, 393.0) <0.001% 0.31;0.431
lon
K (mmol/L) 379 (3.53,4.01) 3.79(3.51,4.03) 3.80 (3.56, 3.99) 3.72 (3.53,4.01) 0.724; 0.646; 0.421
NA (mmol/L) 140.0 (138.0, 141.7) 139.7(138.0,1412) | 140.4 (1383,142.0) | 138.0 (135.3,140.0) <0.001% <0.001°%
<0.001¢
Cl (mmol/L) 105.6 (103.0, 107.3) 105.0 (102.0, 106.8) 106.0 (104.0, 108.0) 105.0 (102.0, 107.2) <0.001% 0.634; 0.039°
CO;, (mmol/L) 24.3(22.6,26) 24.3(22.5,26.1) 24.4(22.8,26.1) 22.3(19.5,243) 0.574; <0.001% <0.001°
Ca (mmol/L) 225(2.18,2.32) 229(2.23,2.37) 220 (2.14,2.28) 223(2.13,2.29) <0.001% <0.001%; 0.932
P (mmol/L) 1.04(0.92,1.18) 1.03(0.92,1.17) 1.05 (0.93, 1.18) 1.03 (0.85, 1.15) 0.41;0.522; 0.704
Mg (mmol/L) 0.85(0.8,0.9) 0.86 (0.81,0.91) 0.84 (0.8, 0.89) 0.83 (0.76, 0.88) <0.001% 0.015% 0.219

Liver function-related indicators

TBIL (wmol/L) 148 (11.0,19.5) 145 (109, 18.3) 149 (110, 20.1) 17.4 (13.4,23.4) 0.141; 0.008"; 0.049¢
DBIL (wmol/L) 28(2.0,40) 25(1.8,34) 3.0(22,43) 35(21,63) <0.001% <0.001% 0.057
IBIL (pmol/L) 11.7 (87, 15.6) 11,6 (9.0,15.2) 116 85, 15.9) 13.0 (9.6, 18.2) 0.968; 0.075; 0.088
ALT (U/L) 18 (12,26) 19(13,27) 17(11,25) 17(13,26) 0.003% 0.696; 0.336
AST (U/L) 22(18,27) 21(19,27) 21(17,25) 26 (22, 40) 0.11; <0.001% <0.001¢
AAR 118 (0.92, 1.60) 1.1 (088, 1.54) 122 (0.96, 1.58) 1,57 (1.24,2.17) 0.005% <0.001%; <0.001¢
GGT (U/L) 24 (17,38) 28 (20, 43) 21(15,32) 33 (19, 86) <0.001% 0.339; <0.001°
ALP (U/L) 87 (72,105) 92(76, 109) 83 (69, 98) 97 (67, 120) <0.001% 0.899; 0.084
CHE (U/mL) 7.87 1,61 881+ 1.36 718+ 131 6.60 % 1.98 <0.001% <0.001% 0.062
TP (g/L) 674%65 704+63 64856 68067 <0.001% 0.027° 0.003¢
ALB (g/L) 39.8 (37.4,42.3) 415(39.4,43.8) 38.8 (36.5, 40.9) 37.7 (34.1,39.9) <0.001% <0.001%; 0.066
GLB (g/L) 27.3 (24.1,30.7) 28.5(25.9,32.1) 25.7 (23.0,28.8) 302 (27.6, 34.4) <0.001% 0,013 <0.001¢
AGR 146 (1.29, 1.66) 144 (1.28, 1.63) 149 (1.32, 1.71) 1.29 (103, 1.39) 0.004% <0.001% <0.001¢

Myocardial injury markers

CK (U/L) 73 (51,103) 74 (55, 107) 70 (49, 96) 92 (60, 159) 0.023% 0.041% 0.007°
CK-MB (U/L) 12 (10, 15) 13 (10, 15) 12 (10, 15) 13 (10, 16) 0.065; 0.392; 0.106
LDH (U/L) 193 (166, 223) 196 (171, 223) 187 (164, 220) 229 (189, 285) 0.029%; <0.001"; <0.001¢

Coagulative markers

PT (s) 11.2(10.7,11.8) 109 (105, 11.5) 113 (109, 11.9) 127 (11.7,13.6) <0.001% <0.001%
<0.001¢

PTA (%) 97 (90, 105) 101 (93, 108) 95 (88, 101) 80(72,92) <0.001% <0.001%
<0.001¢

INR 1(0.96,1.05) 0,99 (0.93,1.02) 100 (0.99, 1.07) 1.10 (101, 1.20) <0.001% <0.001%
<0.001¢

APTT () 30.5(28.5,33.1) 305 (287, 33.1) 30.7 (28.5,33) 29.8(27.4,32.3) 0.868; 0.105; 0.11

FIB (g/L) 3.03 (2.67, 3.48) 3.08 (2.71,351) 2,96 (2,61, 3.37) 3.72(3.12,4.95) <0.001% < 0.001°% <
0.001¢

TT (s) 14.1 (133, 149) 137 (132, 14.6) 142 (135, 15.1) 14.1(13.0,15.2) <0.001% 0.231; 0.47

DD (pg/mL) 0.41(0.23,0.78) 0.34 (020, 0.60) 0.44 (025, 0.84) 1.4 (0.82,3.72) <0.001% <0.001%
<0.001¢

FDP (g/mL) 1.04 (0.63,2.00) 0,90 (0.59, 1.44) 112 (066, 2.16) 293 (1.81,7.65) <0.001% <0.001%
<0.001¢

AIS, acute ischemic stroke; TOAST, Trial of Org 10172 in Acute Stroke Treatment; LAA, large-artery atherosclerosis; SAO, small-artery occlusion; NIHSS, the National Institutes of Health
Stroke Scale; GCS, Glasgow coma scale; mRS, modified Rankin scale; HTN, hypertension; AE atrial fibrillation; CHD, coronary heart disease; DM, diabetes mellitus; IMT, intima-media
thickness; CP, carotid plaque; VP, vulnerable plaques SB, stable plaque; CS, carotid stenosis; HR, heart rate; Sa02, oxygen saturation in arterial bloods SBP, systolic blood pressure; DB, diastolic
blood pressures; BMI, body mass index; WBC, white blood cell; NEU, neutrophil; LYM, lymphocyte; MON, monocyte; NLR, neutrophil to lymphocyte ratio; LMR, lymphocyte to monocyte
ratio; MHR, monocyte to high-density lipoprotein-cholesterol ratio; NHR, neutrophil to high-density lipoprotein-cholesterol ratio; SI, systemic immune-inflammation index; SIRI, system
inflammation response index; MII-1, multi-inflammatory index-1; MII-2, multi-inflammatory index-2; MII-3, multi-inflammatory index-3; RPR, red blood cell distribution width to platelet
ratio; CRP, C-reaction protein; RBC, red blood cell; HGB, hemoglobin; HCT, hematocrit; MCV, mean corpuscular volume; MCH, mean corpuscular hemoglobin; MCHC, mean corpuscular
hemoglobin concentration; RDWSD, red blood cell distribution width standard deviation; RDOWCY, red blood cell distribution width coefficient of variation; TC, total cholesterol; TG, total
triglyceride; HDL-C, high-density lipoprotein-cholesterol; LDL-C, low-density lipoprotein cholesterol; AIB, atherogenic index of plasma; LCIL, lipoprotein combine index; AC, atherogenic
coefficient; CRI-I, Castelli’ index-I; CRI-II, Castellis index-1I; non-HDL, non-high density lipoprotein-cholesterol; GLU, glucose; TyG, triglyceride-glucose; CREA, creatinine; UCR, urea to
creatinine ratio; UA, uric acid; K, potassium; Na, sodium; Cl, chlorine; CO2, carbon dioxide; Ca, calcium; P, phosphorus; Mg, magnesium; TBIL, total bilirubin; DBIL, direct bilirubin; IBIL,
indirect bilirubin; ALT, alanine transaminase; AST, aspartate aminotransferase; AAR, aspartate aminotransferase to alanine transaminase ratio; GGT, y glutamyl transpeptadase; ALP, alkaline
phosphatase; CHE, cholinesterase; TP, total protein; ALB, albumin; GLB, globulin; AGR, albumin to globulin ratio; CK, creatine kinase; CK-MB, creatine kinase-MB; LDH, lactic dehydrogenase;
PT, prothrombin time; PTA, prothrombin activity; INR, international normalized ratio; APTT, activated partial thromboplastin time; FIB, fibrinogen; TT, thrombin time; EDP, fibrin degradation
products; DD, D-Dimer. *Comparison between phenotype 1 and phenotype 2 with p < 0.05; ® comparison between phenotype 1and phenotype 3 with p < 0.05; comparison between phenotype
2 and phenotype 3 with p < 0.05.
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Variables

Demographic characteristics

Age 65 (55,72) 64(55,72) 66 (57, 72) 0.172
Gender

Female (%) 507 (36) 281 (31) 226 (47) <0.001
Male (%) 886 (64) 628 (69) 258 (53)

Nationality

Han (%) 1,294 (93) 845 (93) 449 (93) 0.982
Minority (%) 99 (7) 64(7) 35(7)

Marriage

Married (%) 1,374 (99) 893 (98) 481 (99) 0.132
Other status (%) 19(1) 16 (2) 3(1)

Education

High school diploma or higher (%) 473 (34) 285 (31) 188 (39) 0.006
Others (%) 920 (66) 624 (69) 296 (61)

Previous history

HTN

No (%) 665 (48) 398 (44) 267 (55) <0.001
Yes (%) 728 (52) 511 (56) 217 (45)

AF

No (%) 1,373 (99) 892 (98) 481 (99) 0.103

Yes (%) 20(1) 17.(2) 3(D

CHD

No (%) 1,330 (95) 873 (96) 457 (94) 0.212

Yes (%) 63 (5) 36 (4) 27 (6)

DM

No (%) 1,137 (82) 720 (79) 417 (86) 0.002

Yes (%) 256 (18) 189 (21) 67 (14)

Unhealthy habits

Smoking

No (%) 1,140 (82) 706 (78) 434 (90) <0.001
Yes (%) 253 (18) 203 (22) 50 (10)

Drinking

No (%) 1,297 (93) 832(92) 465 (96) 0.002

Yes (%) 96 (7) 77 (8) 19(4)

Non-invasive physiological indices

HR (bpm) 77 (70, 86) 77 (70, 86) 77 (70, 85) 0.497
SBP (mmHg) 137 (123, 151) 140 (127, 156) 128 (119, 142) <0.001
DBP (mmHg) 80/(71,89) 82(73,91) 76 (70, 84) <0.001
520, (%) 96 (94, 96) 96 (94, 96) 95 (94, 96) 0213

Individual characteristics

Weight (Kg) 67 (60,75) 68 (60,75) 65 (59, 74) 0.001
Height (cm) 167 (160, 172) 168 (160, 172) 165 (160, 170) <0.001
BMI (Kg/m?) 24.22(2232,26.22) 2434 (22.41,26.26) 24.16 (22.26, 26.08) 0.168

Inflammatory biomarkers

WBC (10°/L) 6.16 (5.10, 7.66) 6.54 (5.40, 8.20) 5.60 (4.61, 6.66) <0.001
NEU (10°/L) 375 (2.86,5.01) 425 (3.18, 5.56) 3.14(2.46,3.91) <0.001
LYM (10°/L) 163 (1.28, 2.06) 159 (125, 2.01) 170 (138, 2.10) 0.002
MON (10°/L) 0.44 (035, 0.56) 0.45 (036, 0.58) 0.42(033,0.52) <0.001
NLR 2.23 (164, 3.34) 2.55(1.83,3.77) 185 (138, 2.46) <0.001
LMR 372 (2.79,4.82) 350 (2.61, 4.67) 4.05 (3.14,5.14) <0.001
MHR 0.43 (031, 0.58) 0.46 (033, 0.61) 0.38 (029, 0.53) <0.001
NHR 3.65 (263, 5.24) 416 (3.04,5.98) 2,89 (2.14, 3.90) <0.001
SIL(10°/L) 413 (281, 667) 487 (323, 748) 330 (232, 472) <0.001
SIRI (10°/1) 1.01 (065, 1.64) 116 (0.78, 1.92) 0.79(051, 1.13) <0.001
MII-1 627 (243, 13.05) 7.98 (2.61,16.33) 5.00 (2.07,7.89) <0.001
MII-2 205 (88, 602) 341 (115, 721) 115 (68, 283) <0.001
MII-3 1,115 (417, 2503) 1,413 (464, 3211) 841 (353, 1496) <0.001
RPR 0.09 (006, 1.12) 0.07 (006, 0.09) 370 (101, 3.70) <0.001
CRP (mg/L) 0.90 (0.09, 5.47) 2.84 (099, 5.96) 0.07 (006, 0.09) <0.001

Red blood cell-related parameters

RBC (10'%/L) 4.72 (4.35,5.11) 4.78 (4.41,5.16) 4.59 (4.29,4.97) <0.001
HGB (g/L) 148 (136, 158) 149 (138, 160) 143 (133, 156) <0.001
HCT 0.4 (0.41,0.47) 0.4 (0.41, 0.48) 0.43 (0.4, 0.46) <0.001
MCV (fL) 93.3 (90.0,96.1) 92.9 (89.7,95.9) 93.8 (90.9, 96.5) <0.001
MCH (pg) 313 (30.1, 32.4) 312 (30.1, 32.4) 313 (30.1,32.4) 0.995
MCHC (g/L) 335 (327,342) 336 (329, 342) 332 (325, 340) <0.001
RDWCV (%) 12.8 (123,133) 12.8 (12.3,13.4) 129 (124,133 0.623

Lipid parameters

TC (mmol/L) 401 (333,4.72) 399 (3.31,4.70) 4.06 (3.36,4.76) 0.386
TG (mmol/L) 138 (101, 1.87) 1.41 (104, 1.95) 131(096,1.77) 0.005
HDL-C (mmol/L) 1.03 (0.8, 1.22) 100 (085, 1.18) 110 (0.94, 1.27) <0.001
LDL-C (mmol/L) 2,66 (2.12,3.21) 2,67 (2.13,3.2) 2,66 (2.12,3.24) 0.924
AIP 0.12 (-0.03,0.28) 0.14(0,0.3) 0.08 (-0.08, 0.24) <0.001
LCl 13.96 (7.79, 25.81) 14.57 (7.99,27.35) 12.91 (7.33,21.99) 0.002
non-HDL-C (mmol/L) 2.96 (2.35,3.61) 299 (2.37,3.62) 291(2.32,3.58) 0.416
AC 2.87 (2.16,3.58) 297 (2.27,3.71) 2,67 (2.00,3.37) <0.001
CRI- 3.87 (3.16,4.58) 397 (327,4.71) 367 (3.00,4.37) <0.001
CRI-IT 2.59 (199, 3.15) 269 (2.08,3.27) 242 (1.89,3.02) <0.001

Diabetes-related biomarkers

GLU (mmol/L) 5.44 (4.77,7.09) 589 (4.93,7.98) 5.02 (4.58, 5.90) <0.001

VG 8.74 (8.36,9.22) 8.85 (8.41,9.35) 8.61(8.24,8.97) <0.001

Renal function indicators

Urea (mmol/L) 5.6(45,6.8) 57 (45,6.9) 55(46,6.7) 0.192

CREA (pmol/L) 63.1(52.7,74.2) 63.9(53.5,75.3) 61.1(50.9,71.7) 0.001

UCR 0.09 (0.07,0.11) 0.08 (0.07, 0.10) 0.09 (0.07,0.11) 0.053

UA (jmol/L) 308 (252,371) 312 (254, 379) 299 (249, 355) 0.008

lon

K (mmol/L) 3.82 (3.57,4.04) 3.79 (3.53,4.01) 3.87 (3.64,4.09) <0.001
NA (mmol/L) 140.1 (138.3, 142.0) 140.0 (138.0, 141.7) 141.0 (139.0, 142.2) <0.001
Cl (mmol/L) 106.0 (104.0, 108.0) 105.6 (103.0, 107.3) 106.7 (105.0, 108.1) <0.001
CO; (mmol/L) 24.5(22.8,26.2) 24.3(22.6,26.0) 25.0(23.4,26.5) <0.001
Ca (mmol/L) 2.25(2.18,2.32) 2.25(2.18,2.32) 2.25(2.18,2.32) 0.585

P (mmol/L) 1.07 (0.94, 1.20) 1.04(0.92, 1.18) 1.11(0.98, 1.23) <0.001
Mg (mmol/L) 0.86 (0.81,0.91) 0.85 (0.80, 0.90) 0.87 (0.83,0.91) <0.001

Liver function-related indicators

TBIL (jmol/L) 14.4 (11.0,18.9) 14.8(11.0,19.5) 14.0 (11.1,17.9) 0.118
DBIL (pmol/L) 2.8(2.0,3.8) 2.8(2.0,4.0) 2.7(20,3.6) 0.046
IBIL (mol/L) 115 (87, 15.3) 117 (87, 15.6) 11.1(87, 14.7) 0.254
ALT (U/L) 18 (13,27) 18 (12,26) 19(13,28) 0.042
AST (U/L) 22(18,27) 22(18,27) 22(18,27) 085

AAR 117 (0.89, 1.55) 1.18 (092, 1.60) 1.14 (086, 1.47) 0.006
GGT (U/L) 24.(16,36) 24(17,38) 22(16,34) 0.002
ALP (U/L) 84 (70,102) 87 (72,105) 80 (67, 94) <0.001
CHE (U/mL) 78+ 155 7.87 £ 161 7.68 % 1.43 0.028
TP (g/L) 669 (62.6,71.4) 673 (62.8,71.6) 66.1(62.1,70.9) 0.005
ALB (g/L) 39.8 (37.4, 42.4) 39.8(37.4,42.3) 399(37.5,42.8) 0.295
GLB (g/L) 269 (23.8,30.1) 273 (24.1,30.7) 260 (23.5,29.1) <0.001
AGR 149 (132, 1.68) 1.46 (129, 1.66) 154 (140, 1.71) <0.001

Myocardial injury marker

CK (U/L) 73 (51, 101) 73 (51,103) 72 (53, 100) 0.644
CK-MB (U/L) 1210, 15) 1210, 15) 12 (10, 14) 0.016
LDH (U/L) 189 (165, 220) 193 (166, 223) 184 (161, 211) <0.001

Coagulative markers

PT (s) 11.1(10.6,11.7) 112(10.7,11.8) 11 (10.5, 11.4) <0.001
PTA (%) 99 (91, 106) 97 (90, 105) 100 (93, 107) <0.001
INR 1.00 (0.96, 1.05) 1.00 (0.9, 1.05) 1.00 (0.9, 1.04) 0.563
APTT () 308 (287, 33.1) 305 (285, 33.1) 312(29.0,33.2) 0.039
FIB (g/L) 2.97 (261, 3.40) 3.03 (267, 3.48) 289 (251, 3.24) <0.001
TT (s) 14.1(13.3,14.9) 14.1 (133, 14.9) 143 (13.5,15.0) 0.063
DD (pg/ml) 039 (0.22,0.72) 0.41(023,0.78) 037 (0.22,0.63) 003

FDP (jug/mL) 1.03 (062, 1.83) 1.04 (063, 2.00) 1.01(0.60, 1.72) 0536

AIS, acute ischemic stroke; HTN, hypertension; A atrial fibrillation; CHD, coronary heart disease; DM, diabetes mellitus; HR, heart rate; SaOs, oxygen saturation in arterial blood; SBP, systolic
blood pressure; DBP, diastolic blood pressures; BMI, body mass index; WBC, white blood cell; NEU, neutrophil; LYM, lymphocyte; MON, monocyte; NLR, neutrophil to lymphocyte ratio; LMR,
Iymphocyte to monocyte ratio; MHR, monocyte to high-density lipoprotein-cholesterol ratio; NHR, neutrophil to high-density lipoprotein-cholesterol ratios SII, systemic immune-inflammation
index; SIRI, system inflammation response index; MII-1, multi-inflammatory index-1; MII-2, multi-inflammatory index-2; MII-3, multi-inflammatory index-3; RPR, red blood cell distribution
width to platelet ratio; CRP, C-reaction protein; RBC, red blood cell; HGB, hemoglobin; HCT, hematocrit; MCV, mean corpuscular volume; MCH, mean corpuscular hemoglobin; MCHC,
mean corpuscular hemoglobin concentration; RDWSD, red blood cell distribution width standard deviation; RDWCV, red blood cell distribution width coefficient of variation; TC, total
cholesterol; TG, total triglyceride; HDL-C, high-density lipoprotein-cholesterol; LDL-C, low-density lipoprotein cholesterol; AIP, atherogenic index of plasma; LCL, lipoprotein combine index;
AC, atherogenic coefficient; CRI-I, Castellis index-I; CRI-II, Castelli’s index-1I; non-HDL, non-high density lipoprotein-cholesterol; GLU, glucose; TyG, triglyceride-glucose; CREA, creatinine;
UCR, urea to creatinine ratio; UA, uric acid; K, potassium; Na, sodium; Cl, chlorine; CO;, carbon dioxide; Ca, calcium; P, phosphorus; Mg, magnesium; TBIL, total bilirubin; DBIL, direct
bilirubin; IBIL, indirect bilirubin; ALT, alanine transaminase; AST, aspartate aminotransferase; AAR, aspartate aminotransferase to alanine transaminase ratio; GGT, y glutamyl transpeptadase;
ALP, alkaline phosphatase; CHE, cholinesterase; TP, total protein; ALB, albumin; GLB, globulin; AGR, albumin to globulin ratio; CK, creatine kinase; CK-MB, creatine kinase-MB; LDH, lactic
dehydrogenase; PT, prothrombin time; PTA, prothrombin activity; INR, international normalized ratio; APTT, activated partial thromboplastin time; FIB, fibrinogen; TT, thrombin time; FDP,
fibrin degradation products; DD, D-Dimer.
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Evaluation metrics Model 1 (95% Cl) Model 2 (95% Cl)

Training Testing Training Testing

AUC (95% CI) 0.999 (0.998-1.00) 0.977 (0.961-0.993) 1.00 (0.999-1.00) 0.984 (0.971-0.997)
ACC 0.982 (0.975-0.991) 0.936 (0.922-0.956) 0.991 (0.986- 0.994) 0952 (0.938-0.972)
Sensitivity 0.993 (0.981-0.996) 0.984 (0.968-0.998) 0.991 (0.985-0.997) 0958 (0.939-0.984)
Specificity 0974 (0.961-0.990) 0.892 (0.874-0.926) 0992 (0.984-0.999) 0945 (0.923-0.969)
PPV 0.968 (0.953-0.988) 0.892 (0.875-0.923) 0.991 (0.982-0.999) 0.951 (0.935-0.972)
NPV 0.994 (0.985-0.997) 0.984 (0.969-0.998) 0992 (0.987-0.997) 0952 (0.932-0.982)
Threshold 0.428 - 0.547 -

Youden 1.967 1.876 1.982 1.903

CI, confidence interval; AUC, the area under curve; ACC, accuracy; PPV, positive predictive value; NPV, negative predictive value; -, not available,
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PCHDs (n =103)

HT group (n =58)

No-HT group

(n = 45)

£tz

Age (mean) (years)

Sex (male, %)
Hypertension, n (%)
Diabetes, 1 (%)
Previous stroke, 1 (%)
Atrial ibrillation, (%)
Smoking, n (%)
Coronary heart disease
Hyperlipidemia
Anticoagulant use, 7 (%)
Antiplatelet drug, 1 (%)

Intravenous thrombolytic, n
)

Occluded arteries, n (%)
MCA isolated

ICA isolated or in tandem
with MCA

Posterior circulation

Baseline systolic blood

pressure (mmHg)

Baseline diastolic blood

pressure (mmHg)

Baseline NIHSS score,
‘median (IQR)

ASPECTS/pc-ASPECTS,
median (IQR)

TOAST classification, n (%)
Cardiac embolism
Large-artery atherosclerosis
Onset to recanalization,
‘median (IQR) (min)
Procedure time (IQR) (min)
Time interval between
reperfusion to the first post-
CT (IQR) (min)

mTICI 22b, 1 (%)

>3 stent pass attempts, 1 (%)

Intraoperative balloon
dilatation, n (%)

3months mRS >2, 1 (%)

Mortality rate, (%)

RMDV >1, n (%)

689041153
67(65.05)
49 (47.57)
28(27.18)
23(22.33)
54(5243)
41(39.81)
26(25.24)
32(31.07)
11(10.68)
14(13.59)

48 (46.60)

66 (64.08)

27 (26.21)

11(10.68)

150032118

87.26+1421

16 (12-20)

8(7,9)

54(5243)
46 (44.66)
240 (180-300)

110 (83-150)

20(18,22)

83 (80.58)
34(33.01)
20(19.42)

13(12.62)
64 (62.14)
18(17.48)

63(61.17)

70.72£9.19
34(58.62)
34(58.62)
20 (34.48)
15 (25.86)
32(55.17)
21(36.21)
18 (31.03)
17(2931)
5(8.62)
9(15.52)

30(51.72)

41(70.69)

14(24.149)

3(5.17)

15078:+20.33

88.9741392

16 (14-20)

8(7,9)

34(58.62)
23 (39.66)

240 (180-300)

110 (82-140)

20(19,23)

44(75.86)
21(36.21)
8(1379)

5(8.62)
40/(68.97)
13 (2241)
52(89.66)

665641374
33(73.33)
15(33.33)
8(17.78)
8017.78)
22(48.89)
20 (44.44)
8017.78)
15(33.33)
6(13.33)
5(1111)

18 (40.00)

25 (55.56)

13 (28.89)

8(17.78)

149.07£22.43

850741443

16(10-22)

8(7,9)

20 (44.44)

23 (51.11)

240 (150-300)

100 (82-175)

20(18,22)

39.(86.67)
13(28.89)
12/(26.67)

817.78)
24(53.33)
5(11.11)

11(24.44)

—1.754

2413

3484

3572

0955

0.401

0718

2360

0191

0199

0419

1400

2521

0296

3.003

~0.404

-1.387

~0.626

~1051

2042

1346

~0.097

~0.063

-1162

1891

0614

2884

1927

2632

2245

45.364

0.084

0120

0.062

0059

0328

0527

0397

0124

0.662

0655

0518

0237

0112

0587

0083

0.687

0.168

0531

0293

0153

0246

0923

0950

0245

0.169

0.433

0.089

0.165

0.105

0134

<0.001

MCA, middle cerebral artery; ICA, internal carotid artery; IQR, interquartle range; NIHSS, National Institutes of Health Stroke Scale; mRS, modified Rankin Score; mTICI, modified

thrombolysis in cerebral infarction; ASPEC

, Alberta stroke program early CT score; pe-ASPECTS, posterior circulation Alberta Stroke Program Early CT Score.
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Derivation set (n = 163)

Variables

OR (95%Cl) P-value
Age > 65 years 2,096 (1.024~4.289) 0,043
SBP > 180 mmHg 5624 (1.141~27.717) 0.034
OTR > 453 min 2759 (1323~5.754) 0.007
24hICH 4,029 (1.844~8.803) <0.001

SBP indicates systolic blood pressure; OTR indicates time from symptom onset to
recanalization; ICH indicates intracranial hemorrhage.
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Derivation set (n =162) Validation set (n = 170)

Variables Statistics FR ER FR ER
(MRS>3,n=88) (MRS<2,n=74) (mRS>3,n=82) (MRS<2 n=88)

Demographics
Age Median, IQR 67 (61~74) 64 (52~70.25) 705 (61~77) 64(55~72)
265 69.3% (61/88) 47.3% (35/74) 67.1% (55/82) 46.6% (41/88)
<65 30.7% (27/88) 52.7% (39/74) 32.9% (27/82) 53.4% (47/88)
P-value 0.004 0.007
Sex Male 55.7% (49/88) 62.2% (46/74) 50.0% (41/82) 55.7% (49/88)
Female 44.3% (39/88) 37.8% (28/74) 50.0% (41/82) 44.3% (39/88)
P-value 0.404 0458
Medical history
Hypertension Yes 64.8% (57/88) 51.4% (38/74) 67.1% (55/82) 51.1% (45/88)
No 35.2% (31/88) 48.6% (36/74) 32.9% (27/82) 48.9% (43/88)
P-value 0.084 0.035
Diabetes Yes 25.0% (22/88) 21.6% (16/74) 25.6% (21/82) 13.6% (12/88)
No 75.0% (66/88) 78.4% (58/74) 74.4% (61/82) 86.4% (76/88)
P-value 0613 0.049
Coronary heart disease Yes 19.3% (17/88) 14.9% (11/74) 20.7% (17/82) 14.8% (13/88)
No 80.7% (71/88) 85.1% (63/74) 79.3% (65/82) 85.2% (75/88)
P-value 0455 0.308
Atrial fibrillation Yes 53.4% (47/88) 44.6% (33/74) 56.1% (46/82) 37.5% (33/88)
No 46.6% (41/88) 55.4% (41/74) 43.9% (36/82) 62.5% (55/88)
Prvalue 0264 0015
Previous stroke Yes 12.5% (11/88) 10.8% (8/74) 19.5% (16/82) 13.6% (12/88)
No 87.5% (77/88) 89.2% (66/74) 80.5% (66/82) 86.4% (76/88)
P-value 0.739 0.302
Baseline data
Pre-operation mRS =0 93.2% (82/88) 95.9% (71/74) 69.5% (57/82) 93.2% (82/88)
#0 6.8% (6/88) 4.1% (3/74) 30.5% (25/82) 6.8% (6/88)
P-value 0444 <0.001
Glucose Median, IQR 7.51(6.02~9.68) 6.55 (5.82~8.72) 7.84 (6.80~9.87) 6.5(5.6~7.53)
26.91 mmol/L 59.1% (52/88) 39.2% (29/74) 71.4% (50/70) 35.8% (29/81)
<6.91 mmol/L 40.9% (36/88) 60.8% (45/74) 28.6% (20/70) 64.2% (52/81)
P-value 0012 <0.001
Systolic pressure Median, IQR 138 (124~ 160) 1385(122156) 145 (127~ 164) 142 (130~ 160)
2180mmHg 13.6% (12/88) 2.7% (2/74) 10.7% (8/75) 12.6% (11/87)
<180mmHg 86.4% (76/88) 97.3% (72/74) 89.3% (67/75) 87.4% (76/87)
P-value 0.014 0.697
Diastolic pressure Median, IQR 82(73~89) 82(78~92) 88(77~95) 89 (76~100)
2101 mmHg 12.5% (11/88) 8.1% (6/74) 14.7% (11/75) 23.0% (20/87)
<101 mmHg 87.5% (77/88) 91.9% (68/74) 85.3% (64/75) 77.0% (67/87)
P-value 0.364 0.179
Initial NIHSS Median, IQR 14(12-19) 14 (11-17) 19 (14-26) 14(102-17.8)
219 28.4% (25/88) 17.6% (13/74) 51.2% (942/82) 20.5% (18/88)
<19 71.6% (63/88) 82.4% (61/74) 48.8% (40/82) 79.5% (70/88)
P-value 0.105 <0.001
ASPECT 10 27.3% (24/88) 43.2% (32/74) 25.6% (21/82) 21.6% (19/88)
9 15.9% (14/88) 16.2% (12/74) 22.0% (18/82) 31.8% (28/88)
8 28.4% (25/88) 27.0% (20/74) 32.9% (27/82) 34.1% (30/88)
7 28.4% (25/88) 13.5% (10/74) 19.5% (16/82) 12.5% (11/88)
P-value 0.068 0.369
"TOAST Atheroma 15.9% (14/88) 21.6% (16/74) 53.7% (44/82) 48.9% (43/88)
Cardioembolic 84.1% (74/88) 78.4% (58/74) 35.4% (29/82) 44.3% (39/88)
Dissection - - 3.7% (3/82) 1.1% (1/88)
Others i ee 7.3% (6/82) 5.7% (5/88)
P-value 0351 0.500
Intravenous thrombolysis Yes 30.7% (27/88) 33.8% (25/74) 36.6% (30/82) 31.8% (28/88)
No 69.3% (61/88) 66.2% (49/74) 63.4% (52/82) 68.2% (60/88)
P-value 0.674 0512
Procedure aspect
First pass effect Yes 39.8% (35/88) 40.5% (30/74) 40.2% (33/82) 48.9% (43/88)
No 60.2% (53/88) 59.5% (44/74) 59.8% (49/82) 51.1% (45/88)
P-value 0921 0259
Anesthesia methods GA 42.0% (37/88) 55.4% (41/74) 61.0% (50/82) 40.9% (36/88)
Local 58.0% (51/88) 44.6% (33/74) 39.0% (32/82) 59.1% (52/88)
P-value 0.090 0.009
Location of lesions M1 65.9% (58/88) 78.4% (58/74) 52.4% (43/82) 59.1% (52/88)
ICA 34.1% (30/88) 21.6% (16/74) 47.6% (39/82) 40.9% (36/88)
P-value 0.080 0.383
Residual severe stenosis Yes 11.4% (10/88) 20.3% (15/74) 12.2% (10/82) 20.5% (18/88)
No 88.6% (78/88) 79.7% (59/74) 87.8% (72/82) 79.5% (70/88)
P-value 0.118 0.147
Rescue therapy Yes 21.6% (19/88) 20.3% (15/74) 17.1% (14/82) 14.8% (13/88)
No 78.4% (69/88) 79.7% (59/74) 82.9% (68/82) 85.2% (75/88)
P-value 0.837 0.682
Anticoagulant therapy Yes 52.3% (46/88) 60.8% (45/74) 11.0% (9/82) 9.1% (8/88)
No 47.7% (42/88) 39.2% (29/74) 89.0% (73/82) 90.9% (80/88)
P-value 0275 0.682
OTR Median, IQR 408 (315~497) 410.5 (324~480) 378.5 (257~463) 362.0 (254~435)
2453 min 44.3% (39/88) 29.7% (22/74) 25.6% (21/82) 23.0% (20/87)
<453 min 55.7% (49/88) 70.3% (52/74) 74.4% (61/82) 77.0% (67/87)
P-value 0.056 0.691
Complications
24h ICH Yes 44.6% (37/83) 18.9% (14/74) 43.8% (35/80) 20.5% (18/88)
No 55.4% (46/83) 81.1% (60/74) 56.3% (45/80) 79.5% (70/88)
P-value 0.001 0.001
24hsICH Yes 9.6% (8/83) 0% (0/74) 24.7% (20/81) 1.1% (1/88)
No 90.4% (75/83) 100.0% (74/74) 75.3% (61/81) 98.9% (87/88)
P-value 0.006 <0.001
Survival status Survival 61.4% (54/88) 100% (74/74) 74.4% (61/82) 100% (88/88)
Death 38.6% (34/88) 0% (0/74) 25.6% (21/82) 0% (0/82)
P-value <0.001 <0.001

FR indicates futile recanalization; ER indicates effective recanalization; mRS indicates modlified Rankin Scale; NIHSS indicates national Institute of Health Stroke Scale; ASPECT indicates
Alberta Stroke Program Early CT Score; ICH indicates intracranial hemorrhage; sICH indicates symptomatic intracranial hemorrhage; OTR indicates time from symptom onset to
recanalization.
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Country Group Intervention

frequency/
Intervention time

Lin (27) 2021 China BDJ/COT 57.58+5.71/56.85£7.47 30/30 3 times/week, 4Smin/time HAMD/PSQI

Zhang (28) | 2013 China AAMT/COT 62.5/61.5 30/30 5 times/week, 30min/time HAMD

Li(29) 2021 China CBT/COT 32.56+3.06/31.97£3.18 45/45 7 times/week, 30min/time HAMD

Wang (30) 2006 China MUT/COT <70 3030 60min/time HAMD

Zhou (31) 2016 China EMT/COT 63.1£8.7/626+8.2 60/60  NA HAMD

Liu (32) 2021 China AAMT/ACA 58.18+5.25/57.76£6.02 20020 5 times/week HAMD

Du (33) 2017 China CBT/COT 7L11£6.86/70.08£6.81 45144 | NA HAMD

Nie (34) 2020 China CBT/COT 66.86+3.40/67.60£3.50 45/45 7 times/week, 30min/time HAMD/PSQI

Li(35) 2015 China CBT/COT 55.8446.18/56.1245.36 60/60  2-3days/time, 8 weeks HAMD

Liu (36) 2016 China CBT/COT 55.6745.52/55.64£551 49148 NA HAMD

Fang (37) 2020 China CBTA/COT 465+ 15.7/47.6+13.4 3131 5 times/week, 30min/time HAMD

Huang(38) = 2012 | China NMES/COT 68.32+11.61/67.1212.37 41/41 | 1 time/day, 1 month HAMD

Zhang(39) | 2016  China ACMT/COT 67.1£10.6/63.2+82 30/30 | Onceaday HAMD

Li (40) 2020 China TEPP/COT 67.04+3.33/66.89£3.45 5453 Sweeks HAMD

Zhang(41) | 2018  China AAMT/MUT/ 49.23+8.14/49.98+7.60/5002£7.87  21/21/21 | Oncea day HAMD
ACT

Sun (42) 2020 China MTP/COT 545/5346 45/45 | 2times/week, 10-20min/time  HAMD

Wang (43) 2018 China AAMT/ACA 59.3/59.3 40140 | 1time/day HAMD/PSQL

Lin (44) 2016 China ACA/AAMT/ | 72.93+1037/69.66+10.41/6880+ 1153 30/30/32 2 times/day HAMD
cot

Wang (45) 2019 China ACAMUT/ 48.56+7.82/49.53£7.23/5005£6.89  30/30/30 | 2 times/week HAMD/PSQI
AAMT

Wang (46) 2022 China CBT/MUT 58.978.89/50.6048.35 3536 2times/week HAMD

Rao (47) 2021 China NCA/COT 56.3241237/54.88£13.03 41/41 | 2-3times/week, 30-40 min/time  HAMD/PSQI

Li(48) 2019 China ACMT/COT 64.58+18.37/65.26 £ 17.62 63/63 | 2times/day HAMD/PSQI

Cui (49) 2007 China MUT/COT 68.5432 2929 | 2times/week, 20-30min/time  HAMD

Huang (50) = 2018 | China AAMT/ACA 447711459276 3131 1 times/week, 30min/time HAMD

Lu(51) 2012 China MUT/COT 625/61.5 48/50 | 20min/time HAMD

Weng (52) 2012 China MUT/COT 60.1£7.8/5938.5 3030  2times/day HAMD

Zhu (53) 2010 China MUT/COT 58.749.3/59.4£86 40/40 | 60min/time HAMD

Liu (54) 2016 China MUT/COT 605%12.7/61.1£8.19 3030 30min/time HAMD

Wang (55) 2017 China CBT/COT 70.146.86/69.5+9.34 60/60 2 times/week, 30min/time HAMD

Xiao (56) 2011 China AAMT/COT 62.5/61.5 57/56 5 times/week HAMD

Liu (57) 2021 China AAMT/COT 53£7/5245 2932 Sdaysiweek HAMD/PSQI

Yang (58) 2016 China MUT/COT 62.81£6.99/61.91£7.76 69/68 5 times/week, 30min/time HAMD/PSQI

Pei (59) 2020 China MUT/COT 67.33+5.94/67.30£5.73 60/60 1 time/day, 30 min/time HAMD

Zhang (60) | 2017 China AAAS/COT 59+9/5848 30/30 3 times/week HAMD

Chen (61) 2018 China ACA/COT 51.63+1.63/50.40+ 1.71 3030 6 times/week HAMD

Xu (62) 2015 China MBSR/COT 56.59+7.32/58.23£6.55 3434 Sweeks HAMD

Xue (63) 2020 China MBSR/COT 56.59+7.32/58.23£6.55 3939 Gweeks HAMD

Shin (64) 2015 Korea VR/COT 533£118/54.64134 16/16 | 6day/week HAMD

Niu (65) 2021 China ACT/COT 615115/648+12.1 49148 2weeks HAMD

Maier (66) | 2020 Spain VRICOT 63.63+6.73/67.21£6.45 16/14  30min/time, 6 weeks HAMD

AAAS, Acupoint acupuncture +auricular sticking; AAMT, Acupoint acupuncture + music therapy; ACA, Acupoint acupuncture; ACMT, Acupressure + music therapy; ACT, Acceptance and
commitment therapy; BDJ, Baduanjin; CBT, Cognitive behavioral therapy; CBTA, Cognitive behavioral therapy + acupoint acupuncture; COT, Conventional therapy; EMT, Empathy
technique; MBSR, Mindfulness-based stress reduction; MUT, Music therapy; MTP, Music therapy + positive psychological intervention; NCA, Narrative care + acupressure; NMES,
Neuromuscular electrical stimulation; TEPP, Team positve psychotherapy; VR, Virtual reality technology. RCT, randomized controlled trial PSQ, Pittsburgh Sleep Quality Index; HAMD,
Hamilton Depression Scale. Each intervention is defined in Appendix 6.
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Category  Inclusi

Population (1) Age> 18years, with a diagnosis | Severe complications
of stroke based on computer
tomography, magnetic resonance
imaging, or clinical critera; (2)
depression symptoms clarly
diagnosed according to the HAMD
Interventions BDJ, AAMT, CBT, EMT, ACA,
(CBTA, NMES, TEPP, MTP, NCA,
ACMT, MBSR, AAAS, ACT, VR,

MUT

Comparisons
cor

Outcomes,

Study RCT; published in English or
Chinese

AAAS, Acupoint acupuncture + auricular sicking: AAMT, Acupoint acupuncture + music
therapy; ACA, Acupoint acupuncture; ACMT, Acupressure + music therapy; ACT,
Acceptance and commitment therapy; BD), Baduanjin; CBT, Cognitive behavioral therapy;
CBTA, Cognitive behavioral therapy +acupoint acupuncture; COT, Conventional therapys
EMT, Empathy technique; HAMD, Hamilton Depression Scale; MBSR, Mindfulness-based
tress reduction; MUT, Music therapy; MTP, Music therapy + positve psychological
intervention; NCA, Narrative care +acupressure; NMES, Neuromuscular electrical
stimulation; TEPP, Team positive psychotherapy: VR, Virtual reality technology. RCT,
randomized controlled trial.
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Year No. The source Diseases Methods Variables No. of Traits of phenotypes

patients of patients phenotypes
Chen and 2021 232 Chang Gung Ischemic LCA 13 variables: sex, age, smoking, daytime | Three Cluster 1 (N = 84): older, predominantly female,
Chen (8) Memorial Hospital | stroke with sleepiness, depression, obesity, sedative the highest hypopnea index and prevalence of AF.
OSA use, AE, DM, HTN, dyslipidemia, Cluster 2 (N = 80): older, predominantly male,
recurrent stroke, and dysphagia with the highest depression, the lowest prevalence
of HTN, and normal BMI.

Cluster 3 (N = 68): the youngest, predominantly
male, with the highest BMI, cumulative risk score,
and prevalence of dyslipidemia.

Dingeetal. (7) 2023 7695 CNSR-IIT NCIS Ward's 63 biomarkers: ANGPTL3, PCSK9, 30 C1 (N'= 53): hs-CRP, history of stroke.

hierarchical Lp-PLA2-Activity, LDL, Lp, ADPN, €2 (N'=70): D-dimer.

agglomerative | HDL, LDL-R, TG, ApoE, ApoAl, €3 (N'= 194): MON, NEU.

clustering ApoAIL ApoB, MCV, B, E, PLT, C4 (N = 308): IL-6, age (median 67, IQR: 60—76)

method RDWCV, MPV, HGB, MCHC, APTT, C5 (N'= 49): UMA, history of stroke, T2DM
INR, PT, FIB, D-D, TT, Cl, Na, K, FPG, HTN, family history of DM, HTN, and stroke.
TMAVA, TMAO, TML, Carnitine, C6 (N = 88): TMAO, liver disease.
Butyrobetaine, Betaine, Choline, MMA, C7 (N'= 153): CysC, CREA, age (median 68, IQR
HCY, Folic acid, Vitamin B12, MON, 61 - 76), history of stroke, HTN, CHD.
NEU, LYM, IL-6, hs-CRR, IL-1Ra, C8 (N'= 81): MMA, family history of HTN.
YKL-40, MCP-1, IL-6R, ALP, GLB, C9 (N = 183): HCY, smoking.
GGT, ALT, AST, DBIL, IBIL, ALB, UA, €10 (N = 211): Folic acid.

CysC, CREA, and UMA Cl11 (N =677): APTT, INR, PT.

Cl12 (N'=991): ADPN, HDL.

C13 (N = 569): ADPN, HDL, YKL-40, BMI
(median 23.67, IQR: 21.78 - 25.53).

C14 (N = 125): TML, carnitine, butyrobetaine,
betaine, choline.

C15 (N = 101): RDWCV, MCV, HGB, MCHC.
C16 (N'= 128): ApoAL

C17 (N = 128): ALT, AST, liver disease.

C18 (N = 158): GGT, smoking, drinking, liver
disease.

C19 (N'= 178): LDL-R, Apo-E, TG, hyperlipemia.
€20 (N = 89): MCP-1.

C21 (N =135): IL-1Ra.

C22 (N = 264): Vitamin B12, PAD.

€23 (N = 359): B, E, smoking.

C24 (N = 827): TMAVA, TML.

€25 (N =114):Lp (a).

€26 (N = 149): LDL, hyperlipemia.

C27 (N = 144): DBIL, IBIL.

C28 (N = 707): BMI: 25.39 (23.56, 27.60).

€29 (N = 214): FPG, T2DM, family history of DM.
€30 (N = 248): Apo-All, Apo-B.

Ding etal. (6) 2022 9288 CNSR-IIT NCIS GMM 30 features: BMI, SBP, DBP, MMA, HCT, | Four Phenotype 1: abnormal glucose and lipid
clustering MCYV, PLT, RBC, APTT, TT, K, CREA, metabolism.
method UA, MON, NEU, LYM, hs-CRP, FPG, Phenotype 2: inflammation and abnormal renal
HDL, TC, LDL, Lp (a), TG, GGT, DBIL, function.
TP, AL, ALT, Choline, and infarct Phenotype 3: the least laboratory abnormalities
volume. and small infarct lesions.
Phenotype 4: disturbance in homocysteine
metabolism.
Lattanzi et al. 2021 127 The Marche ESUS HCA Two variables: age and baseline NIHSS | Three Cluster 1: young age, male sex, posterior
(10) Polytechnic circulation infarct, and presence of PFO.
University Cluster 2: HTN, DM, severe stroke, involvement
of multiple vascular territories, and left atrial
cardiopathy.

Cluster 3: dyslipidemia, smoking,
infarct of anterior vascular territory, and ipsilateral
non-stenotic vulnerable carotid plaque.

Schiitz et al. 2019 451 Nueces County, Ischemic LCA 15 variables: snoring, tiredness/fatigue, Three Cluster 1: Severe strokes.
©) Texas, residents stroke with history of prior stroke/TIA, congestive Cluster 2: Younger patients with mild strokes and
OSA heart failure, CAD, DM, HTN, sex, relatively mild OSA.
race/ethnicity, AF, sleep duration, age, Cluster 3: Severe OSA with high prevalence of
BMI, NIHSS, and REL co-morbidities.
This study 2024 909 Lanzhou University | AIS k-means 76 variables: HR, SBP, DBP, $a05, Three Phenotype 1: relatively young and obese and
Second Hospital clustering weight, height, BMI, WBC, NEU, LYM, significantly elevated levels of lipids.
method MON, NLR, LMR, MHR, NHR, SII, Phenotype 2: abnormal ion levels.
SIRI, MII-1, MII-2, MII-3, RPR, CRP, Phenotype 3: the highest level of inflammation,
RBC, HGB, HCT, MCV, MCH, MCHC, mild multiple-organ dysfunction.

RDWCYV, TC, TG, HDL-C, LDL-C, AIP,
LCL, non-HDL-C, AC, CRI-I, CRI-II,
GLU, TyG, UREA, CREA, UCR, UA, K,
NA, Cl, CO,, Ca, P, Mg, TBIL, DBIL,
IBIL, ALT, AST, AAR, GGT, ALP, CHE,
TP, ALB, GLB, AGR, CK, CK-MB, LDH,
PT, PTA, INR, APTT, FIB, TT, DD, and
FDP

OSA, obstructive sleep apnea; LCA, latent class analysis; AR, atrial fibrillations DM, diabetes mellitus; HTN, hypertension; BMI, body mass index; CNSR-IIL, Third China National Stroke Registry; NCIS, Non-cardioembolic ischemic stroke; ANGPTL3, Angiopoietin-
Like 3; PCSK9, proprotein convertase subtilisin/kexin type 9; Lp-PLA2, lipoprotein-associated phospholipase 2; LDL, low-density lipoprotein cholesterol; Lp, lipoprotein; ADPN, adiponectin; HDL, high-density lipoprotein; LDL-R, low-density lipoprotein receptors
G, total triglyceride; ApoE, apolipoprotein Es ApoAl apolipoprotein Al; ApoAlL apolipoprotein All; ApoB, apolipoprotein B; MCV, mean corpuscular volume; B, Basophil; E, Eosinophil; PLT, platelet; RDWCY; red blood cell distribution width coefficient of variation;
MPV, mean platelet volume; HGB, hemoglobin; MCHC, mean corpuscular hemoglobin concentration; APTT, activated partial thromboplastin time; INR, international normalized ratio; PT, prothrombin time; FIB, fibrinogen; D-D, D-Dimer; T, thrombin time; Cl,
chlorine; Na, sodium; K, potassium; FPG, fasting plasma glucose; TMAVA, NN,N-trimethyl-5-aminovaleric acid; TMAO, trimethylamine-N-oxide; TML, trimethyllysine; MMA, methylmalonic aciduria; HCY, homocysteine; MON, monocyte; NEU, neutrophil; LYM,
lymphocyte; IL-6, interleukin- 6; hs-CRP, hypersensitive C-reactive protein; IL-1Ra, Interleukin-1 receptor antagonist; YKL-40, chitinase-3-like protein 1; MCP-1, monocyte chemoattractant protein-1; IL-6R, interleukin-6 receptor; ALP, alkaline phosphatase; GLB,
globulin; GGT, » glutamyl transpeptadase; ALT, alanine transaminase; AST, aspartate aminotransferase; DBIL, direct bilirubin; IBIL, indirect bilirubin; ALB, albumin; UA, uric acid; CysC, Cystatin C; CREA, creatinine; UMA; renal function index; GMM, Gaussian
mixture model; SBP, systolic blood pressure; DB, diastolic blood pressures; MMA, methylmalonic aciduria; HCT, hematoerit; RBC, red blood cell; TC, total cholesterol; LDL, low-density lipoprotein; TP, total protein; ESUS, embolic stroke of undetermined source;
HCA, hierarchical cluster analysis; NTHSS, the National Institutes of Health Stroke Scale; TIA, transient ischemic attack; CAD, coronary artery discase; REL respiratory-event-index; AIS, acute ischemic stroke; HR, heart rate; Sa03, oxygen saturation in arterial bloods
WBC, white blood cell; NLR, neutrophil to lymphocyte ratio; LMR, lymphocyte to monocyte ratio; MHR, monocyte to high-density lipoprotein-cholesterol ratio; NHR, neutrophil to high-density lipoprotein-cholesterol ratio; SII, systemic immune-inflammation
inde; SIR, system inflammation response index; MII-1, multi-inflammatory index-1; MII-2, multi-inflammatory index-2; MII-3, multi-inflammatory index-3; RPR, red blood cell distribution width to platelet ratio; CRP, C-reaction protein; MCH, mean corpuscular
hemoglobin; AIP, atherogenic index of plasma; LCL, lipoprotein combine index; AC, atherogenic coefficient; CRI-I, Castelli’ index-I; CRI-IL Castellis index-II; non-HDL, non-high density lipoprotein-cholesterol; GLU, glucose; TyG, triglyceride-glucose; UCR, urea

to creatinine ratio; CO2, carbon dioxide; Ca, calcium; P, phosphorus; Mg, magnesium; TBIL, total bilirubins AAR, aspartate aminotransferase to alanine transaminase ratio; CHE, cholinesterase; AGR, albumin to globulin ratio; CK, creatine kinase; CK-MB, creatine
Kinase-MB; LDH, lactic dehydrogenase; PTA, prothrombin activity; EDP, fibrin degradation products.





