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Objective: Transthoracic echocardiography (TTE) is routinely performed as part of standard acute ischemic stroke (AIS) workup. However, the overall yield of TTE is unclear and many patients may undergo unnecessary investigations. This study aims to investigate the utility of TTE as part of AIS workup.

Methods: We collected data on consecutive patients with AIS who were admitted to our institution between 07/01/2016 and 09/30/2017. Patients were included based on neuroimaging-documented AIS, age >18 and neuroimaging studies. Primary endpoint was the proportion of cases in which TTE yielded relevant finding, defined as Atrial Septa Defect or Patent Foramen Ovale, left atrial enlargement, left ventricular thrombus or ejection fraction of <35%. Secondary endpoint was the proportion of patients who had a TTE-drive change in management.

Results: Among 548 AIS patients (median age 71 [59–81] years, 50% female), 482 (87%) underwent TTE. Clinically relevant findings were observed in 183 (38%) patients, leading to additional workup in 41 (8.5%). Further workup was associated with younger median age (58 [50–65] vs. 72 [62–81], p < 0.0001, and was less likely in suspected large vessel etiology (p = 0.02). Abnormal TTE lead to treatment change in 24 (5%) patients; 22/24 were started on anticoagulation. TTE results were less likely to influence treatment changes in older patients (71 [60–80] vs. 58 [49–69] years, p = 0.02) with known atrial fibrillation (p = 0.01).

Conclusion: Our findings suggest that despite widespread use, the overall yield of TTE in AIS is low. Stratifying patients according to their likelihood of benefitting from it will be important toward better resource utilization.

Keywords: transthoracic echocardiography, ischemic stroke, diagnostics, stroke diagnosis, stroke etiology, resource utilization


INTRODUCTION

Identification of the etiology of acute ischemic stroke (AIS) is crucial for selecting optimal secondary preventative strategies. Since up to 30% of AIS can be attributed to a cardiac source (1), a cardiac workup including transthoracic echocardiography (TTE) is routinely performed to evaluate for clinically relevant findings including structural defects, left sided thrombi, or features suggestive of atrial fibrillation, such as enlarged left atrial appendages (2, 3). However, there are no clear guidelines regarding the utility of echocardiography in AIS, especially given the lack of data on how management changes are made based on TTE results. The European Stroke Organization guidelines recommend the use of echocardiography only in selected patients, such as patients with evidence of cardiac disease on history, examination, or electrocardiogram (ECG), suspected cardiac source of embolism (e.g., infarctions in multiple cerebral or systemic arterial territories), suspected aortic disease or paradoxical embolism and for patients with no other identifiable causes of stroke) (4). On the other hand, the American Stroke Association (ASA) up until now made no specific recommendation (5, 6). The recently released in the 2018 AHA/ASA guidelines take a more direct stance and explicitly advise against routine use of echocardiography in patients with AIS (7). These recommendations have led to significant uncertainties for practitioners and have implications for cost reimbursements; the guidelines do not specify which patients are likely to benefit from TTE which is was the rationale for this study. We sought to investigate the utility of TTE as part of AIS workup with a retrospective study investigating the frequency of abnormal echocardiography findings and TTE-driven change in management.



METHODS

This was a single-center retrospective observational study of prospectively collected data on consecutive patients with AIS who were admitted to a tertiary academic center in the USA, between 07/01/2016 and 09/30/2017. The study was approved by the local institutional review board. Informed consent was not applicable. Patients were selected based on the following inclusion and exclusion criteria: Patients with confirmed acute ischemic stroke, age >18 years old and with available neuroimaging studies. Patients were excluded if sudden onset focal neurological deficits resulted from an entity other than ischemic stroke, including intracranial hemorrhage, trauma/concussion, brain tumors, seizures, migraines, encephalitis, cerebral venous thrombosis, or metabolic derangements and if there was lack of baseline imaging data.

We collected and analyzed the following clinicodemographic variables: age, sex, race, cardiovascular comorbidities (hypertension, diabetes, hypercholesterolemia, history of coronary artery disease (CAD), atrial fibrillation (AF), congestive heart failure (CHF), chronic kidney disease (CKD), prior stroke or transient ischemic attack. We also collected information on prior use antiplatelets, anticoagulants, statins and antihypertensive medications as well as laboratory testing obtained routinely as part of AIS workup: Hemoglobin A1c, total cholesterol, triglycerides, low density lipoprotein (LDL) and high-density lipoprotein (HDL). We reviewed brain imaging obtained as routine AIS work up. All patients received brain MRI, except for those with contraindication, who received CT scan only. Also, all patients with suspected AIS received head and neck vessel imaging, either CT or MR Angiography.

All patients ≤60 years of age had a bubble study. In older patients, a bubble study was performed on a case by case basis according to the preferences of the individual Vascular Neurologist. Data abstraction was performed by TTE report review. All TTE were read by trained cardiologists, blinded to the patients' neurologic status and stroke subtype. Data abstracted from the report view included findings deemed to be of potential diagnostic relevance. These included (1) left atrial enlargement, (2) patent foramen ovale (PFO)/atrial septal defect (ASD), (3) depressed ejection fraction (EF) (defined as EF of <35%) (8), intracardiac thrombus and valve vegetation or other valvular abnormality.

Stroke subtypes were classified into five categories based on etiology, using the TOAST classification (9), modified to include the more recently evolved concept of the embolic stroke of undetermined source (ESUS) (10): (1) large-artery atherosclerosis (LAA), (2) small vessel occlusion (SVO), (3) cardioembolism (CE), (4) stroke of other determined etiology, (5) ESUS. LAA was defined as brain imaging findings of either significant (>50%) stenosis or occlusion of a major brain artery or branch cortical artery, presumably due to atherosclerosis, and a stroke in its downstream supplied territory. SVO was defined as a lesion diameter of <20 mm (11) and located in a subcortical area or brainstem on DWI MRI. The ESUS category was defined as non-lacunar infarct following specific imaging criteria: either cortical infarct or, for subcortical infarcts, a diameter of ≥1.5 cm on CT or ≥2.0 cm on DWI MRI (12). In addition the absence of large vessel atherosclerosis by CTA or MRA, lack of documented atrial fibrillation during hospital or outpatient long-term cardiac monitoring and CE made less likely by echocardiography were mandated (12). CE was defined as patients with arterial occlusions presumably due to an embolus arising in the heart. This was based on brain imaging findings which are similar to those described for large-artery atherosclerosis, but without significant (>50%) stenosis or occlusion of a major brain artery or branch cortical artery as well as brain imaging findings of stroke in multiple vascular territories, and cardiac source for an embolus based on history of AF, systemic embolism, or TTE findings suggestive of cardiac etiology. Neuroimaging was reviewed independently by two neurologists blinded to TTE findings.

The primary endpoint was the proportion of cases in which TTE yielded a diagnostically relevant finding as defined above. Our secondary endpoint was the number of patients who had a change of management due to an abnormal TTE finding, which was defined as one of two categories: (a) further work up (transesophageal echocardiography, MRV of the pelvis, lower extremity Doppler ultrasound) and (b) treatment change, either the form of medication change or intervention (initiation of anticoagulation, PFO closure, cardiac surgery).



STATISTICAL ANALYSIS

Categorical and ordinal variables are presented as percentages and continuous variables as either mean ± standard deviation (SD) or median and interquartile range (IQR) depending on normality of distribution. Normality of distribution for continuous variables was tested with the Shapiro-Wilk test. We explored univariable associations between clinical, demographic and imaging variables and our outcomes of interest (clinically relevant TTE finding, TTE-driven additional workup and TTE-driven medication change or intervention). We used the chi-squared test for categorical variable comparisons. For continuous variables we used Student's t-test or the non-parametric Mann-Whitney U test depending on normality of distribution. Subsequently we constructed multivariable logistic regression models, including variables with statistical significance in the univariable models (defined as two-sided p < 0.05) and calculated odds ratios and 95% confidence intervals. Given that stroke phenotyping into certain subtypes might have been affected by TTE findings, we built two multivariable models, one excluding stroke subtypes and a second including stroke subtypes, if they had reached statistical significance in the univariable analysis. Analyses were performed in JMP Pro 12 (SAS, Cary, NC, USA).


Baseline Cohort Characteristics

We identified 548 patients with AIS; 273 (49.8%) female, median age 71 (59–81) years. The baseline characteristics are summarized in Table 1. Our cohort comprised largely White (357, 66%) patients with the most common etiologies being CE (200; 36.5%) followed by LAA (127, 23.2%). Four hundred eighty-three (88%) patients received TTE as part of AIS workup. Differences between those who received TTE vs. those who did not are summarized in Table 1. Patients who received TTE were younger (70 [59–80] vs. 77 [64–86.5] years; p = 0.02), less likely to have AF (92 [19%] vs. 20 [31%]; p = 0.03) and receive anticoagulation therapy (73 [15%] vs. 17 [26%]; p = 0.03) and more likely to have received intravenous thrombolysis (93 [19%] vs. 5 [8%]; p = 0.02) and mechanical thrombectomy (44 [9%] vs. 1[1.5%]; p = 0.03).


Table 1. Summary of baseline cohort characteristics.
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TTE With Findings of Potential Clinical Relevance

Echocardiographic findings of potential clinical significance were observed in 183 (38%) patients. The most frequent finding was left atrial enlargement, observed in 112 (23%) patients, followed by depressed EF (35 [7%] patients), PFO/ASD (35 [7%] patients), valve vegetations and other valvular abnormalities (10 [2%] patients) and intracardiac thrombus (5 [1%] patients). Characteristics of patients with and without clinically relevant findings are summarized in Table 2. In multivariable adjusted models, not including stroke subtypes, coronary artery disease (OR 1.95, 95% CI [1.21–3.15]; p = 0.006) and chronic kidney disease (OR 1.95, 95% CI [1.05–3.63]; p = 0.03) remained independently associated with higher odds of observing a clinically relevant echocardiographic finding. When including stroke subtypes in the multivariable model, presence of coronary artery disease remained associated with higher likelihood of clinically relevant finding (OR 1.9, 95% CI [1.17–3.11]; (0.01); conversely, LAA subtype was associated with lower odds (0.48 [0.27–0.81]; p = 0.007) (Table 2).


Table 2. Comparisons between patients according to relevant findings on TTE.
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TTE Leading to Additional Diagnostic Workup

Forty-one (8.5%) patients had additional workup as a result of a TTE finding. The most common additional diagnostic test was lower extremity venous Doppler ultrasound, in 25 (5%) patients, followed by transesophageal echocardiogram (TEE) in 17 (3.5%) patients, and MR Venogram of the pelvis in 16 (3.3%) patients. Characteristics of patients with and without additional TTE-related diagnostic workup are presented in Table 3. Patients who underwent additional testing were younger (58 [50–65] vs. 72 [61.5–81]; p < 0.0001), less likely to have hypertension (21 [51%] vs. 331 [75%]; p = 0.001) and AF (3 [7%] vs. 89 [20%]; p = 0.045) (Table 3). In multivariable adjusted models excluding stroke subtypes, only age retained its significant, inverse association with odds of receiving further workup (OR 0.94, 95% CI [0.92–0.97]; p < 0.0001). When including stroke subtypes, age retained the same association with unaltered effect size, while in addition, LAA stroke was independently associated with lower likelihood of receiving further workup (OR 0.17, 95% CI [0.03–0.59]; p = 0.003) (Table 3).


Table 3. Comparisons between patients according to the need of subsequent work up.
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Echocardiographic Findings Leading to Treatment Change

Twenty-four (5%) patients had treatment change as a direct result of a TTE finding. Twenty-two (4.5%) commenced anticoagulant therapy, while two (0.4%) had a PFO closure and cardiac surgical procedure, respectively (Table 5). Characteristics of patients without vs. with treatment change are summarized in Table 4. Younger age (58 [49–69] vs. 71 [60–80]; p = 0.0003, presence of diabetes (13 [54%] vs. 142 [31%]; p = 0.02) and CE stroke (16 [67%] vs. 164 [36%]; p = 0.004) were all associated with higher likelihood of treatment change. Conversely, no patients with LAA and small vessel/lacunar strokes had treatment changes (Table 4).


Table 4. Comparisons between patients according to TTE role in treatment change.
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Table 5. Types of treatment change.
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DISCUSSION

In our study population 38% of patients had clinically relevant TTE findings, and approximately 9% necessitated additional workup, which ultimately resulted in treatment change in 5%. While there appears to be redundancy regarding TTE as part of AIS work up, there are at least some patients, who appear to benefit from TTE. Patients who were most likely to benefit from TTE were younger, had cardioembolic stroke subtype, or had a history of cardiac disease. Patients who were least likely to benefit from TTE were older patients with established AF, and patients with LAA and lacunar/ SVO stroke etiology.

Until recently, there were no clear guidelines regarding the utility of TTE in AIS (5, 6). In the most recent revision of the American Heart Association guidelines for the early management of patients presenting with AIS, did the ASA make firm recommendations against the routine use of TTE in AIS, which has sparked controversy as there is no elaboration on which patient subgroups might benefit from TTE. The new recommendation eliminates the perceived need for TTE in all AIS patients, that had elevated the routine TTE use into “standard of care,” which has very likely been a contributing factor to clinician overuse. On the other hand, many practicing clinicians have expressed concern that the updated recommendations adopt a simplistic stance that lacks granularity to appropriately stratify patients according to the likelihood of substantial benefit from TTE. In a challenging fiscal environment with health care organizations trying to reduce health care costs and prioritizing value and efficiency, performing a large number of redundant diagnostic tests will inevitably be targeted as wasteful. A more productive way of resource utilization would be to identify the patients that are much more likely to benefit, channel TTE usage toward them and educating physicians about targeted TTE use. Previous studies have shown that educating staff about the low yield of TTE in AIS resulted in a more cautious utilization and an overall decline in ordering echocardiograms (13).

TTE is performed with the intent to identify structural cardiac abnormalities of clinical relevance. Our study showed that clinically relevant findings are indeed relatively frequent, seen in 1/3 of patients. Our findings suggest that patients with LAA stroke subtype are the least likely to have a clinically relevant finding, suggesting that it might be reasonable to forgo TTE in this patient population. The importance of some of the TTE findings seems unequivocal; presence of valvular vegetation or intraventricular thrombus in the setting of multifocal acute infarcts would seal the diagnosis and management decision. Conversely, the pertinence of other findings is not entirely clear. This pertains in particular to left atrial enlargement which was the most common finding, seen in over 20% of our cohort. Traditionally, it has been viewed as indirect marker of occult atrial fibrillation (2, 3) although anticoagulation therapy is not advisable in the absence of confirmed atrial fibrillation. However, emerging evidence suggests that atrial enlargement, might be a biomarker of underlying thrombogenic atrial cardiopathy independent of atrial fibrillation with independent risk of recurrent cryptogenic or cardioembolic stroke (14, 15). The clinical relevance of this concept will be tested in the ongoing multicenter Phase III Atrial Cardiopathy and Antithrombotic Drugs In Prevention After Cryptogenic Stroke (ARCADIA) trial (NCT03192215), in which left atrial enlargement is being used among other inclusion criteria.

PFO is an additional finding that has sparked controversy in the past. Its high prevalence in the population (16), uncertainty regarding its implication as a causative factor and lack of efficacy with PFO closure (17) had limited the practicality of identifying a PFO. However, improved risk-stratification schemes (18) and findings from three recent randomized controlled trials (19–21) suggesting long-term benefit for PFO closure in select patients have of renewed interest in PFO detection. The most relevant question is whether TTE is practical as a useful PFO detection tool. It is known that TTE has high specificity but low sensitivity (22) and, indeed, in our cohort TTE identified a PFO only in 7% of the patients which is much lower than the prevalence reported in the literature (23, 24). On the other hand, TEE and transcranial Doppler, both of which have significantly higher sensitivity (22), present other limitations, including invasiveness, cost, need for specially trained personnel. Therefore, use of TTE as an initial screening tool in selected patients with embolic-appearing strokes and lack of other obvious stroke etiologies might be a reasonable strategy.

A more compelling estimate of the utility of routine TTE is whether it results in additional workup or therapeutic intervention. The proportions of patients were 8.5 and 5%, respectively which reveal that a considerable proportion of the studies performed might indeed be redundant. Although it might be difficult to identify patients likely to derive therapeutic or diagnostic benefit from TTE, it seems that at the very least it is feasible to identify patients whose management is least affected by TTE results. In our cohort none of the LAA and SVO stroke subtype patients had additional diagnostics or treatment change based on a TTE finding. This suggests that in patients whose strokes have been reliably phenotyped into these stroke subtypes, performing a TTE might be less impactful. Notably this simple observation applies to >1/3 of our patients who had a TTE, suggesting that with careful selection of target patients, the widespread TTE use could be appropriately curtailed.

Limitations of our study include a single center study design, as well as possibly practice bias, with younger patients prone to receiving both, more frequent further diagnostic testing and treatment change. For the etiologic classification we used the widely used TOAST classification. A different, more granular scheme, such as the Causative Classification System for Ischemic Stroke (CCS) might have yielded different distributions of stroke etiologies. Given that this might alter our estimation regarding the contribution of TTE in stroke diagnosis, it merits further elucidation in future studies (25). Our findings do not address the potential utility of TTE in managing post-stroke cardiorespiratory complications, which is driven by different, often critical clinical indications (26). There is also an inherent practical difficulty stemming from the fact that the intervention under study (TTE) is used, to some extent, to define some of the explanatory variables (stroke subtypes). At least two of the stroke categories (LAA and SVO) are defined based on brain and vascular imaging with minimal interference from TTE. We attempted to minimize it by including two different adjusted models, one including stroke subtype and one without; the adjusted model without stroke subtype is essentially agnostic to and unaffected by the TTE finding. In addition, our main outcome of interest (clinically relevant structural findings) is not affected by stroke subtype. However, this ultimately remains an important limitation, but one that is impossible to completely eliminate.

In conclusion, there might be redundancy in TTE utilization as part of AIS work up, but certain patients derive critical, treatment-defining benefit based on TTE findings. We must better define who these patients are, or at least start by identifying who are the least likely to benefit. Our study suggests that patients with LAA stroke subtype were the ones that consistently showed to have the least benefit from TTE. We consider our findings hypothesis-generating and do not advocate for limiting TTE use at the moment; external validation in different and larger cohorts including cost effectiveness analysis is needed.
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Background: Admission outside normal business hours has been associated with prolonged door-to-treatment times and poorer patient outcomes, the so called “weekend effect. ” This is the first examination of the weekend effect in a telestroke service that uses multi-modal computed tomography.

Aims: To examine differences in workflow and triage between in-hours and out-of-hours calls to a telestroke service.

Methods: All patients assessed using the Northern New South Wales (N-NSW) telestroke service from April 2013 to January 2019 were eligible for inclusion (674 in total; 539 with complete data). The primary outcomes measured were differences between in-hours and out-of-hours in door-to-call-to-decision-to-needle times, differences in the proportion of patients confirmed to have strokes or of patients selected for reperfusion therapies or patients with a modified Rankin Score (mRS ≤ 2) at 90 days.

Results: There were no significant differences between in-hours and out-of-hours in any of the measured times, nor in the proportions of patients confirmed to have strokes (67.6 and 69.6%, respectively, p = 0.93); selected for reperfusion therapies (22.7 and 22.6%, respectively, p = 0.56); or independent at 3 months (34.8 and 33.6%, respectively, p = 0.770). There were significant differences in times between individual hospitals, and patient presentation more than 4.5 h after symptom onset was associated with slower times (21 minute delay in door-to-call, p = 0.002 and 22 min delay in door-to-image, p = 0.001).

Conclusions: The weekend effect is not evident in the Northern NSW telestroke network experience, though this study did identify some opportunities for improvement in the delivery of acute stroke therapies.

Keywords: telestroke, weekend effect, thrombolysis, thrombectomy, door to needle time


INTRODUCTION

The John Hunter and Gosford Hospitals provide telestroke services to five rural hospitals within the Hunter New England Local Health District and the adjacent Mid-North Coast Local Health District (New South Wales, Australia), together representing ~1.1 million inhabitants in an area over 143,000 km2. John Hunter Hospital functions as the hub of the network, with Gosford Hospital providing Neurologist consultations via the network but not accepting patient transfers. The telestroke network aims to identify patient candidates for acute reperfusion therapies; thrombolysis, which is delivered at the spoke hospital and mechanical thrombectomy (MT) which requires transfer to John Hunter Hospital (1). Both therapies are time-sensitive and require developed acute stroke pathways to minimize door-to-thrombolysis (needle) (DTN) and door to groin puncture times (2–4).

After-hours presentation has been associated with prolonged DTN time and poorer patient outcomes (5–7), the so-called “weekend effect.” Studies in the USA (8) and Germany (9) have indicated that telestroke services are less prone to the weekend effect, but this has not been examined telestroke services that offer mechanical thrombectomy (MT) nor any telestroke service that relies on multi-modal computed tomography (mCT) imaging for treatment decisions. Furthermore, previous studies in telestroke networks have been confined to patients who received thrombolysis, and did not examine differences in the accuracy of triage by spoke-site staff, which has implications for telestroke resource management. In this study, we aimed to determine whether admission in- or out-of business hours had a significant influence on door to needle timings and accuracy of emergency department triage or patient outcomes in our telestroke network. In secondary analyses we examined differences between individual hospitals, differences between groups of hospitals sorted by experience in the telestroke network and the effects of factors such as stroke severity and time from symptom onset to presentation on hospital timings. The latter was examined both before and after the criteria for reperfusion therapy was extended to 24-h.



METHODS


Ethics Approval

Ethics approval was gained from the Hunter New England Human Research Ethics Committee (HNEHREC Reference No: 13/02/20/5.06) with a posterior amendment (AU201712-15). Given the nature of the study (an audit of internal data) the requirement for individual patient consent was waived.



Northern NSW Telestroke Network

The telestroke network commenced with the first spoke hub (hospital A) in April 2013, followed by Hospital B (2014), and three other sites (hospitals C, D, and E) joined in 2017. Of these hospitals, only Hospital B has neurologists on site and routinely provides in-hours thrombolysis while the telestroke network primarily functions out-of-hours. The telestroke network offers 24/7 services to the rest of the hospitals, with Neurologist workforce being drawn from both John Hunter Hospital and Gosford District Hospital, while John Hunter Hospital also accepts patient transfers for MT. The distance from spoke to hub ranges from 167 to 423 km. As part of the network, the rural hospitals were equipped with telemedicine cameras, the physicians were trained in acute stroke triage, and multimodal CT (compendium of brain non-contrast computed tomography -NCCT-, CT angiography -CTA-, and CT perfusion -CTP-) was introduced and performed routinely. Patients presenting with neurological symptoms as defined by the FAST scale (10) within the relevant time-frame from symptom onset would receive multimodal CT imaging and be assessed via the telestroke service. From April 2013 to November 2017, the stroke call criteria required symptom onset within 4.5 h. From November 2017, after publication of the DAWN (2) and DEFUSE-3 (11) trials, the time window for stroke calls was expanded to 24 h. Acute imaging interpretation and final treatment decision are performed by the consulting telestroke Neurologist, with spoke-hospital staff delivering thrombolysis and/or arranging transfer to John Hunter hospital for MT as appropriate. In cases where the patient received both thrombolysis and MT, thrombolysis would be initiated at the spoke site prior to transfer. For more details about our telestroke workflow, we direct the reader to our previous results (1, 12).



Data Collection

All patients assessed using the Northern New South Wales (NSW) telestroke service from April 2013 to January 2019 were eligible for inclusion and were only excluded from the analysis if complete data were not available. Clinical data were retrospectively collected from April 2013 to June 2016 (46 patients, 8.5% of the total) and prospectively collected June 2016–January 2019. In addition to baseline demographics, past medical history, baseline National Institutes of Health Stroke Scale (NIHSS), treatment decision, final diagnosis, and several time points were collected. The DTN time was defined as the time between emergency department (ED) presentation and delivery of the bolus of thrombolytics. DTN was divided into three parts; the time between arrival at the ED and call to the telestroke neurologist (“door-to-call”), the time from the call to the decision (reperfusion treatment, yes or no) (“call-to-decision”), and the time from this decision to thrombolysis, where applicable (“decision-to-needle”). Door-to-image, defined as the time between arrival at ED to first image of brain CT was also collected. Patients who suffered a stroke in hospital were excluded from door-to-call and door-to-imaging analyses but were included in all others. The time between symptom onset (either witnessed onset or time last known well) and ED presentation was analyzed as <3 h, 3–4.5 h, and >4.5 h as 4.5 h is the currently licensed window for thrombolysis.

Final diagnosis was coded as stroke [confirmed ischemic lesion on multimodal CT or follow-up CT or magnetic resonance image (MRI)] or not confirmed stroke. Transient ischaemic attacks (TIAs) were not classed as confirmed stroke unless the transient perfusion deficit was visible on acute CTP and consistent with clinical presentation. Symptomatic intracranial hemorrhage was defined according to the Safe Implementation of Treatments in Stroke Monitoring Study (SITS-MOST) criteria (13). Telestroke calls were classified as “In-hours” (i.e., business hours) if the call was made between 8:00 a.m. and 5:00 p.m. local time Monday-Friday, excluding New South Wales public holidays. The rest of the calls were considered as “out-of-hours.”



Statistical Analysis

All statistical analysis was performed on Stata version 14 (Statacorp, USA). Differences in triage between in-hours and out-of-hours were assessed by comparing the proportion of patients in each category who were confirmed to have stroke, and the proportion who received acute reperfusion therapy using Pearson's chi-squared test. Timings of the stroke workflow in the hub sites were assessed using linear regression. To examine the effect of hospital experience in the telestroke network, the three hospitals that have joined it most recently (hospitals C, D and E) were grouped together as “least experienced” while Hospital A was coded as “most experienced” Hospital B, with an intermediate level of experience was excluded from the analysis. Another regression analysis was performed with the patients since the time-window for acute therapies was expanded to 24 h to examine the effects of symptom onset to presentation time after this change in call criteria.




RESULTS

A total of 674 patients were assessed from April 2013 to January 2019; 135 were excluded due to incomplete data leaving 539 (80%) patients in this analysis. Of these, 256 (47.5%) were assessed in-hours and 283 (52.5%) out-of-hours; 20 calls related to patients already in hospital. One hundred and twenty-two patients (23.3%) underwent reperfusion therapies (75 thrombolysis, 25 thrombectomy, and 22 combined thrombolysis and thrombectomy) (Table 1). A total of two patients were treated who were not found to have confirmed stroke. After final work-up, one of these patients was still believed to be a stroke, while the other was diagnosed with an unspecified mimic. A total of two patients suffered symptomatic intracerebral hemorrhage (sICH) after reperfusion therapy (1.6% of those treated).


Table 1. Patient population characteristics in-hours vs. out-of hours and treated vs. non-treated with acute reperfusion therapy.
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Triage efficacy was similar in-hours to out-of-hours, with 71.5% of patients confirmed to have stroke and 22.7% selected for reperfusion therapies in hours compared to 73.9% confirmed strokes and 22.3% selected for reperfusion therapy out of hours (p = 0.560 and 0.930, respectively) (Table 2). Patient outcomes were also similar between the two groups (34.7% 90-days mRS ≤ 2 in-hours vs. 33.6% out-of-hours, p = 0.770). Forty-six patients were thrombolysed in hours, with 51 thrombolysed out-of-hours. The median door-to-needle time was 91 min (IQR 71–110 min), being longer out-of-hours than in-hours (94 vs. 87 min, respectively). This pattern was the same for the decision to needle time (23 vs. 20 min) and the door to image time (56 vs. 53 min) although the call to decision time was slightly shorter out-of-hours (36.5 vs. 40.5 min). None of these differences were statistically significant after adjusting for other factors (hospital, onset-presentation time, stroke severity).


Table 2. Patients confirmed to have suffered a stroke and treated with reperfusion therapy (thrombolysis or MT), in- vs. out-of-hours.

[image: Table 2]


Effect of in-hours vs. Out-of-Hours

Patient arrival in-hours was not a statistically significant predictor of work-flow times, despite a trend for it to be associated with reduced times such as an estimated 10.2-minute decrease in door-to-call times (95% CI −1.8 to 22.2, p = 0.097), and an estimated 6.1-min (95% CI −6.16 to 18.35, p = 0.329) decrease in door-to-image and 4.33 min (95% CI −1.00 to 4.33, p = 0.109) decrease in decision-to-needle times compared to out-of-hours presentation. None of these differences were statistically significant (all p > 0.05); including the overall door to needle time (estimated 9.6 min, 95% CI −28.9 to 9.8, p = 0.330).



Onset to Presentation Time

A total of 296 patients presented within 3 h of onset, 31 between 3 and 4.5 h and 169 patients presented more than 4.5-h since the last time seen well. There was no significant difference in any of the acute stroke metrics (door-to-image, door-to-call, or decision-to-needle times) between patients admitted within 3 and 3–4.5 h after onset (all nominal p > 0.05; see Table 3). The presentation over 4.5 h was associated with significantly slower door-to-call and door-to-image times though not with a slower decision-to-needle time (see Table 3). There was a trend for a slower call-to-decision time (by an estimated 5.2 min, 95% CI −0.6 to 11.1, p = 0.080).


Table 3. Estimated effects on workflow times (from linear regression) of symptom-onset to presentation time for all patients.
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A specific analysis after expanding the call window to 24 h since onset was performed. This group comprised 407 patients in total, 63 treated with thrombolysis alone, 24 with MT alone and 19 with both therapies. Amongst this group, those presenting >4.5-h after onset still experienced significantly longer door-to-call, door-to-imaging and call-to-decision times (see Table 4); while those presenting 3–4.5 h after onset experienced a call-to-decision time faster than patients presenting within 3 h (by an estimated 14.5 min, 95% CI 1.5 to 27.5 min, p = 0.029).


Table 4. Estimated effects on workflow times (from linear regression) of symptom-onset to presentation time after the protocol was changed to include patients presenting up to 24-h after onset.
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Hospital Experience

Compared to Hospital A (the most experienced site), all sites except hospital C demonstrated significantly slower decision-to-needle times by ~10–12 min (see Table 5). Hospital B demonstrated slower workflow across all of the times while hospital D demonstrated significantly faster door-to-imaging times than any other site (Table 5). Hospital experience (that is, admission to the most experienced site relative to the 3 least-experienced sites) was associated with significantly faster decision-to-needle times (by an estimated 14.3 min, 95%CI 5.8 to 22.8 min, p = 0.001) but not faster door-to-call, call-to-decision or door-to-image times (p-values of 0.217, 0.819, and 0.861, respectively, see Supplementary Material for further details).


Table 5. Estimated differences in work-flow times relative to Hospital A after adjusting for other variables (*P < 0.05).
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Stroke Severity and Reperfusion Therapy

There was a trend for faster door-to-call times with more severe strokes, by ~1.7 min for every unit increase in NIHSS, but this was not statistically significance once other factors such as the use of reperfusion therapy were adjusted for (p = 0.081). Patients who did receive reperfusion therapy tended to have more severe strokes than those who did not (see Table 1) and were assessed more quickly on average. The use of reperfusion therapy (either thrombolysis or MT) was consistently associated with faster door-to-call (by 16.8 min, 95% CI 0.6 to 32.9 min, p = 0.043) and door-to-imaging (by 25.3 min, 95% CI 8.8 to 41.8 min, p = 0.003) times but was not significantly associated with the call-to-decision time (estimate = 0.7 min faster, p = 0.577).




DISCUSSION

There were no differences in the accuracy or speed of triage for the telestroke service between in-hours and out-of-hours. The proportion of patients confirmed to have stroke, the proportion who received reperfusion therapy and the proportion who were independent at 90 days were all similar between both groups. The lack of variation in mRS outcomes between the two groups is consistent with previous studies (8, 9); differences in the rates of stroke diagnosis and reperfusion therapy have not previously been examined in a telestroke network. Differences in acute stroke metrics were not statistically significant between in- and out-of-hours, although there were differences between hospitals. These results are reasonably consistent with the single study that has examined door-to-needle times in a telestroke network (8), which found a small difference (1.6 min) in one of their workflow times (page-camera, for which our study has no correlate) but no difference in overall door-needle times. Both telestroke analyses contrast with previous studies in comprehensive stroke centers that did find a significant difference between in-hours and out-of-hours, both in Australia (14) and overseas (7). The hypothesized reasons for these differences have included extra time required for the stroke team to travel to the hospital after being called or having a smaller and/or less experienced staff working out-of-hours. Our telestroke service does not require the stroke team to travel to the hospital, eliminating this potential source of delay. With regard to staffing levels, the spoke hospitals in the Northern NSW telestroke network tend to have lean staffing levels at all times, thus the difference in available staff between in-hours and out-of-hours is minimal.

Previous studies on the weekend effect in telestroke networks have been limited to date; studies in the USA (8) and Germany (9) have examined differences in patient outcomes between in-hours and out-of-hours presentations, and the former examined differences in workflow-timings (finding no difference in door-to-needle times between the two groups). However, both of these studies were confined to patients who received thrombolysis. There are no studies we are aware of that examine the weekend effect in a telestroke network that includes MT as a treatment option, and hence triages patients presenting outside the typical thrombolysis window. Furthermore, no previous study has examined a telestroke service that uses CTP routinely (both the US and German telestroke networks primarily relied on NCCT and CTA), nor have differences in the accuracy of patient triage for the telestroke service been examined previously. The latter are potentially important for managing the telestroke workload.

The routine use of CTP may, in theory, have differential effects outside of normal business hours due to the availability (or lack thereof) of radiography staff trained in this procedure. The use of perfusion imaging (either CTP or MR-Perfusion) is important for the selection of patients for MT in the extended time-window of 6- to 24-h after symptom onset, into which a significant proportion of our patients fall once the lengthy transfer times between spokes and hub are accounted for. Our group has recently published a comprehensive analysis of the effects of mCT on clinical decision-making and outcomes in this telestroke network (12). Amongst 80 patients who met standard NCCT and clinical criteria for thrombolysis, 36 (45%) were not thrombolysed based on mCT criteria, 6 because mCT demonstrated a large established core (>70 mL) that was not visible on NCCT, while the remainder had very small or no lesions and 12 of these patients were subsequently diagnosed as stroke mimics. In keeping with our previous larger observational study (15), clinical outcomes in patients with no or very small lesions were excellent without treatment.

The delays associated with patients presenting more than 4.5 h after stroke onset probably indicate an incomplete awareness of the expanded window for stroke therapy despite specific training being performed. The delay in triaging patients admitted out of the classic thrombolysis window is likely to reduce the efficacy of reperfusion therapy when it is provided and hence degrade patient outcomes (16). This will need to be a key focus of future training within the telestroke network.

Patients who received reperfusion therapies (thrombolysis or MT) were triaged faster, resulting in door-to-call and door-to-imaging times ~15 and 25 min, respectively, faster than patients who did not go on to receive such therapies. This suggests that staff are acting with more urgency when they judge that a patient may be suitable for reperfusion therapy early in the triage process. This may in part be due to greater stroke severity amongst patients who received reperfusion therapy, a hypothesis supported by the fact that stroke severity was an important confounder for the regression models without being statistically significant once reperfusion therapy had been corrected for.

The variation in timing between hospitals was considerable, and may account for an important proportion of the apparent difference between in-hours and out-of-hours timings given that hospital B, which demonstrated the slowest times across the board, also had the highest proportion of out-of-hours telestroke calls (66% out-of-hours vs. 53% across all sites, see Supplementary Table 1). Hospital B has local neurologists and primarily uses the telestroke service out-of-hours, or when the local Neurologists are unavailable. This may explain the slower timings at this hospital as well, since the local emergency staff works with two different models, leading to possible delays activating the telestroke team.

The effect of hospital experience was chiefly evident in differences in the decision-to-needle time. The spoke hospitals in the Northern NSW telestroke network tend to have relatively transient medical workforce, with a more stable nursing staff hence the accumulation of experience within a hospital primarily occurs within the nursing staff. This may be why the benefit of this experience is primarily demonstrated in the decision-to-needle time, which is influenced more by the efficiency of nursing staff than by the efficiency of the treating doctor.

The key strength of this study is the examination of a range of quality-of-care measures in addition to the standard patient outcomes, including the speed of work-flow for both patients who received reperfusion therapy and those who did not, the latter group having previously been excluded from examinations of the weekend effect in telestroke networks. The key weaknesses of the study lie in the fact that some of the data were collected retrospectively, and a considerable portion of patients were excluded due to incomplete data.



CONCLUSIONS

This study has demonstrated that presentation out-of-hours is not a barrier to effective and efficient use of the telestroke service, and has identified opportunities for improvement within the Northern NSW telestroke network, in particular with regard to patients admitted more than 4.5 h after symptom onset.
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Background and Purpose: It is unclear which imaging marker is optimal for predicting the extent of hematoma expansion (EHE). We aimed to compare the usefulness of the blend sign (BS) with that of other non-contrast computed tomography (NCCT) markers for predicting the EHE in patients with spontaneous intracerebral hemorrhage (sICH).

Methods: Patients with sICH admitted to our Neurology Emergency Department between September 2013 and January 2019 were enrolled. The EHE was calculated as the absolute increase in hematoma volume between baseline and follow-up CT (within 72 h). The EHE was categorized into four groups: “no growth,” “minimal change” (≤5.1 ml), “moderate change” (5.1–12.5 ml), and “massive change” (>12.5 ml). Univariate and multivariate analyses were performed to investigate the relationship between the NCCT markers [BS, black hole sign (BHS), satellite sign, and island sign] and the EHE.

Results: A total of 1,111 sICH patients were included (median age: 60 years; 66.5% males). Multiple linear regression analysis showed that the presence of the BS and BHS was independently associated with the EHE, after adjusting for confounders (P < 0.001 and P = 0.003, respectively). The presence of the BS and BHS was positively correlated with growth category (r = 0.285 and r = 0.199, both Ps < 0.001). The BS demonstrated a better predictive performance for the EHE than did the BHS [area under the curve (AUC): 0.67 vs. 0.57; both Ps < 0.001].

Conclusions: In patients with acute sICH, the BS showed a better performance in predicting the EHE compared with other NCCT markers. This imaging marker may help identify patients at a high risk of significant hematoma expansion and may facilitate its early management.

Keywords: intracerebral hemorrhage, extent of hematoma expansion, functional outcome, blend sign, computed tomography


INTRODUCTION

Spontaneous intracerebral hemorrhage (sICH) has become the leading cause of disability and death in China, and early hematoma expansion (HE) is an independent risk factor for early neurological deterioration and long-term functional outcomes (1). In a large meta-analysis, intracerebral hemorrhage (ICH) baseline volume, non-contrast computed tomography (NCCT) timing, and antiplatelet and anticoagulant use were found to be independent predictors of intracerebral hematoma growth (2). HE occurs in 20–40% of all patients with sICH (3, 4), and previous reports have identified multiple factors that are associated with clinical outcomes following sICH, including age, baseline hematoma volume, HE, the presence of a neurological deficit, intraventricular hemorrhage (IVH), and hematoma location (4–6). Among these factors, hemorrhage volume is a significant predictor of poor outcome in patients with sICH (7), and this is an area of ongoing research. Davis et al. found that an increase in the hematoma volume by 10% increases the risk of death at 90 days by 5% and poor outcome by 16–18% (4). Conversely, an approximately 2–4 ml reduction in hematoma volume was associated with a 20–30% reduction in the risk of death (8). Thus, increased hemorrhage volume has been a major focus for potential therapeutic targets, as it is the only modifiable factor which is present in the majority of patients (9–12). Therefore, it is important to find markers associated with the extent of hematoma expansion (EHE).

The computed tomography angiography (CTA) spot sign is regarded as a useful predictor for HE and poor functional outcomes (13–17). However, CTA is not routinely used in many institutions (18). Recently, several NCCT markers have shown the ability to predict HE (19), such as the blend sign (BS) (20), black hole sign (BHS) (21), satellite sign (22), and island sign (23). Which imaging marker is better at predicting the EHE remains unclear. Therefore, the purpose of this study was to compare their performances in predicting the EHE.



METHODS

Study Population

We retrospectively evaluated consecutive sICH patients who were admitted to our Neurology Emergency Department between September 2013 and January 2019. The eligibility criteria for our study included patients aged >18 years old whose baseline NCCT and follow-up NCCT were performed within 6 and 72 h from symptom onset, respectively. We used the following exclusion criteria: (1) hemorrhage secondary to tumor, aneurysm, trauma, arteriovenous malformation, or hemorrhagic infarction; (2) surgical intervention for the hematoma performed prior to the follow-up CT scan; (3) multiple cerebral hemorrhages or primary IVH; and (4) a lack of hospitalization data and follow-up CT. In addition, macrovascular causes were detected using CTA. CTA was not performed routinely in all patients, but at the discretion of the clinical team. The management of patients followed the recommendations provided by the American Heart Association/American Stroke Association (AHA/ASA) guidelines. Our study was approved by the ethics committee of the First Affiliated Hospital of Wenzhou Medical University.



Clinical Data

Clinical data such as age, sex, medical history (including smoking, alcohol consumption, and diabetes mellitus), admission platelet count, admission systolic blood pressure, time from onset to baseline CT (h), time from baseline CT to follow-up CT (h), and Glasgow Coma Scale (GCS) score were retrospectively collected. The Glasgow Outcome Scale (GOS) score was evaluated at discharge, and patients were dichotomized into favorable outcome (4–5 points) and poor outcome (1–3 points).



Image Acquisition and Analysis

The baseline and follow-up CT scans (120 kVp, 80 mA; section thickness, 5 mm) were performed using a standard clinical protocol. All CT images were acquired from the picture archiving and communication system (PACS) and saved in DICOM format for further evaluation. Volumetric calculation of the hematoma was completed through three-dimensional reconstruction of the regions of interest obtained by manually depicting the lesion circumference in multiple successive layers on baseline and follow-up NCCT imaging. All measurements were performed in a blinded fashion. Two experienced radiologists, who were blinded to the patients' clinical data, independently evaluated all baseline and follow-up CT images. Any disagreement between the two radiologists was resolved by consensus. Hematoma location and volume, the presence of the intraventricular extension (16), BHS (21), BS (20), island sign (23), and satellite sign (22) was assessed. Hematoma location was divided into deep, lobar, brain stem, and cerebellum (24), and deep ICH was defined as hematoma involving the thalamus or basal ganglia. Baseline hematoma volume was divided into four categories: <10, 10–20, 20–30, and ≥30 ml. The EHE was defined as an increase in hematoma volume between baseline and follow-up CT. The extent of hematoma growth was classified into four “clinically meaningful” grades: “no growth,” “minimal change” (≤5 ml), “moderate change” (5.1–12.5 ml), and “massive change” (>12.5 ml) (8). In addition, follow-up CT was performed routinely within 72 h, but the exact timing of the follow-up CT was at the discretion of the clinical physician and time to deterioration of patients.



Statistical Analyses

Statistical analyses were performed using R software (version 3.6.0; The R Foundation for Statistical Computing, Vienna, Austria) and SPSS (version 24.0; IBM Corp., Armonk, NY, USA). Continuous variables were described as medians or means; categorical variables were expressed in percentages. We performed exploratory simple linear regression analysis to explore the association between patient characteristics and absolute growth, followed by multiple linear regression to determine the independent predictors of absolute hematoma growth. Variables with a P < 0.05 in univariate regression analyses were included in the multiple linear regression. Previous use of antiplatelet and anticoagulant medications, which were thought to be independent predictors associated with HE, was forced into the model. The absolute growth and imaging markers were compared using chi-square or Fisher's exact test and Student's t-test or Mann–Whitney U-test, as appropriate. The correlation analysis was performed using Kendall's tau-b test. Receiver operating characteristic analysis was performed to evaluate the value of the BS and BHS in predicting HE (>12.5 ml). Multivariate logistic regression analysis was performed to investigate whether the EHE was an independent predictor of poor outcome in patients with ICH, adjusting for predictors of poor outcome that were previously used in the INTERACT1 study (8). The amount of missing data was low (<5%), and patients with missing values were not involved in the multivariate logistic regression analysis. P < 0.05 was considered statistically significant.




RESULTS

A total of 1,111 sICH patients (739 males and 372 females) were included in our study. The median age of the patients was 60.90 years [interquartile range (IQR) 51–70 years]. Baseline characteristics are shown in (Table 1). Exploratory simple linear regression analysis revealed that sex, baseline volume, location of hemorrhage, time from onset to baseline CT, time from baseline CT to follow-up CT, systolic blood pressure, baseline GCS, and the presence of the satellite sign, BS, BHS, and island sign were all associated with the EHE (all Ps < 0.05; Table 2). Multivariate analysis with multiple linear regression showed that the BS (P < 0.001) and BHS (P = 0.003) were independently associated with absolute growth after adjusting for sex, baseline volume, location of hemorrhage, time from onset to baseline CT, time from baseline CT to follow-up CT, systolic blood pressure, antiplatelet, anticoagulant, and baseline GCS (Table 3).


Table 1. Baseline characteristics of the study cohort.
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Table 2. Simple linear regression analysis of predictors of the extent of early hematoma expansion.
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Table 3. Multiple linear regression analysis of predictors of the extent of early hematoma expansion.
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The BS and BHS showed a statistically significant association with absolute growth on follow-up CT (Figure 1). Compared with the non-BS group, patients with the BS had a significantly higher median hematoma growth (0.45 [0.39–2.29] vs. 5.10 [0.98–13.91] ml, P < 0.001; Figure 1A). Median growth was higher in the BHS group than in the non-BHS group (2.46 [0.27–7.96] vs. 0.58 [−0.38 to 2.62] ml, P < 0.001; Figure 1B). Patients with small baseline hematoma volumes were less likely to present the BS or BHS (both Ps < 0.001; Figure 2A). (Figure 2) demonstrates the presence of a significant difference in the amount of hematoma growth between patients in the BS and non-BS groups for all baseline hematoma volumes (all Ps < 0.01; Figure 2B). When we compare the BHS and non-BHS groups, significant differences were only observed in those with a baseline hematoma volume of up to 20 ml (Figure 2C).


[image: Figure 1]
FIGURE 1. Box plots of hematoma growth between the baseline and 72-h CT scans depict a greater hemorrhage volume growth in (A) the BS vs. non-BS scans (P < 0.001) and (B) the BHS vs. non-BHS scans (P < 0.001). BHS, black hole sign; BS, blend sign; CT, computed tomography.
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FIGURE 2. (A) shows the frequency of the BS and BHS, stratified by baseline hematoma volume (both Ps < 0.001). Differences between (B) the BS and non-BS and (C) the BHS and non-BHS scans are shown in the figure. BHS, black hole sign; BS, blend sign.


On moving to the categories of higher hematoma growth from nil to >12.5 ml, the frequency of the BS and BHS increased from 7.5 to 42.2% and from 10.5 to 28.4%, respectively (P < 0.001; Figures 3A,B). Compared with that in “no growth” (7.5%), the incidence of BS was significantly higher in the “minimal change” (17.8%) or “moderate change” (36%) groups (P < 0.001). The “massive change” group showed the highest incidence of the BS (42.2%). The receiver operating characteristic analysis showed that the area under the curve (AUC) of the BS was 0.67 (95% CI 0.62–0.74) and that of the BHS was 0.57 (95% CI 0.51–0.64) in predicting HE (Figure 4). In addition, the BS and BHS showed positive correlations with the baseline hematoma category (BS: r = 0.249, P < 0.001; BHS: r = 0.211, P < 0.001). The BS and BHS also had positive correlations with the hematoma growth category (BS: r = 0.285, P < 0.001; BHS: r = 0.199, P < 0.001). After known predictors of outcome were adjusted for, compared to that in patients with “no growth,” the change in hematoma growth was independently associated with higher odds of poor outcome following sICH (OR: 1.030 [95% CI 0.679–1.565], P = 0.888 for “minimal change,” and OR: 2.227 [95% CI 1.222–4.060], P = 0.009 for “moderate change”). Patients with “massive change” had the highest risk of a poor outcome (OR: 2.534 [95% CI 1.296–4.955], P = 0.007, Table 4).


[image: Figure 3]
FIGURE 3. The proportions (%) of the BS (A) and BHS (B) in the four groups stratifying the extent of hematoma growth. The x-axis refers to the percentage of the BS or BHS (%). P < 0.001. BHS, black hole sign; BS, blend sign; Nil, no growth.
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FIGURE 4. The receiver operating characteristic (ROC) curve of the BS and BHS were used for predicting HE (>12.5 ml). The area under the curve for the BS was 0.67 and that for the BHS was 0.57. BHS, black hole sign; BS, blend sign.



Table 4. Multivariate logistic regression analysis of predicting poor outcome.
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DISCUSSION

In our retrospective study of 1,111 patients with sICH, we compared the BS with several CT markers to predict the EHE. The main finding of this analysis was that the BS was better able to stratify the EHE than were other CT markers.

The INTERACT1 study showed an approximate linear relationship between HE and prognosis; every 1-ml increase in hematoma growth was associated with a 5% increase in the odds of a poor outcome (8). Studies have also shown that absolute HE definitions predict poor outcomes better than relative HE definitions (25). It is universally acknowledged that hematoma volume is the main determinant of poor outcome in patients with sICH (5, 6). A growth in hematoma volume of over 5 ml is clearly visible in clinical practice (8). In addition, baseline hematoma volume is a significant predictor of HE, which is directly related to both the final hematoma volume and the clinical outcome (5, 26). In our study, the incidence of the BS and BHS was both positively correlated with baseline hematoma volume category. With an increase in the baseline hematoma growth category, the frequency of the BS and BHS increased from 2.8 to 29.9% and from 6.2 to 28.1%, respectively. The HE volume was divided into four groups, and we identified a positive correlation between the incidence of the BS and the HE volume category. Conversely, in the BHS-positive patients, there was a plateau in the frequency of BHS above the 5.1-ml hematoma growth volume category. We found that the presence of the BS may indicate a greater risk in the occurrence of the final hematoma volume. The BS represented ongoing, active bleeding in the hematoma (20, 27), and its low incidence in patients with a small baseline hematoma indicates a stable hematoma and lower risk of expansion. In contrast, a large baseline hematoma volume probably reflects multifocal bleeding sources within the hematoma.

In our study, we found that when the baseline hematoma volume was divided into four categories (<10, 10–20, 20–30, and >30 ml), a linear correlation was detected between the baseline hematoma volume and the BHS and BS. Furthermore, we demonstrated that larger initial hematoma volumes are more frequent for those with BHS and BS, and they are more likely to develop toward a larger hematoma volume. Median growth of the hematoma was significantly greater in patients with BHS and BS than in CT marker-negative patients; this supports the current hypotheses regarding the pathophysiology of sICH expansion (28–31). These CT markers were consistent features for larger hematomas and reflect the natural history of HE in sICH.

The clinical value of the BHS and BS in predicting HE and secondary neurological deterioration has been confirmed in multiple studies (32–37). The principle underlying the BHS and BS is that the hematoma is heterogeneous. However, it is necessary to improve the reliability of the heterogeneous hematoma in predicting HE. Barras et al. (28) found that heterogeneous density of a hematoma independently predicted HE, with growth occurring on a continuous scale. In a retrospective analysis (38), the BS and spot sign were highly predictive of poor functional outcomes. Furthermore, the multivariate analysis confirmed the BS as a reliable predictor of poor functional outcome in patients with sICH, after adjusting for several known risk factors. Notably, Yu et al. (34) obtained similar results in predicting HE. Similar to the BS, there was a close relationship between the CTA spot sign and the BHS. However, Sporns (36) demonstrated a high degree of association between the BS and spot sign (κ = 0.701) and a moderate degree of association between the BHS and spot sign (κ = 0.424). We hypothesize that these CT markers (the BHS and BS) are surrogates for a phenomenon similar to that mediating the spot sign and that that this represents ongoing, multifocal, active bleeding within the hematoma.

In our study, the BHS and BS exhibited favorable abilities to predict the EHE, with the BS performing slightly better than the BHS. We also directly compared the diagnostic performances of the BHS and BS and found that the AUC for the BS was significantly higher than the AUC for the BHS in predicting HE. To explain these results, we compared hematoma growth between those with and without these CT markers, according to baseline hematoma volumes. Heterogeneous density on NCCT (39) and a larger baseline hematoma volume (26) may indicate active hemorrhage or multiple bleeding vessels, which lead to an increased risk of the BS. The BS and BHS were found to be associated with a higher risk of postoperative rebleeding in sICH patients undergoing surgical intervention (33, 40, 41), and this also indirectly confirmed the underlying mechanisms of HE. Therefore, the presence of the BS combined with larger baseline hematoma volume could identify those patients most likely to benefit from anti-HE therapies.

HE was associated with poor functional outcome (4, 42), which can be influenced by therapy (43–45). However, it was unclear if the absolute growth led to poor outcomes in individuals. There is no universal consensus on a clinically meaningful definition of HE (11, 12, 46, 47). At present, >6 ml (48, 49) or >12.5 ml (9) absolute growth is the widely used definitions of HE. According to the method used by Youden, Dowlatshahi et al. (25) proposed the best cutoff value for absolute growth to be >3 ml in predicting poor outcome. Absolute hematoma growth was categorized into four groups on a continuous scale in the previous study, which, compared to the binary classification of HE, provided additional stratification by volume for the risk of poor outcome following HE.

In a previous study, Morotti et al. (50) established the BAT score (including the CT BS and time of baseline NCCT <2.5 h), which could predict HE and emphasized that the time from onset to NCCT <2.5 h was significantly correlated with HE. Ovesen et al. (51) indicated that the shorter the time from symptom onset to baseline CT, the higher the incidence of HE, especially in patients with a time to baseline CT of <3 h. A recent meta-analysis (2) found that the rate of decline was steepest 0.5–3 h after ICH symptom onset and that the median time from symptom onset to baseline CT scan was 2.2 (IQR 1.3–4.2). The proportion of patients with HE (defined as >6 ml) was 22%. Our study showed that time to baseline CT scan (median 3 h, IQR 2–4) was an independent predictor of EHE and that the incidence of HE (also defined as >6 ml) was 15.9% in patients with ICH. However, some patients were at or beyond the time of greatest risk of HE in our cohort. A small number of patients who required early surgical intervention or abandonment of treatment were excluded. Moreover, patients with missing data were likely to have had more severe deficits or died early and might be considered to have a higher incidence of HE; therefore, excluding them contributed to underestimating the real performance. We recognized the potential for selection bias to influence our results. Therefore, we adjusted for these and other known confounding variables in the multivariate model.

Many patients with sICH are likely to have a poor outcome irrespective of the presence or absence of HE, and this is possibly due to the hematoma location, intraventricular extension, age, or large initial hematoma volume; none of these factors can be modified. There has been hope that poor outcomes and mortality related to high-volume hemorrhage could be ameliorated by interventions that aim to lower hemorrhage volume in patients with sICH. The results from the INTERACT1 study reaffirmed the importance of HE as a determinant of poor outcome and mortality. In our study, we found that an increase in the EHE was associated with an increase in the risk of a poor outcome. Conversely, smaller hematomas were less likely to produce poor outcomes, which is consistent with prior studies (8). Our study reinforces the association between EHE and clinical outcomes in patients with sICH. The most plausible explanation for these findings is that the absolute HE is directly proportional to the volume of the brain tissue destroyed. In addition, with the popularity of minimally invasive neurosurgical techniques, patients with a high risk of HE could receive more intensive neurological monitoring, and targeted surgical hematoma evacuation. Stratification of HE risk has important implications for the clinical care of patients with sICH.

Our study has several limitations. First, our study results were derived from a retrospective single-center analysis and lack data from formal orders for withdrawal of care, which require further validation. Second, the proportion of Chinese participants with deep ICH was higher than that among Western populations, which may limit the generalizability of our findings to other ethnic groups. Third, emergency CTA was not performed in all patients from our study population, which may have affected our results. Moreover, the presence of an underlying macrovascular abnormality was not detected at the time of the baseline NCCT. Thus, using the NCCT features to predict poor outcome and HE possibly influenced early treatment decisions. Fourth, given the retrospective design and in a study investigating emergencies, standardized therapeutic procedures were difficult to establish, and we were also not able to fully account for acute-phase therapies that may affect hematoma growth. Fifth, the exact timing of the follow-up CT was at the discretion of the clinical physician based on clinical judgment, patient preference, and treatment need, but we attempted to minimize this effect as much as possible by adjusting for the time of follow-up CT in the HE models. Finally, functional outcomes were assessed at discharge, which may not reflect the long-term outcomes for patients with sICH. Future studies using larger samples are needed to support our findings.



CONCLUSIONS

The CT BS showed a better performance in predicting the EHE in patients with sICH than did other NCCT markers. These markers may help identify patients at a high risk of HE and provide a potential target for anti-HE treatments for patients with acute sICH. Meanwhile, the lack of these markers may enable clinicians to identify patients at lower risk of HE being more suitable for admission to general neurology wards, especially in limited resource settings. Because patients without these markers appear to be relatively stable, anti-expansion treatment such as intensive blood pressure lowering or surgical intervention may offer little value.
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Background: Automated ASPECTS has the potential of reducing interobserver variability in the determination of early ischemic changes. We aimed to assess the performance of an automated ASPECTS vs. ASPECTS interpreted for sent CT images on WhatsApp and to correlate these results with the outcome.

Materials and Methods: Patients with anterior circulation stroke who had baseline NCCT and underwent successful IV-thrombolysis were included. NCCT-ASPECTS was assessed by two neuroradiologists, and discrepancies were resolved by agreement. Two groups of patients were included; group 1, where treatment was decided after an automated ASPECTS interpretation that was provided by RAPID software, and group 2, where patients received IV-tPA after an assessment of CT images sent on WhatsApp.

Results: A total of 122 patients were included: 36 in group 1 and 86 in group 2. In group 2, the interobserver agreement for NCCT ASPECTS was moderate (κ = 0.36), as was the dichotomized data (κ = 0.44). IOA, however, improved (to κ = 0.57 and κ = 0.64) when the same CT images were interpreted on a workstation. In group 1, Automated ASPECTS showed excellent agreement (κ = 0.80) with agreement reads for workstation images. There were significantly (P < 0.001) increased odds of functional independence and fewer hemorrhagic complications with thrombolyzed patients in group 1.

Conclusions: Automated ASPECTS provided by the RAPID@IschemaView ASPECTS performs at a level equal to the agreement read of expert neuroradiologists, and this performance was severely degraded when WhatsApp captured CT images used for ASPECTS assessment. In our study, we found that automated ASPECTS might predict outcomes after IV thrombolysis.

Keywords: acute ischemic stroke, thrombolysis, automated ASPECTS, mRS, reliability, cost-effectiveness analysis


INTRODUCTION

ASPECTS was introduced in the year 2000 to assess the early ischemic changes in CT scans. It is a 10-point scoring system, with one point deducted for signs of early ischemic change in each defined region of the MCA territory (1).

CT-ASPECTS has been shown to predict the functional outcome and symptomatic intracranial hemorrhage after thrombolytic treatment (1, 2).

Consequently, the ASPECTS assessment has been increasingly incorporated into treatment decision making and has been used in several randomized clinical trials for endovascular treatment decision making (3, 4).

The major drawback of the ASPECTS evaluation is its modest interobserver agreement (IOA) and reproducibility. Early ischemic changes are often difficult to detect on NCCT, with low interobserver agreement for presence and extent (5–7).

Transmitting CT scans as instant messages captured and sent using smartphones has been shown to be highly reliable in neurosurgical emergencies (8).

Although scientific studies on the use of WhatsApp Messenger remain scarce in medical literature, increasing numbers of health professionals have adopted it as a communication interface and for the exchange of multimedia (9, 10). A debate is currently ongoing on the subject of its effect on transmitted image quality in the conversion from analog to digital formats to the degree of whether it is able to identify sufficient detail for an adequate diagnosis and initial treatment with better efficacy than other modalities used for the same purposes (11).

In acute ischemic stroke settings, both time and detail are imperative to confounding the incorporated role of ASPECTS in treatment decision-making process.

To our knowledge, this is the first study to evaluate the reliability of interpreting ASPECTS from three settings—source images, captured images on WhatsApp, and automated ASPECTS obtained from a software-based analysis (RAPID ASPECTS®) by iSchemaView (Menlo Park, USA www.ischemaview.com)—and to show the possible impact on the outcome after thrombolysis.



MATERIALS AND METHODS


Patient Selection

This study was approved by the local institutional review board (Alexandria University System, Alexandria). We retrospectively reviewed consecutive patients with AIS who presented to the primary stroke unit, which is one our institution-affiliated facilities for stroke care in the Alexandria stroke network (www.egyptianstroke.net). Between January 2018 and December 2019, 176 AIS patients who met the following inclusion criteria received IV-tPA: (1) time from symptom onset <4.5 h; (2) anterior circulation ischemic stroke; (3) baseline NCCT; (4) no contraindication for IV-tPA; and (5) ASPECT score ≥ 6 (ischemic changes ≤ 1/3 of MCA territory). There were several exclusion criteria: (1) intracranial hemorrhage; (2) pre-existing cerebral defects within the probable current ischemic area that could not reliably be distinguished from acute ischemic changes; and (3) severe motion or other artifacts impeding CT interpretation. To expedite stroke workflow, the thrombolysis decision is remotely taken by a stroke consultant through a closed WhatsApp group where clinical and laboratory data of the patients as well as NCCT images are uploaded by a stroke residency where interpretation of NCCT is carried out on the WhatsApp group by the neuroradiologist on duty. Other stroke neurologists, neurosurgeons, and ICU physicians all are within the same chat group and are notified by the decision. As of 2019, RAPID software (a computer-based automated scoring to assess early signs of brain ischemia) has been deployed in our institution to help develop a faster and more accurate stroke workflow as a part of developing the stroke service to include all reperfusion therapies for AIS. During our study period, we could identify two groups of patients: group 1 consisted of 36 AIS patients receiving the IV-tPA based on the automated ASPECTS processed by the RAPID system, while group 2 consisted of 86 AIS patients receiving treatment based on the decision made using the NCCT images sent via the WhatsApp group.

All clinical data for both groups of patients included the patients' age, sex, baseline NIHSS scores, the time from stroke onset/last well-known, door to need time, time from CT to needle, data on receiving intravenous tissue plasminogen activator, and 90-day mRS when available. mRS scores <3 were used to indicating a functional independence outcome.



Image Acquisition

CT image acquisition was performed using a Brilliance 64-slice CT scanner (Philips Healthcare, Netherland). Helical NCCT (120 kV, 100–350 auto-mA) was performed using a 5-mm section thickness from the foramen magnum through the vertex.



WhatsApp Data Transmission

Clear regulations and standardization of medical data sharing are lacking, and the use of Whatsapp(TM) remains a “gray area.” We tried to reduce variation in the image quality transmitted via WhatsApp, where all transferred NECT images were captured by one universal smartphone—the “resident's phone” (Iphone 8 plus; 8MP camera). The transmitted images were either made up of a full range of series with customized slice thickness (1mm) generated by CT workstation software for printing or a video clip spanning the entire CT study. However, other factors, such as the “camera view angle” and “image light intensity,” that could affect image quality could not be avoided in this study, and this might downgrade the efficiency of the WhatsApp method for transmitting CT images when deciding on AIS treatment compared to a decision based on transferred automated dicom files through dedicated software.

On the other hand, in WhatsApp-transmitted images, trying to reduce concerns regarding the identification of patients from non-anonymized shared data was considered in the current study where all data were transmitted to a closed group on WhatsApp that included only physicians who are involved in the treatment workflow of the patient. However, other privacy concerns could not be avoided, such as the fact that images sent through the app will be immediately downloaded into the recipient's smartphone photo library unless that setting is manually switched off. All messages are stored on a server in the US, which means they are not compliant with UK data protection legislation and the General Data Protection Regulation (GDPR). We did not anonymize the process of transmitting the images for the sake of the time factor, which is crucial in AIS treatment.



Image Analysis (Figure 1)

Two neuroradiologists years with more than 10 years' experience independently reviewed all baseline NCCTs and assigned an ASPECTS using a 10-point scale (1). Discrepancies between two readers were resolved using an agreement read in a separate reading session.


[image: Figure 1]
FIGURE 1. A 70-year-old man who presented with right hemiparesis, dysphasia with right UMN facial weakness, and an NIHSS score of 16. He underwent IV thrombolysis with a door to needle time of 40 min. Automated ASPECTS (A), Axial NCCT images uploaded to the WhatsApp group (B), and axial NCCT images processed by NR on workstation (C) are shown. For the two human readers, one scored 6 and the other 7 (agreement ASPECTS, 6). (B) Automated software assigned an ASPECTS of 6.


In addition, an automated software-based analysis RAPID ASPECTS® by iSchemaView (Menlo Park, USA). Axial isotropic sequences from the NCCT for each patient were uploaded to the software, and the automated ASPECTS was calculated without human interaction.

For both group of patients, the neuroradiologists and automated ASPECTS were then exported to an IBM SPSS software V23 spreadsheet (IBM corporation; Giza, Egypt) for analysis.

Finally, we used a cost-effectiveness analysis to compare the use of the automated ASPECTS interpretation (RAPID ischemaView) and the traditional ASPECTS interpretation of the sent NCCT images on the WhatsApp group.

A CEA decision tree model was created by TreeAge Pro 2019 (TreeAge Software, inc.) to evaluate the cost-utility analysis for both traditional and automated interpretation of ASPECTS CT., where we assumed that 90 days of follow-up could be one of the three possibilities, using mRS to reflect clinical outcome after IV-tPA: either 1-functional independence; 0–2 mRS; 2- functional dependence; 3–5 mRS; or 6 mRS - death. For cost utility, we refer you to Table 1.


Table 1. Characteristics of 122 patients who received IV-tPA in both groups.
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Statistical Analysis

Clinical and demographic data were presented as mean (SD) or median (interquartile range) as appropriate. ASPECTS values were presented as median (interquartile range). Comparison of ASPECTS was performed using both the raw/original scores and dichotomized ASPECTS using ≥6 and <6 as a cutoff. The interobserver agreement between two neuroradiologists was performed using a weighted κ test with a calculation of the 95% CI. Agreement and correlation among neuroradiologist agreement reads and automated ASPECTS were performed using the intraclass correlation coefficient with 95% CI.

Clinical and imaging variables and functional outcome (using a 90-day mRS >2 as a cutoff) were compared between both groups using a combination of t-tests and χ2 tests as appropriate.




RESULTS


Demographic and Clinical Data

A total of 122 patients were included (59 men, 63 women; mean age, 59 ± 9.8 years). The mean of the door to needle time was 47.8 ± 16.5 min. The median and interquartile range (IQR) of the NIHSS were 11 and 8–14. Stroke etiology was cardioembolic in 27.9% of cases. A total of 58/122 patients (47.5%) achieved mRS <3 at 90-days follow-up. The median and (IQR) of the final agreement ASPECTS (inferred from source Dicom images) were 8 and 6–9.

Table 1 shows the basic characteristics of AIS patients in both groups of patients. A higher rate of hemorrhagic complications was seen in thrombolysis decided based on the NCCT shared on WhatsApp (20 vs. 5.5%, P = 0.036). By dichotomizing the 90-day outcome by using mRS < 3 as a cutoff value, indicating functional independence, a higher incidence of getting functional independence was observed in thrombolysis based on automated ASPECTS CT interpretation (40.7 vs. 63.9%, P = 0.022). Additionally, a 14-min reduction in the DTN time was observed in the group of AIS patients with automated ASPECTS interpretation (median of 50 and 36 min in group 1 and group 2, respectively).



Human Interpretation

In group 2, where the NCCT was delivered via WhatsApp (n = 86), an NCCT file that was uploaded to the WhatsApp group was read by two neuroradiologists to interpret the ASPECTS. Similarly, both were involved blindly (without knowing localizing information) to rate the ASPECTS of the NCCT dicom source images on the workstation for each patient.

The median for ASPECTS rated from CT images sent on WhatsApp was 7 (IQR, 6–7) for reader 1 and 7 (IQR, 6–8) for reader 2. The interobserver agreement was fair with κ = 0.36 (95% CI, 0.02–0.58). For the dichotomized ASPECTS (ASPECTS ≥6 or <6), the interobserver agreement was improved to κ = 0.44 (95% CI, 0.14–0.64).

When readers were involved in interpreting ASPECTS from the source of the images on the workstation for the same patients, the median for ASPECTS was 7 (IQR, 5–7) for reader 1 and 7 (IQR, 6–8) for reader 2, and the IOA was improved to moderate with κ = 0.57 (95% CI, 0.33–0.72). Similarly, for the dichotomized ASPECTS (ASPECTS ≥6 or <6), IOA was improved with κ = 0.69 (95% CI, 0.51–0.79). In the dichotomized agreement read, a total of 75 patients had ASPECTS ≥6 and 11 patients had ASPECTS <6.



Automated ASPECTS of NCCT

In group 2, where 36 patients received IV-tPA based on automated ASPECTS generated by RAPID@ IschemaView software, the median was 7 (IQR, 6–8) for automated ASPECTS. The source Dicom images were blindly evaluated by both readers in an agreement session in which, for the final agreement read, the median for ASPECTS was 7 (IQR, 7–9).

By dichotomizing Automated ASPECTS, a total of 35 patients had eASPECTS ≥6, while 1 had eASPECTS <6.

Comparing the ASPECTS values, which were interpreted automatically by RAPID@ IschemaView software and humanly from source workstation images for the same patients (human agreement reads), we saw excellent agreement (κ = 0.80; 95% CI, 0.60–0.90) for the dichotomized scores. In only one patient, the software underestimated the extent of early ischemic changes by providing an automated ASPECTS >6, while the score was <6 by agreement read.



Cost Effectiveness Analysis (Figure 2)

The rate-adjusted total costs of the treatment decision based on automated interpretation and WhatsApp are summarized and extrapolated from our hospital cost (IV-tPA, cost of RAPID@IschemaView software, other stroke treatment and investigation, prolonged stay from complications, and death) in the Table 1.
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FIGURE 2. This figure demonstrates a CEA analysis curve for thrombolysis based on automated ASPECTS vs. ASPECTS interpretation on WhatsApp.


The use of WhatsApp to assess the ASPECTS had a total mean per patient cost of LE 16,126.48, and 0.37 QALYs, while automated ASPECTS had a total mean per patient cost of LE 12,646.48, and 0.73 QALYs. The incremental cost of WhatsApp supported ASPECTS interpretation over automated ASPECTS interpretation was LE 3,480.00. The estimated ICER for RAPID assessment vs. WhatsApp assessment of treatment decision was LE 9,738.35.




DISCUSSION

If regions of hypodensity encompass more than one-third of the affected cerebral hemisphere, IV thrombolysis is contraindicated and should not be administered (12). A post-hoc analysis of the European Cooperative Acute Stroke Study (ECASS) suggested that the extent of hypoattenuation on head CT was a predictor of response to thrombolysis and the risk of hemorrhagic transformation (13).

In early NNCT of AIS, judging the extent and degree of ischemia compared to infarction is not always straightforward. Even among experienced neuroradiologists and neurologists, the interrater agreement to determine whether ischemia affects less than or greater than one-third of the middle cerebral artery (MCA) territory is only moderate (κ.4) (14).

This draws attention to the effect of a quantitative approach in judging the extent of ischemia, and this includes the use of ASPECTS and the possibility for it to be integrated into the decision-making process for reperfusion therapy in patients with AIS, similarly to its use in deciding MT in LVO stroke guidelines (15). The current study reaffirmed the concern of interobserver variability for ASPECTS assessment by showing only fair interobserver agreement (κ = 0.57), even for experienced neuroradiologists. This was attributed to factors such as physician training and experience, time pressure, personal bias of expected findings (for example, from the ordering or treatment teams), and other factors that have been noted as potential reasons for the variability of ASPECTS (16–18). In the current study, this agreement severely dropped (κ = 0.36) when the assessment was for images sent on WhatsApp; this may be explained by the shortcomings of the image quality, which could affect the interpretation ability of that images. Marginal improvement in interobserver agreement (κ = 0.69) has been shown in our study when dichotomized ASPECTS (≥6 or <6) was used in agreement with other studies (19, 20). This Human variability in ASPECTS assessment could be the reason behind the contradiction between studies in linking ASPECTS assessment to predicting the clinical outcome (21, 22). In current studies excluding large core ischemia (hypoattenuation in >1/3 of MCA territory quantitatively equal to ASEPCTS <6), receiving IV-thrombolysis increased odds of functional independence and decreased odds of hemorrhagic complications in the more reliably selected patients based on automated ASPECTS interpretation of the early CT, which is similar to results of a study by Pfaff et al. (21). This improvement in reliability through the use of automated software has been shown in different studies, and the success of such software was achieved by addressing variability associated with human interpretation through software packages trained on deep learning algorithms (18, 21, 23–26). As shown by Maegerlein et al. (18), in the current study, there was excellent agreement (κ = 0.80) between dichotomized ASPECTS interpreted by RAPID and in the agreement reading of ASPECTS from source images on a workstation. The assessment of captured CT images on smartphones has several disadvantages that might hamper accurate interpretation of them. The quality of capturing files from a workstation onto a smartphone might be unfavorably affected by screen reflection from the workstation's monitor, lack of image stabilization, and the occasional loss of focus. Compared with a workstation, a smartphone has a smaller screen size, and image quality and resolution are obviously inferior. Standard, commonly used features available on a PACS for evaluating a CT image, such as manipulating the image by zooming in and out and changing the window level between soft tissue and bone, are not available when viewing a captured CT images on a smartphone. A CT image shown on a PACS can be readily scrolled through. Scrolling through captured CT images on a smartphone, while possible, is cumbersome compared with scrolling on a PACS. This may explain the discrepancy between neuroradiologists when they interpreted the ASPECTS value from source images on a workstation and from captured and sent images on WhatsApp. Consequently it is plausible to use automated ASPECTS to standardize NCCT interpretation in the acute setting, avoiding variability associated with individual human interpretation and ensuring that all patients receive equivalent care and are triaged with appropriate treatment options like in other studies (27).

In 2020, over 2 billion WhatsApp [a freeware, cross-platform messaging, and Voiceover IP (VoIP) service] users were reported worldwide. It has become the primary means of instant messaging in clinical and non-clinical settings in many countries and specialties. Its frequent use in stroke workflow could be due to its live-chat feature, i.e., instantaneous communication with all stroke team with transmitting and sharing a patient's CT images and clinical data with a real-time notification service. Remote viewing images on smartphones and tablets with specialized applications have been shown to be effective for rapidly visualizing radiologic images and for urgent decision making with regards to patient care in different domains of medicine (28, 29). The US Food and Drug Administration (FDA) has given multiple indications to the RAPID@IschemaView neuroimaging platform for the use of selecting stroke patients most likely to benefit from endovascular thrombectomy (30). However, these applications may appear to be costly and cumbersome because they require a prearranged setup, such as cloud computing or a visualization server at the source, and the installation and registration of the application at the receiving ends' smartphone. In the current study, a cost-effective analysis showed the use of rapid software with high reliability in screening patients presenting with acute stroke to determine eligibility for alteplase treatment is cost effective and warrants consideration as an alternative to routine practice compared to that using WhatsApp, which is a cheaper way of communication but is not cost effective and conducive to better healthcare. Like in several reports that support a favorable association between higher ASPECTS and good functional outcome (31, 32), we showed the use of an automated ASPECTS group [in group 1: median 7 (IQR, 6–8)] to exclude those patients with hypoattenuation in >1/3 of MCA territory (which quantitatively equal to ASEPCTS <6) was predictive of functional outcome. In the current study, there was no statistical difference between both groups of patients with regards to dichotomized ASPECTS score (ASPECTS ≥ 6/<6) in the agreement session (with improved k), neither with regards to initial median NIHSS or the basic clinical data, which make this discrepancy in outcome might ought to the higher reliability of automated ASPECTS (by RAPID@IschemaVeiw, used in current study) in interpreting ASPECTS for thrombolysis decision. That results which could not be affirmed in others studies were dated before the era of automated ASPECTS to include patients for thrombolysis (16, 33). There are several limitations to our study. The sample size was relatively small, and further validation studies with larger sample sizes are required to validate the practical application of our automated software as a stand-alone tool in the triage of patients with AIS for thrombolysis. A retrospective design can introduce unknown bias. Another issue is that no standardization was required for the quality of images captured for CT and shared on WhatsApp, but this could be of value to the current study to document the traditional style of communicating AIS workflow through a WhatsApp chat.



CONCLUSION

We showed that interpretation of automated ASPECTS by the RAPID@IschemaView ASPECTS software package performs equally well with the agreement read of expert neuroradiologists, and this performance was severely degraded when WhatsApp captured CT images used for ASPECTS assessment. In our study, we showed that automated ASPECTS might predict outcomes following IV thrombolysis.
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Background: The addition of motivational strategies to a rehabilitation program is thought to enhance patient adherence and improve outcomes. However, little is known about how rehabilitation professionals motivate stroke patients during rehabilitation. The primary objective of this study was to provide a comprehensive and quantitative list of motivational strategies for stroke rehabilitation. In addition, we aimed to examine (1) whether professionals with more clinical experience used a higher number of motivational strategies, (2) the purpose for using each strategy, and (3) the information considered when choosing strategies.

Methods: This descriptive, cross-sectional study was conducted using a web survey with a convenience sample of 407 rehabilitation professionals including physicians, nurses, physical therapists, occupational therapists, and speech-language-hearing therapists.

Results: We received data for 362 participants. Fifteen strategies were found to be used by more than 75% of the respondents to motivate their patients. Almost all of the respondents reported that they actively listened to and praised their patients to increase patient adherence to rehabilitation programs. Respondents with more clinical experience tended to use a higher number of motivational strategies (rho = 0.208, p < 0.001). For 11 of the 15 strategies selected by more than 75% of the respondents, the highest percentage of respondents reported that they used the strategies to make rehabilitation worthwhile for their patients. The majority of respondents reported that they decided which motivational strategy to use by considering comprehensive information regarding the patient health condition, environmental factors, and personal factors.

Conclusions: The comprehensive list of motivational strategies obtained may be useful for increasing patient adherence to rehabilitation, especially for professionals with less clinical experience. Furthermore, our findings regarding the purpose for using each strategy and the information considered when choose strategies might help rehabilitation professionals to optimally utilize the motivational strategy list.

Keywords: cerebrovascular disease, cluster analysis, motivation, motivational model, strategy


INTRODUCTION

Studies on stroke rehabilitation have recommended the use of intensive and repetitive task-specific practice, as well as aerobic exercise (1). Given that the independent efforts of the patient are necessary to sustain these practices and exercises, patient motivation is frequently used as a determinant of rehabilitation outcome (2). High adherence to a rehabilitation program is thought to be indicative of motivation (2, 3), and a lack of motivation is one of the perceived barriers to physical activity and exercise training after stroke (4–7). Therefore, the addition of motivational strategies to rehabilitation programs may effectively enhance patient adherence, producing better outcomes (8).

Motivational strategies such as feedback (9, 10), counseling (11), and information provision (12) have positive effects on recovery after stroke. An international randomized clinical trial found that praise and positive feedback were effective for improving walking speed during inpatient rehabilitation (9). Feedback using virtual reality has been found to be beneficial in improving motivation, upper limb function, and activities of daily living (10, 13). Furthermore, counseling and information provision have been found to have a positive impact on mood (11, 12). However, few reports have comprehensively investigated strategies used by medical professionals to motivate patients undergoing stroke rehabilitation.

Maclean et al. (3) conducted a semi-structured interview of medical professionals to determine how they increase patient motivation with respect to stroke rehabilitation. The researchers reported that setting rehabilitation goals, providing information about rehabilitation, and accessing and using the patient's cultural norms appeared to have a positive effect on motivation (3). However, it is difficult to generalize these findings to the general population due to the small sample size and in-depth interview method used (14).

As opposed to semi-structured interviews, the findings from quantitative surveys are generalizable to a larger population (14). Therefore, the primary objective of this study was to provide a comprehensive list of motivational strategies that medical professionals use for stroke rehabilitation in Japan based on quantitative survey data. A list of motivational strategies is likely to be useful in increasing patient adherence to rehabilitation programs. Based on our clinical experience, we hypothesized that motivational skills could be acquired through clinical experience. In addition, understanding the purpose of each motivational strategy and the information that is evaluated when choosing strategies may contribute to effective utilization of the list. Thus, our secondary objectives were to examine (1) whether rehabilitation professionals with greater clinical experience used more motivational strategies, (2) the purpose for using each strategy, and (3) the information considered when choosing motivational strategies.



MATERIALS AND METHODS


Study Design

This study had a descriptive cross-sectional design. We used a convenience sampling web-based survey to obtain quantitative results from the participant perspective. The study protocol was approved by the appropriate ethics committee at the Hamamatsu University School of Medicine (approval number: 18-136). Informed consent was obtained from all participants.



Participants

Eligible participants were rehabilitation professionals including physicians, nurses, physical therapists, occupational therapists, speech-language-hearing therapists, or clinical psychologists currently working in rehabilitation. Participants were recruited with the cooperation of the 33rd conference of the Comprehensive Rehabilitation Ward Association and the 48th Annual Meeting of the Nagano Physical Therapy Association. To recruit participants, we set up a booth with laptops at each of the above-mentioned conferences. Professionals who were interested in participating in the study were able to access the survey website using the provided laptops. In addition, we distributed leaflets to professionals and displayed posters containing a brief description of the study and a hyperlink to the survey in front of the booth. Respondents were able to access the survey website using their own laptops, tablets, or smartphones. The first page of the survey informed participants about the total number of questions, the approximate time required to complete the survey, and the aim of the study. Participants were asked to report their professional category and years of experience working in stroke rehabilitation. Those who met the eligible criteria proceeded to the next page.



Survey Instrument

We consulted existing guidelines and followed a checklist when preparing the survey (15, 16). We chose to use a voluntarily accessed survey format developed using the Google Forms tool (Google LLC, Mountain View, CA, USA). Among the individuals who completed the survey, 50 were selected via a draw to receive an honorarium of 1,000 yen (~US $9.00).

The survey items regarding motivational strategies were developed based on the clinical experience of the authors, the findings of related literature (2–5, 7, 9, 11, 12, 17–20), and data obtained from semi-structured interviews with five professionals about motivational strategies for stroke rehabilitation (21). Stroke rehabilitation experts were asked to review the items for clarity, relevance, and topic coverage (22). We carried out a pilot test with a group of 10 rehabilitation professionals to determine whether the respondents understood the questions and instructions, and whether the meaning of the questions was the same for all respondents (16). The survey took an average of 15 min to complete. According to the qualitative feedback obtained from the semi-structured interviews with the 10 respondents, we made some minor grammatical changes to the survey. Consequently, we prepared a list of 22 motivational strategies (Table 1). In the first section of the survey, respondents were shown the list of motivational strategies and asked if they used each strategy in their clinical practice. Respondents were also asked to respond to an open-ended question at which point they were invited to propose additional motivational strategies that were not included in the list.


Table 1. List of motivational strategies.
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In the second section, for each motivational strategy that a respondent reported using, they were asked to state their aim when using that strategy. Specifically, they were asked to select from the following four purposes: (1) to increase the patient's interest in rehabilitation; (2) to make rehabilitation more worthwhile for the patient; (3) to help the patient gain confidence in performing a rehabilitation task; and (4) to increase patient satisfaction with the rehabilitation program. These purposes were based on the four sub-components of motivation proposed by the Attention, Relevance, Confidence, and Satisfaction (ARCS) model (23, 24). The ARCS model is a problem-solving approach that is used when designing motivational aspects of learning environments with the goal of stimulating and sustaining students' motivation to learn (23). In the third section, respondents were shown 11 items related to the patient health status, environmental factors, and personal factors (Table 2) (25). They were asked to select all of the items that they considered when deciding which motivational strategy to use. Finally, respondents were asked to report their gender, primary affiliation, and the phase of stroke recovery of the patients with which they most frequently worked.


Table 2. Information used when determining how to motivate a patient with stroke.
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Sample Size

We used the Cochran sample size formula to calculate the sample size. We set an alpha level a priori at 0.05, an acceptable error level of 5%, and a confidence interval of 95% (26). Consequently, a minimum of 384 participants were required. Assuming that the data from approximately 5% of the participants would be excluded from analysis, we aimed to recruit a total of 400 participants.



Statistical Analysis

We used descriptive statistics to characterize the study sample and summarize the participant responses. The normality of distribution was tested using the Shapiro-Wilk test. We used Pearson's product-moment correlation coefficient or Spearman's rank correlation coefficient to test whether respondents with more experience used more motivational strategies. In addition, we used a stepwise multiple regression analysis to examine the relationship between the years of clinical experience and the number of motivational strategies used by each respondent, while controlling for potentially confounding variables. We included the respondents' gender, professional category, primary affiliation, and the patient phase of stroke recovery in the model as covariates. Dummy variables were used to incorporate categorical variables such as gender and professional category into the regression model. For the motivational strategies that were used by at least 75% of respondents (27), we conducted a hierarchical cluster analysis using Ward's method with a squared Euclidean distance to group them according to the purpose of use. Statistical analyses were performed using the Statistical Package for the Social Sciences software version 25.0 (International Business Machines Corp., NY, USA). Any p values < 0.05 were considered statistically significant.



Reporting

This study was reported according to the recommended best practices and guidelines in the literature for the reporting of survey research (16, 22).




RESULTS

The survey was conducted from February to July 2019. Approximately 4,150 rehabilitation professionals attended the two conferences. Among them, 407 professionals accessed the survey. Therefore, the response rate was ~9.8%. Forty-five respondents were excluded because they did not meet the eligibility criteria, withdrew consent to participate, or had missing data. Consequently, 362 respondents completed the survey. The flow of participants is shown in Figure 1. Table 3 shows the characteristics of the respondents. The majority of the respondents were physical therapists (51.1%), had <5 years of clinical experience (36.2%), were female (53.0%), were employed in a hospital (91.2%), and worked with patients with subacute stroke (71.3%). No clinical psychologists participated in the survey.


[image: Figure 1]
FIGURE 1. Flow diagram of the participant selection process.



Table 3. Respondent characteristics (n = 362).
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Which Strategies Do Rehabilitation Professionals use to Motivate Their Patients?

The percentages of respondents who used each of the presented motivational strategies are shown in Figure 2. The majority of the respondents (98.3%) selected “active listening” and “praise.” “Enjoyable communication,” “providing a suitable rehabilitation environment,” “goal setting,” “explaining the necessity of a practice,” and “respect for self-determination” were also selected by more than 90% of the respondents (95.3–91.7%). The majority of the respondents reported that they used “control of task difficulty,” “family member present,” “goal-oriented practice,” “providing medical information,” “application of patient preferences,” “practice related to patient's experience,” “providing opportunities to identify possible treatments,” and “specifying the amount of practice required” (89.2–76.0%). Thus, 15 out of the 22 presented strategies were selected by more than 75% of the respondents. Between 69.3 and 66.9% of the respondents reported that they used “allowing the patient to use a newly acquired skill,” “sharing the criteria for evaluation,” and “providing variations of the program.” Less than half of the respondents selected “practice with game properties,” “proposing conditions for exchange,” “using progress-confirming tools,” and “group rehabilitation” (49.2–34.5%). The results by professional category are shown in Supplemental Figure 1. The numbers of motivational strategies selected by at least 75% of the respondents who were nurses, physical therapists, and occupational therapists were 10, 15, and 18, respectively. The respondents proposed four additional motivational strategies (Supplemental Table 1). Respondents with more clinical experience tended to use a larger number of motivational strategies (rho = 0.208, 95% confidence interval = 0.105, 0.308, p < 0.001) (Figure 3). In addition, even when controlling for potentially confounding variables, the relationship between years of clinical experience and the number of motivational strategies used by each respondent remained significant (t = 2.027, p = 0.043).


[image: Figure 2]
FIGURE 2. Percentage of respondents who reported that they used each presented motivational strategy during stroke rehabilitation. The vertical dashed line represents 75% of the respondents. The motivational strategies are arranged in descending order by the percentage of respondents who stated that they used each strategy.



[image: Figure 3]
FIGURE 3. Correlation between the number of motivational strategies used by each respondent and years of rehabilitation practice.




For What Purpose Do Rehabilitation Professionals use Each Motivational Strategy?

For 11 of the 15 motivational strategies that were used by at least 75% of the respondents, the highest percentage of respondents reported that they used the strategies to make rehabilitation worthwhile for their patients (51.3–31.6%) (Figure 4A). For “control of task difficulty” and “praise,” the most common purpose was to help the patient gain confidence in performing a rehabilitation task (45.4 and 35.5%, respectively). The largest proportion of respondents who used “enjoyable communication” and “application of patient preferences” reported that they used these strategies to increase the patient's interest in rehabilitation (49.3 and 39.4%, respectively).


[image: Figure 4]
FIGURE 4. The purpose of using each motivational strategy used by at least 75% of the respondents (A). The order corresponds to (B). A dendrogram showing the three distinct clusters identified based on hierarchical cluster analysis via Ward's method (B). The vertical dashed line indicates the optimal number of groups.


The hierarchical cluster analysis produced three motivational strategy clusters (Figure 4B). The first cluster included seven motivational strategies, such as “family member present” and “providing a suitable rehabilitation environment.” For six of these seven strategies, more than 30% of the respondents reported that they used the strategies to help the patients gain confidence in performing a rehabilitation task. The second cluster included six motivational strategies, such as “providing opportunities to identify possible treatments” and “explaining the necessity of a practice.” Most of the respondents used these to make rehabilitation worthwhile for their patient. The third cluster comprised two strategies that the largest percentage of respondents reported having used to increase the patient's interest in rehabilitation.



What Information Is Considered When Rehabilitation Professionals Choose Motivational Strategies?

Each of the presented 11 items was selected by more than 75% of respondents as information that they considered when deciding which motivational strategy to use (Figure 5). Almost all of the respondents selected “patient's reaction to a presented motivational strategy” and “personality” (97.5%), whereas the lowest percentage of respondents selected “diagnosis” (75.4%). Furthermore, approximately half of the respondents selected all of the 11 presented items (49.1%). The results for each professional category are shown in Supplemental Figure 2. More than 75% of the respondents who were physicians and nurses selected all 11 of the presented items. More than 75% of the respondents who were physical therapists and occupational therapists selected all of the items except for "diagnosis,” whereas more than 75% of the respondents who were speech-language-hearing therapists selected all of the items excluding “social environment,” “comorbidities,” and “diagnosis.”


[image: Figure 5]
FIGURE 5. Percentage of respondents who reported considering each type of information when deciding which motivational strategy to use. The vertical dashed line represents 75% of the respondents. Information is arranged in descending order by the percentage of respondents.





DISCUSSION

As a result of the present study, we generated a comprehensive list of motivational strategies used during stroke rehabilitation in Japan based on quantitative survey data. We identified 15 motivational strategies used by more than 75% of the rehabilitation professionals who participated in the study. The results support our hypothesis that rehabilitation professionals acquire skills to motivate stroke patients via clinical experience. Furthermore, our survey generated data regarding the purpose of using each motivational strategy and the information that professionals consider when they choose motivational strategies. To our knowledge, the present study is the first comprehensive survey-based investigation of strategies used to motivate stroke patients during rehabilitation. We prepared the survey in accordance with existing guidelines (15, 16) and conducted pretesting procedures, such as expert reviews and pilot testing, to establish content and response process validity (22). We expected that these procedures would enhance the reliability and generalizability of our findings.


Which Strategies Do Rehabilitation Professionals use to Motivate Their Patients?

Active listening is one of the core communication skills used in counseling (11, 28). A systematic review reported that counseling has a positive effect on mood in stroke patients (11, 12). Praise can induce positive mood and increase motivation to perform a motor skill, resulting in improved performance (29–31). Moreover, daily feedback with praise has been reported to be effective in improving walking speed in stroke inpatients (9). Almost all of the respondents in our study reported that they actively listened to and praised their stroke patients to increase patient motivation regarding rehabilitation.

Our results suggest that the majority of the surveyed rehabilitation professionals recognized that the communication skills of the medical professional, rehabilitation environment, setting of goals, provision of information, and the presence of family members during practice could affect patient motivation regarding rehabilitation. These findings are consistent with those of Maclean et al. (3). Communication training programs for clinicians have been shown to increase patient satisfaction, levels of motivation for goal setting and action, and health-related quality of life (32). Sonoda et al. (33) found that providing a specific rehabilitation environment for stroke inpatients increased the amount of physical activity that they engaged in during activities of daily living. Furthermore, providing information about rehabilitation and insuring that a family member is present during rehabilitation may be effective in improving a patient's mood and encouraging them to become more active (12, 34).

Respect for self-determination, control of task difficulty, and provision of a goal-oriented practice were motivational strategies that were selected by more than 75% of the respondents. Self-determination contributes to the facilitation and maintenance of intrinsic motivation (35). The difficulty of a practice task is thought to have an important impact on the effectiveness of rehabilitation, as inappropriate levels of difficulty can lead the patient to become bored or frustrated (36). Indeed, gradual increases in task difficulty and goal-oriented practice have been recommended to facilitate functional motor recovery during stroke rehabilitation (1). Through clinical practice, rehabilitation professionals may have observed the effectiveness of these motivational strategies for increasing patient adherence to rehabilitation programs.

We found that the following four strategies were reportedly used by less than half of the respondents to motivate their patients: providing practice with game properties, proposing conditions for exchange, using progress-confirming tools, and providing group rehabilitation. The reasons why these particular motivational strategies were not used remain unclear. Environmental and time constraints, professional lack of confidence regarding the practice, and lack of perceived effectiveness may prevent rehabilitation professionals from using specific motivational strategies (37). In addition, some respondents may not have selected these strategies because they did not understand the accompanying motivational effects, even if they did use these strategies in clinical practice.



For What Purpose Do Rehabilitation Professionals use Each Motivational Strategy?

In clinical settings, rehabilitation professionals may be required to select strategies according to the cause of a patients' lack of motivation. Therefore, we examined the reasons for using each motivational strategy. For 11 of the 15 strategies used by the majority of respondents, the highest percentage of respondents reported that they used the strategy to make rehabilitation worthwhile for their patient. Lack of knowledge about the potential benefits of training may decrease patient adherence to rehabilitation (19). Therefore, professionals may emphasize patient comprehension regarding the benefits and significance of practices to motivate patients regarding rehabilitation.

Our hierarchical cluster analysis revealed three groups of motivational strategies. Strategies that center on the value of rehabilitation for patients, such as explaining the necessity of a practice and exercise, are expected to motivate patients with poor understanding regarding the benefits of rehabilitation. For patients with low confidence regarding their practice tasks, strategies focused on increasing patient confidence, such as control of task difficulty and praise, may be effective for increasing patient motivation. Moreover, engaging in enjoyable conversation and applying patient preferences to practice tasks are likely to increase patient interest and prevent patient boredom during rehabilitation. There were no strategies that were used by the majority of respondents to increase patient satisfaction with rehabilitation. However, more than a quarter of the respondents reported that they used goal setting, goal-oriented practice, and praise to increase patient satisfaction with rehabilitation. These strategies may be effective in motivating patients who are not satisfied with rehabilitation. Thus, our findings may help rehabilitation professionals to choose strategies from the list according to the cause of a patients' lack of motivation.



What Information Is Considered When Rehabilitation Professionals Choose Motivational Strategies?

Maclean et al. (3) reported that compared with younger patients, older unmotivated stroke patients did not respond as well to encouragement. Thus, rehabilitation professionals may benefit from choosing motivational strategies according to the characteristics of each patient. Our results suggest that the majority of rehabilitation professionals choose motivational strategies based on comprehensive data regarding a patient's health condition, environmental factors, and personal factors. Patient personality type and responses to motivational strategies suggested by the professional seem to be regarded as especially essential information. Our findings may assist rehabilitation professionals in deciding which motivational strategy to use and contribute to the effective utilization of the motivational strategy list.

We also examined the participant responses by professional category (Supplemental Figure 2). We observed some differences in the responses among the different specializations. For example, while more than 75% of the physicians and nurses who participated answered that they utilized information regarding “diagnosis” when they decided which motivational strategies to use, this type of information was selected as useful by less than 75% of physical therapists, occupational therapists, and speech-language-hearing therapists. As physicians and nurses are responsible for medical management, they may be more likely to consider patient diagnosis as an important factor when choosing motivational strategies. These results may support our data indicating that different types of specialists use different strategies for motivation (Supplemental Figure 1). However, the sample of physicians and speech-language-hearing therapists in the present study was small. Thus, careful interpretation of the results by each professional category is necessary.

As mentioned above, our results showed that the different strategies were used for different purposes (Figure 4). For example, “control of task difficulty” and “praise” were most frequently used to help patients gain confidence in performing a rehabilitation task (45.4 and 35.5%, respectively), whereas the largest proportion of respondents who used “enjoyable communication” and “application of patient preferences” reported that they used these strategies to increase the patient's interest in rehabilitation (49.3 and 39.4%, respectively). However, our data suggested that many of these motivational strategies were used for one or more different purposes. For example, although the most common purpose for using “control of task difficulty” was to help patients gain confidence in performing a rehabilitation task (45.4%), the respondents also reported other purposes (10.4% to increase the patient's interest in rehabilitation; 31.2% to make rehabilitation worthwhile for the patient; 12.9% to increase patient satisfaction with rehabilitation). These different purposes for using motivational strategies might depend on the patient condition (e.g., age, comorbidities, and severity of stroke) and/or environmental factors. In the present study, we investigated the factors that are taken into consideration when rehabilitation professionals choose motivational strategies (Figure 5). However, we did not conduct concrete classifications of strategies according to the patient condition and environmental factors. Thus, future studies are needed to evaluate the motivational strategies that rehabilitation professionals use according to the patient condition and environmental factors.




LIMITATIONS

Several limitations to this study should be mentioned. First, the actual response rate of the present survey was low (~9.8%, 407 out of 4150), and we utilized a convenience sampling method. Therefore, the results of this survey may not accurately represent the actual use of motivational strategies for stoke rehabilitation in professionals in Japan. Unfortunately, the characteristics of the nonparticipants in this survey were unavailable. We recruited participants by distributing leaflets and displaying posters, and participation was voluntarily. As a result, the nonparticipants in this study may have been less interested in the motivation of patients compared with the participants. Accordingly, the results should be interpreted with caution because the rate of use of each motivational strategy may be higher in our sample than in the general population of rehabilitation professionals. We recommend that further studies employ a stratified random sampling method to increase the range of occupations of the respondents and the generalizability of the results (38).

A secondary limitation is a weakness of generalizability of the study. Maclean et al. (3) reported that goal setting and providing medical information were thought to have a positive effect on patient motivation. In addition, Dobkin et al. (9) found that praise and positive feedback were effective for improving walking speed in patients with stroke. Thus, the present results are partly consistent with the previous qualitative (2, 3, 17, 18) and experimental reports (9, 12, 13, 34, 36) from Western countries. The advantage of this study was that it represents the first extensive survey to quantitatively investigate the actual motivational strategies used in stroke rehabilitation. However, as all of the participants were recruited in Japan, whether our findings are generalizable to rehabilitation professionals outside of Japan remains unclear. An international survey of motivational strategies used for stroke rehabilitation would improve the external validity of our findings.

Third, there may have been a perceived lack of differentiation between the motivational strategies. As our list of motivational strategies comprised specific examples about motivating a patient, some of the presented motivational strategies may have overlapped with one another (8), potentially confusing the respondents. However, we designed the motivational strategy list to show specific motivational strategies so that it would be easy to use in a clinical environment. Fourth, the responses obtained from the survey may not reflect the actual practices of the professionals. Instead, responses may have been affected by inaccurate recall or reflect the beliefs or desires of the respondents (39). However, we believe that our web-based survey carried a low participant burden and enabled more complete population coverage for sampling (39, 40). Finally, as this study had a cross-sectional design, we are unable to comment on the causal relationship between patient recovery and quantity and type of motivational strategies used. Nevertheless, our findings may be useful for examining the effect of motivational strategies on functional outcomes in the future.



CONCLUSIONS

We generated a comprehensive and qualitative list of motivational strategies used for stroke rehabilitation in Japan, and found that our 15 motivational strategies were used by the majority of rehabilitation professionals. In addition, we obtained data regarding the purpose for using each motivational strategy and the information considered when choosing motivational strategies. These findings may enhance the effective utilization of our motivational strategy list in stroke rehabilitation.
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Background and Purpose: Accurate prediction of functional outcomes after stroke would provide evidence for reasonable poststroke management. This study aimed to develop and validate a nomogram for individualized prediction of 1-year unfavorable outcomes in Chinese acute ischemic stroke (AIS) patients.

Methods: We gathered AIS patients at the National Advanced Stroke Center of Nanjing First Hospital (China) between August 2014 and May 2017 within 12 h of symptom onset. The outcome measure was 1-year unfavorable outcomes (modified Rankin Scale 3–6). The patients were randomly stratified into the training (66.7%) and testing (33.3%) sets. With the training data, pre-established predictors were entered into a logistic regression model to generate the nomogram. Predictive performance of the nomogram model was evaluated in the testing data by calculating the area under the receiver operating characteristic curve (AUC-ROC), Brier score, and a calibration plot.

Results: A total of 807 patients were included into this study, and 262 (32.5%) of them had unfavorable outcomes. Systolic blood pressure, Creatinine, Age, National Institutes of Health Stroke Scale (NIHSS) score on admission, and fasting blood glucose were significantly associated with unfavorable outcomes and entered into the SCANO nomogram. The AUC-ROC of the SCANO nomogram in the testing set was 0.781 (Brier score: 0.166; calibration slope: 0.936; calibration intercept: 0.060).

Conclusions: The SCANO nomogram is developed and validated in Chinese AIS patients to firstly predict 1-year unfavorable outcomes, which is simple and convenient for the management of stroke patients.

Keywords: nomogram, prediction, functional outcome, stroke, ischemic stroke


INTRODUCTION

Acute ischemic stroke (AIS) continues to be an important cause of morbidity and mortality worldwide, which can bring heavy economic burden for patients and their families (1, 2). Consequently, clinicians will be faced with a great challenge regarding unfavorable outcomes in these patients. Better identification of AIS patients with unfavorable outcomes could be useful to develop preventive strategies and reduce the risk of morbidity and mortality after stroke.

Some prognostic scores (3–5) and several nomograms (6–8) have identified some demographic and clinical characteristics to predict 3-month clinical outcomes for AIS patients. However, model for predicting 1-year unfavorable outcomes in AIS patients was not found. On the one hand, most of the functional improvements tend to be achieved during the first 3 months after stroke. Although the patients with AIS recover rapidly during the first few weeks, there are some additional recovery between 3 and 6 months (9, 10). On the other hand, between 3 and 12 months, one in six patients with AIS deteriorate in functional outcomes (11). Therefore, the models for predicting 3-month outcomes may be limited because these models could not be suitable for all patients. Furthermore, as the strongest predictors of 3-month unfavorable outcomes (3, 6, 12–14), the correlation of National Institutes of Health Stroke Scale (NIHSS) score with the outcomes varies with the time passed from the onset of cerebral ischemia (15). This also affects the predictive performance when these models were used to predict 1-year outcomes. As a result, these prognostic scores and nomograms cannot be extrapolated to predict 1-year unfavorable outcomes, and it is meaningful to establish a model to predict 1-year unfavorable outcomes.

Therefore, the present research aimed to develop and validate a nomogram by using a limited number of easily available variables to predict 1-year unfavorable outcomes for Chinese AIS patients.



METHODS


Study Population

We conducted a retrospective analysis on the basis of data prospectively gathered from 1,831 consecutive AIS patients admitted at the National Advanced Stroke Center (NASC) of Nanjing First Hospital (China) from August 2014 to May 2017 within 12 h of symptom onset. We excluded patients with intracranial hemorrhage (ICH) on baseline brain computed tomography (CT) scan, lack of 1-year modified Rankin Scale (mRS) score, age <18 years, and NIHSS score on admission unknown for the present study. All variables with 20% missing values or more for further analysis were excluded.

All clinical, anamnestic, and demographic characteristics were recorded at the time of admission, including the following data: age, sex, NIHSS score on admission, systolic blood pressure (SBP), diastolic blood pressure, platelet count, international normalized ratio (INR), creatinine, fasting blood glucose (FBG), triglyceride (TG), low-density lipoprotein (LDL), glycated hemoglobin (HbA1c), medical history such as hypertension, and previous cerebral hemorrhage. Owing to the U-shape characteristic of SBP (16–18), SBP was divided into two groups: Group 1 with SBP between 100 and 180 mmHg and Group 2 with SBP <100 or >180 mmHg.

The unfavorable outcomes were defined as mRS 3–6, 1 year after stroke. Certified assessors evaluated the baseline NIHSS and 1-year mRS during a face to face or via telephone follow-up with the patients, their relatives, or their general practitioners.



Statistical Analysis

The data were randomly stratified into the training and testing sets by the software package R version 3.5.2 (R Development Core Team, Auckland, New Zealand): two-thirds of the data were used for model development, whereas the remaining one-third were used to evaluate the performance of the model.

Continuous variables were represented as median value and interquartile range, and the differences between various groups were explored using the Mann–Whitney U-test. Categorical variables were instead expressed as number of events and percentage, dividing the number of events by the total number excluding missing and unknown cases. The differences between proportions were assessed by Fisher's exact test or the χ2 test, when appropriate.

To generate the nomogram, the variables with a probability value <0.10 in the univariate analysis or thought to be independent predictors of ischemic stroke were entered into a logistic regression model. A final model selection was carried out by a backward stepwise selection process with the Akaike information criterion. Regression coefficients and odds ratios (OR) with two-sided 95% confidence intervals (CIs) for each of the variable included in the model were finally calculated. Collinearity of combinations of variables that entered the multivariate logistic regression analysis was evaluated by the variation inflation factors (VIFs; <2 being considered nonsignificant) and condition index (<30 being considered nonsignificant).

The performance of the model was assessed in the testing data by discrimination (the ability of a proposed model to separate patients with different outcomes) and calibration (the relative distance of predictions from actual outcome). The discrimination of the nomogram model was assessed by the area under the receiver operating characteristic curve (AUC-ROC), whereas calibration was valued by the Hosmer–Lemeshow test, the Brier score, and a calibration plot. A 45° line indicates perfect calibration when the predictive value of the model perfectly matches the patient's actual risk. In all analyses, p < 0.05 was considered statistically significant.

The statistical analysis was performed using SPSS version 22.0 (IBM Corporation, Armonk, NY, USA) and Stata version 13.0 (StataCorp, College Station, TX, USA) statistical software. The software package R was used for model visualization.




RESULTS

After patients were excluded for NIHSS score on admission unknown (n = 143; 7.8%) and lack of 1-year mRS score (n = 881; 48.1%), 807 patients entered our study (median age 70 years; interquartile range: 62–79 years). The comparison of the characteristics of the patients between the included and excluded patients is shown in Table S1. The characteristics of the patients were well balanced between the training (n = 537, 66.5%) and testing (n = 270, 33.5%) sets (Table S2). The proportion of patients with unfavorable outcomes was 32.5% (262/807), and 10.5% (85/807) died within the follow-up period (mRS score = 6).

The clinical, anamnestic, demographic, and laboratory data of the patients in the favorable outcome cohorts (n = 545) and unfavorable outcome cohorts (n = 262) are shown in Table 1. Age, sex, NIHSS score on admission, SBP, INR, creatinine, FBG, TG, HbA1c, history of atrial fibrillation and smoking, endovascular therapy, and intravenous (IV) thrombolysis were found to be significant in the univariate analysis.


Table 1. Clinical, demographic, and laboratory data of study population stratified according to 1-year favorable or unfavorable outcome after acute ischemic stroke in Chinese patients.
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In multivariate analysis, age (OR: 1.050, p < 0.0001), NIHSS score on admission (OR: 1.172, p < 0.0001), creatinine (OR: 1.011, p = 0.003), FBG (OR: 1.111, p = 0.009), and SBP (OR: 2.375, p = 0.020) were finally entered into a logistic regression model to construct the SCANO nomogram for predicting the probability of unfavorable outcomes after the acute ischemic event (Table 2, Figure 1). No significant statistical collinearity was observed for any of the five pre-established variables that entered the multivariate logistic regression analysis. The logistic regression model resulted in the following: Log[p(x)/1–p(x)] = −6.763 + (0.049 × age) + (0.159 × NIHSS score on admission) + (0.105 × FBG) + (0.010 × creatinine) + (0.865 × SBP ≥ 180 or ≤ 100), where p(x) was the probability of 1-year unfavorable outcomes.


Table 2. Significant predictors of 1-year unfavorable outcome after acute ischemic stroke in Chinese patients.
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FIGURE 1. The nomogram used for predicting 1-year unfavorable outcomes in Chinese AIS patients. The final score (i.e., total points) is calculated as the sum of the individual score of each of the five variables included in the nomogram. AIS, acute ischemic stroke; NIHSS, National Institutes of Health Stroke Scale.


The nomogram was established by distributing a graphic preliminary score to each of the five predictors with a point range from 0 to 100, which was then summed to compute the total score and finally transited into an individual probability of 1-year unfavorable outcomes (from 5 to 95%). The lower total score of the nomogram indicated the lower likelihood of unfavorable outcomes, whereas the higher total score was linked with the higher likelihood of unfavorable outcomes. For example, a 60-year-old (about 35 points) stroke patient, with creatinine of 75 μmol/L (about 14 points) and FBG of 5 mmol/L (about 6 points), admitted with a NIHSS score of 3 (about 10 points) and SBP of 120 (0 points), would have a total nomogram score of 65 and <20% probability of unfavorable outcomes. Conversely, a 70-year- old (about 44 points) stroke patient, admitted with a NIHSS score of 15 (about 42.5 points), creatinine of 150 μmol/L (28 points), FBG of 12 mmol/L (18 points), and SBP of 185 (about 15 points), would have a total nomogram score of 147.5 and >90% probability of unfavorable outcomes.

The discrimination of the SCANO nomogram was good, with an AUC–ROC of 0.802 (95% CI: 0.761–0.843) in the training set (Figure 2A) and 0.781 (95% CI: 0.721–0.840) in the testing set (Figure 2B). The Hosmer–Lemeshow goodness-of-fit test showed good calibration of the nomogram in the training (p = 0.437) and testing (p = 0.178) sets. The calibration plot revealed adequate fit of the model predicting the risk of 1-year unfavorable outcomes in the training (Figure 3A) and testing (Figure 3B) sets. The calibration slope, calibration intercept, and Brier score in the testing data were 0.936, 0.060, and 0.166, respectively.


[image: Figure 2]
FIGURE 2. The ROC curve of the nomogram used for predicting 1-year unfavorable outcomes in Chinese AIS patients. (A) The ROC curve in the training set. (B) The ROC curves in the testing set. ROC, receiver operating characteristic; AIS, acute ischemic stroke.
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FIGURE 3. The calibration plot for the nomogram used for predicting 1-year unfavorable outcomes in Chinese AIS patients. (A) The calibration plot in the training set. (B) The calibration plot in the testing set. Dashed line is reference line where an ideal nomogram would lie. The dotted line is the performance of nomogram, whereas the solid line corrects for any bias in nomogram. AIS, acute ischemic stroke.


In the testing data, there were 39 (14.4%) patients with a risk probability <10%, and only two of these had an unfavorable outcome (0.21 specificity, 0.97 sensitivity, 0.37 positive predictive value, and 0.93 negative predictive value). The number of a risk probability <40% was 198 (73.3%), 38 of whom (19.2%) had unfavorable outcomes (0.88 specificity, 0.60 sensitivity, 0.70 positive predictive value, and 0.82 negative predictive value). Finally, the patients with a high-risk probability (i.e., >80%) were 18/270 (6.7%), the vast majority of whom (16/18; 88.9%) had an unfavorable prognosis (0.99 specificity, 0.24 sensitivity, 0.91 positive predictive value, and 0.73 negative predictive value).



DISCUSSION

Stroke is a major cause of death and lifelong disability worldwide (1, 2). As a public health problem, early prediction of unfavorable outcomes of AIS patients should be an important reference for accurate clinical and therapeutic management and has the potential to enhance clinical care and rehabilitation. So far, there are some reports on 3-month unfavorable outcomes after stroke (4, 5, 19, 20), and previous studies have attempted to use the nomogram to predict 3-month unfavorable outcomes for AIS patients (6–8). However, to date, there is no nomogram to predict unfavorable outcomes in the longer term, and the SCANO nomogram was developed and validated in Chinese AIS patients to firstly predict 1-year unfavorable outcomes, which is advantageous by providing individualized risk assessment in a user-friendly and dynamic manner. Furthermore, we emphasize that we have included only the five common variables, which are available in clinical practice. In addition, our nomogram may be more easily and quickly employed in a clinical practice if used with related software on a computer or a handheld device.

Our study showed that age, creatinine, FBG, NIHSS score on admission, and SBP were significantly independent predictors of unfavorable outcomes in Chinese AIS patients. Firstly, consistent with previous studies (4, 6, 12), our study showed that age and NIHSS score on admission were significant and independent predictors of unfavorable outcomes in Chinese AIS patients. Indeed, the NIHSS score manifests a more severe stroke, which can be more likely associated with unfavorable outcomes, whereas age can generally bring about a less intense recovery. Secondly, serum creatinine concentration is generally considered as an index of renal function. However, the relationship between renal function and stroke outcomes is controversial (21, 22). Future studies regarding to the mechanisms of creatinine in the pathogenesis of stroke are needed. Thirdly, the results of our study showed a relationship between admission SBP and unfavorable outcomes, which was described as a distinct U-shaped relation in the previous studies (16–18). Finally, hyperglycemia in ischemic stroke patients could predict unfavorable outcomes independently, possibly owing to increased blood–brain barrier disruption with higher hemorrhagic risk (23, 24) or increased lactic acid production in ischemic tissue leading to a greater infarct size (25).

Consequently, we have developed and validated a nomogram on the basis of the combination of these five variables, and we observed relatively high predictive accuracy (AUC, 0.781) of unfavorable outcomes. Importantly, a risk probability > 80% derived from the nomogram displayed a remarkably positive predictive value (i.e., 0.91), which can predict accurately unfavorable outcomes. On the other hand, a risk probability <10% was associated with 0.93 negative predictive value, thus enabling to exclude accurately the possibility of developing unfavorable outcomes. Therefore, the SCANO nomogram may provide more detailed information to facilitate the early identification of patients with high probability of unfavorable outcomes and to discuss prognosis with patients and their families.

There are some limitations that might have an impact on the interpretation of our results. Firstly, this is characterized by the inherent disadvantage of any retrospective single-center study such as collection and entry bias, and possible residual confounding. For example, there were some cases that were lost to follow-up. It is unclear whether we have overestimated or underestimated the unfavorable outcomes after AIS. However, most of models to predict functional outcomes of ischemic stroke were built in this way. Secondly, patient populations with limited geographical or ethnicity area have been a concern in the development of predictive models, and racial differences may have affected the unfavorable outcomes (26). External validation, especially in different populations, is the future work for this predictive model. Finally, data of known neurobiological predictors such as infarct size (27) were not available in our study. Notwithstanding these limitations, to our knowledge, the present study is the first attempt to develop and validate a nomogram to predict 1-year unfavorable outcomes in a cohort of AIS patients in agreement with the current guidelines.



CONCLUSION

The SCANO nomogram may be a reliable and easy-to-use tool to firstly predict 1-year unfavorable outcomes, which is developed and validated in Chinese AIS patients. External validations are needed to ensure its value in predicting the 1-year outcomes for AIS patients.
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Background and Objective: Branch atheromatous disease (BAD) is distinctive from large-artery atherosclerosis and small-vessel disease, which is single subcortical infarction caused by the occlusion of perforator's orifice. This study aimed to indicate whether intravenous thrombolysis (IVT) with alteplase could prevent early neurological deterioration (END) and improve functional outcome for patients with BAD within 4.5 h after symptom onset.

Methods: We retrospectively analyzed data collected from patients with BAD who were admitted to our hospital from January 2015 to August 2019. To investigate the efficacy and safety of IVT, subjects were classified into alteplase and control groups. A propensity score matching analysis was performed to control substantial heterogeneity of subgroup. The coprimary outcomes were END that is defined as an increase of ≥2 points in the National Institutes of Health Stroke Scale (NIHSS) score within 7 days after stroke, and favorable outcome at 3 months after stroke that defined by a score of 0–1 point on the modified Rankin scale (mRS).

Results: A total of 135 patients were eventually enrolled in this study (n = 51 for the alteplase group and n = 84 for the control group). Additionally, 42 pairs of subjects were successfully matched by propensity score matching. Intravenous alteplase within 4.5 h after stroke onset reduced the incidence of END [unadjusted odds ratio (OR), 3.32; 95% confidence interval (CI), 1.06–10.37] and improved the clinical outcome at 3 months after stroke, with more patients achieving favorable functional prognosis (mRS, 0–1 point; unadjusted OR, 0.25; 95% CI, 0.10–0.62). Patients in the alteplase group were more likely to be independent (mRS, 0–2 points) at 3 months after stroke (unadjusted OR, 0.33; 95% CI, 0.12–0.90). The rate of death or dependence (mRS, ≥4 points) in the alteplase group was also markedly lower than that in the control group (unadjusted OR, 4.06; 95% CI, 1.03–16.02).

Conclusion: Our findings indicated that intravenous thrombolysis may be a safe and effective therapy for patients with BAD.

Keywords: acute stroke, branch atheromatous disease, early neurological deterioration, intravenous thrombolysis, antiplatelet treatment, propensity score matching


INTRODUCTION

Branch atheromatous disease (BAD) was first described as a mechanism alternative to lipohyalinosis and considered the arteriopathy closely associated with pathogenesis of single subcortical infarction (1). It is a common subtype of intracranial atherosclerotic stroke, particularly in Asian countries (2), and its prevalence was reported as high as 10.4–18.3% (3, 4). Radiographically, BAD can be misdiagnosed as lacunar infarction, while it is quite different from lacunar infarction in physiopathology. Lacunar infarction is pathologically characterized by fibrinoid degeneration or lipohyalinosis of penetrating artery (5), while BAD is caused by parent arterial disease occluding the perforator's orifice (2). Clinically, early neurological deterioration (END) was reported to frequently occur in BAD patients and often resulted in severe disability (6–8). However, to date, no optimal therapeutic approach for BAD has been presented.

Intravenous thrombolysis (IVT) with alteplase has been approved for treating acute ischemic stroke, regardless of stroke subtype (9, 10). The majority of patients with BAD was classified as minor stroke, while patients with minor stroke typically does not receive IVT. It has been previously reported that IVT neither improves clinical outcome nor prevents END in such patients, while the results of these studies could not be generalized because of their small sample size and lack of control group (11, 12). Whether IVT can effectively treat BAD has still remained elusive. In the present study, we aimed to assess whether IVT can be more effective than usual care in preventing END and improving clinical outcome for patients with BAD within 4.5 h after symptom onset.



MATERIALS AND METHODS

This is a retrospective case–control study, which was approved by the Ethics Committee of Zhongnan Hospital of Wuhan University (Wuhan, China) and was carried out in compliance with the Declaration of Helsinki. The need to informed consent was waived.


Study Subjects

This retrospective study was performed based on clinical data consecutively collected from patients with BAD who were admitted to Zhongnan Hospital of Wuhan University from January 2015 to August 2019. Inclusion criteria were as follows: subjects who (1) were treated within 4.5 h after symptom onset, (2) received intravenous alteplase or/and antiplatelet therapy, (3) completed follow-up process at 3 months after stroke, and (4) were diagnosed by diffusion-weighted imaging (DWI). Exclusion criteria were as follows: subjects who (1) were treated beyond 4.5 h after symptom onset, (2) received intravenous urokinase, (3) failed to complete magnetic resonance imaging (MRI) or had poor imaging quality, or (4) did not complete follow-up at 3 months after stroke. Figure 1 shows the flowchart of selection of eligible study subjects. Moreover, as illustrated in Figure 2, BAD-related infarctions were previously defined as follows (6, 11–15): (1) infarcts with a diameter ≥15 mm that involves ≥3 axial slices on DWI in the blood-supply region of lenticulostriate artery, or lesions extending to the ventral pontine surface in the blood-supply region of paramedian pontine artery; (2) neither evidence of large arterial stenosis (>50%) or occlusion, nor evidence of cardiogenic embolism.


[image: Figure 1]
FIGURE 1. Flowchart of selection of eligible study subjects. BAD, branch atheromatous disease.



[image: Figure 2]
FIGURE 2. Examples of cases with branch atheromatous disease (BAD). Case 1: A 57-year-old woman with right-sided weakness. (A) Diffusion-weighted imaging (DWI) showing cerebral stroke in the area of lenticulostriate artery. (B) Magnetic resonance angiography (MRA) illustrating no significant stenosis of parent artery. Case 2: A 61-year-old man with right-sided weakness and dysarthria. (C) DWI showing infarction extended to the ventral pontine surface in the area of paramedian pontine artery. (D) Vessel wall magnetic resonance imaging (VWMRI) depicting junctional plaque in the orifice of paramedian pontine artery. (E) MRA displaying no significant stenosis of basilar artery.


Demographic characteristics, including age and sex, as well as clinical data, involving onset-to-needle time (ONT), baseline National Institutes of Health Stroke Scale (NIHSS) score, blood pressure at admission, baseline blood glucose levels, NIHSS score at discharge, and length of stay at hospital were recorded. Risk factors, such as hypertension, hyperlipidemia, diabetes mellitus, history of smoking, atrial fibrillation, and history of ischemic stroke were recorded as well. The clinical data were collected by two neurologists (CN and ZK).



Therapeutic Approach

Subjects were classified into alteplase and control groups. Alteplase with a standard dose of 0.9 mg/kg was administered to patients in the alteplase group within 4.5 h after stroke onset. After confirmed no cerebral hemorrhage by non-contrast computed tomography (CT) at 24 h after intravenous alteplase, 75 mg of clopidogrel and 100 mg of aspirin were given by once daily. In the control group, 300 mg of clopidogrel and 100 mg of aspirin were initially given, followed by 75 mg of clopidogrel and 100 mg of aspirin once daily. After 21 days of undergoing dual-antiplatelet therapy, patients in the two groups were treated with aspirin or clopidogrel alone for a long time (16, 17). To avoid potential selection bias, a limited number of BAD patients who underwent mono-antiplatelet therapy were included in the current study. All patients would discontinue antiplatelet therapy if intracerebral hemorrhage was confirmed.



Imaging Assessment

According to the American Heart Association/American Stroke Association (AHA/ASA) guideline for the early management of acute ischemic stroke (18), CT/MRI scans were performed at the time of admission prior to any treatment. The MRI of all subjects was carried out within 48 h after stroke onset, with T1WI + T2WI + DWI + T2Flair + magnetic resonance angiography (MRA) sequences, which were obtained using Siemens 3.0 T MRI scanner (Siemens AG, Munich, Germany). The BAD was diagnosed by two neurologists (XW and YL) with more than 5 years of diagnostic experience. If there was a discrepancy in their diagnoses, another senior neurologist made the final decision. The intrarater reliability of BAD was tested in 20 subjects by a single assessor with kappa (κ) coefficient equal to 0.92.



Clinical Outcomes and Safety Variables

The modified Rankin scale (mRS) score, which ranges from 0 (no symptom) to 6 (death), was assessed at 3 months after stroke by trained neurologists (YL, CN, and ZK) who were unaware of the therapeutic measures. Besides, the severity of initial stroke was measured using NIHSS, which was conducted daily by members of our team. The coprimary outcomes were END, which was defined as an increase of ≥2 points in the NIHSS score within 7 days after stroke (3, 11) and favorable outcome at 3 months after stroke, which was defined by a score of 0–1 point on the modified Rankin Scale (19). Safety variables were death or dependence defined as the mRS score of ≥4 points at 3 months after stroke and the incidence of symptomatic intracranial hemorrhage (sICH) and parenchymal hemorrhage type 2 (PH-2) according to the European Cooperative Acute Stroke Study II (ECASS II), including hemorrhagic infarction classifications HI 1 and HI 2 and parenchymal infarction classifications PH-1 and PH-2 (20).



Statistical Analysis

Baseline characteristics were analyzed by the Student's t-test, the Mann–Whitney U-test, chi-squared test, or Fisher's exact test. We stratified the following variables for multivariate regression analysis: the baseline NIHSS score (1–3, 4–6, or>6 points), age (≤70 or >70 years old), and onset-to-needle time (≤3 or 3–4.5 h). To minimize the effects of selection bias, propensity score matching analysis was undertaken. Matching factors included all unbalanced variables (P ≤ 0.1). One-to-one nearest-neighbor matching with a caliper of 0.1 was used to create two matched groups from the derived propensity score. The coprimary outcomes were the unadjusted odds ratio (OR) for END and favorable outcome (mRS score, 0–1 point), using binary logistic regression analysis to assess the odds ratio and its 95% confidence interval (CI). For safety variables, we also fitted a binary logistic regression model to evaluate the odds ratio and its 95% CI. P < 0.05 was considered statistically significant. Data were analyzed using SPSS 23.0 software (IBM, Armonk, NY, USA).




RESULTS


Baseline Characteristics

Between January 2015 and August 2019, a total of 145 BAD patients within 4.5 h after stroke onset were consecutively enrolled in this study. According to the mentioned inclusion and exclusion criteria, 135 patients were included for final analysis (n = 51 for alteplase group, n = 84 for control group), and 10 patients were excluded (Figure 1). There was no significant di?erence in baseline characteristics and clinical outcomes between patients who were included and those who were excluded (Supplementary Table 1).

In the original cohort, patients in the alteplase group were more severely affected at admission, with a higher baseline NIHSS score (median, 7 vs. 4, P < 0.001), and had a lower rate of ischemic stroke history (5.9 vs. 17.9%, P = 0.047). Other patients' baseline characteristics showed no statistically significant difference (Table 1). A total of 42 pairs of subjects in the two groups were successfully matched by propensity score matching. All patients' baseline characteristics were comparable in our matched cohort (Table 1).


Table 1. The demographics and clinical characteristics of patients with branch atheromatous disease.
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Outcomes in the Original Cohort

Thirty-five patients (25.9%) suffered from END in our unmatched cohort, which had longer length of stay at hospital and worse functional outcome (Supplementary Table 2). In univariate logistic regression analysis, there was significant difference in incidence of END between the two groups (unadjusted OR, 2.55; 95% CI, 1.05–6.16; P = 0.038). In multivariable logistic regression analysis, after adjusted for baseline NIHSS score and history of ischemic stroke, patients in the alteplase group had more favorable functional outcome [28 of 51 (54.9%) vs. 40 of 84 (47.6%); adjusted OR, 0.30; 95% CI, 0.12–0.74; P = 0.009]. The rate of death or dependence (mRS ≥ 4 points at 3 months after stroke) in the alteplase group was lower than that in the control group, whereas no significant difference was noted (adjusted OR, 3.14; 95% CI, 0.90–10.91; P = 0.072). At 3 months after stroke, a 91-year-old man in the control group died of pulmonary infection secondary to stroke, while no death happened in the alteplase group. There were two (3.9%) cases with PH-2 in the alteplase group, while no case of intracerebral hemorrhage was observed in the control group. One of the two cases had cerebral hemorrhage with no clinical symptoms, and the other had sICH in the infarcted region with severe disability (Table 2 and Figure 3).


Table 2. Study outcomes.
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FIGURE 3. The distribution of scores on the modified Rankin scale (mRS) at 3 months after stroke was in favor of intravenous thrombolysis. The mRS scores ranged from 0 to 6, in which higher scores indicated more severe disability.




Outcomes in the Matched Cohort

As mentioned earlier, to control substantial heterogeneity of subgroup, a propensity score matching analysis was carried out, which resulted in inclusion of 42 pairs of subjects in the matched cohort. Patients in the alteplase group remarkably improved in both primary and secondary outcomes compared with the control group. Favorable outcome (mRS, 0–1 point) at 3 months after stroke was found in 28 (66.7%) of 42 patients in the alteplase group compared with 14 (33.3%) of 42 patients in the control group (unadjusted OR, 0.25; 95% CI, 0.10–0.62; P = 0.003), and END was observed in 5 (11.9%) of 42 patients in the alteplase group compared with 13 (31.0%) of 42 patients in the control group (unadjusted OR, 3.32; 95% CI, 1.06–10.34; P = 0.039). Patients in the alteplase group were more likely to be independent (mRS, 0–2 points) at 3 months after stroke (unadjusted OR, 0.33; 95% CI, 0.12–0.90; P = 0.031). The rate of death or dependence (mRS, ≥4 points) in the alteplase group was also markedly lower than that in the control group (unadjusted OR, 4.06; 95% CI, 1.03–16.02; P = 0.045). There was one case of sICH with severe disability in the alteplase group, while one case died in the control group (Table 2 and Figure 3).




DISCUSSION

In 1989, Caplan initially put forward the concept of BAD and elucidated its pathomechanism, which was an occlusion or stenosis at the orifice of one or several penetrating arterial branches due to microatheroma or junctional plaque (21). However, BAD remains an underused concept in clinical practice and research in Western countries for decades (15). In contrast, BAD is a well-known disease in Asian countries, especially in Japan, China, and South Korea. Owing to routine imaging techniques that are unable to depict small vessel changes, features used to define BAD are mostly indirect, consisting of vascular territory and morphological characteristics of the ischemic lesion. The definition of BAD has not been fully set up yet, but it is universally accepted that BAD is a single subcortical infarction larger than lacunar stoke and lack of severe stenosis (≥50%) of the parent artery that supplies the regions of deep perforators, mainly the lenticulostriate arteries and pontine paramedian arteries (22). In recent years, the majority of clinical studies have followed the diagnostic criteria (12–15); however, these criteria neither reflect infarcts in the territories of other perforating arteries, nor explain the coexistence of BAD and large artery atherosclerosis. In spite of these shortcomings, no better alternative can be found based on the routine imaging techniques. Therefore, we attempted to follow the above-mentioned criteria in the present study.

The physiopathological mechanisms of BAD are complicated and have not been fully elucidated yet. Previous etiological classifications of stroke, such as Trial of Org 10172 in Acute Stroke Treatment (TOAST) (23) and Oxfordshire Community Stroke Project (OCSP) (24) are not appropriate for BAD. BAD was initially considered as a subtype of lacunar infarction by Caplan (21). However, at present, it is generally believed that BAD is distinctive from large-artery atherosclerosis and small-vessel disease. Ryoo et al. (2) demonstrated that BAD is a common and unique subtype of intracranial atherosclerotic stroke (ICAS) and has unique radiological features compared with non-BAD ICAS. Another research (22) revealed that BAD was relatively common among the embolic stroke of undetermined source (ESUS) patients and was classified as a subtype of ESUS.

In recent years, numerous scholars have demonstrated that the fluctuation or progression of neurological function is closely associated with BAD (6, 7, 22). According to different defined criteria, the prevalence of END may noticeably vary, ranging from 17 to 75% in different studies (15, 22). Neurological deterioration mainly involves motor function and often causes severe disabilities. Regrettably, a limited number of researches have concentrated on the treatment of BAD due to no international consensus about BAD classifying it as a subtype of stroke in previous etiological classifications. Although the NINDS trial demonstrated that alteplase has similar positive effect on all stroke subgroups (25), BAD treated with alteplase was found ineffective in recently conducted researches (11, 12). The current study indicated that IVT within 4.5 h after stroke onset reduced the incidence of END (unadjusted OR, 3.32; 95% CI, 1.06–10.37) and improved the clinical outcome at 3 months after stroke, with more patients achieving favorable outcome (mRS, 0–1 point; unadjusted OR, 0.25; 95% CI, 0.10–0.62), which is consistent with findings of the NINDS trial (26).

In PubMed database, only two articles concentrated on the efficacy and safety of IVT in treatment of BAD. Park et al. (11) retrospectively studied 35 patients with BAD (9 in tPA group and 26 in non-tPA group) and found that there were no statistical differences in END (P = 0.886) and mRS score at 3 months after stroke (P = 0.781) between the two groups. However, the prevalence of END in total patients (68.6%) was remarkably higher than most of BAD-related studies (12, 26–28). Subjects' poor clinical outcome may be attributed to mono-antiplatelet therapy with clopidogrel owing to higher portion of Asian individuals who are less sensitive to clopidogrel due to CYP2C19 loss-of-function alleles (29, 30). Deguchi et al. (12) assessed treatment outcomes of tissue plasminogen activator (t-PA) for hyperacute BAD within 3 h after symptom onset and demonstrated that using t-PA infusion for BAD, symptoms transiently improved, while the rate of symptom deterioration was considerable. In the present study with a medium sample size (n = 135), in contrast, our data unveiled that intravenous alteplase reduced the incidence of END and improved functional outcome of BAD patients. Our results may be attributable to the following reasons: first, a standard dose of alteplase (0.9 mg/kg) was given to our subjects. Whether low or standard dose of alteplase have the same efficacy on acute stroke remains controversial (31), but the majority of guidelines recommended a standard dose of alteplase for treating stroke (32). Second, dual-antiplatelet treatment was administrated to the majority of our subjects in two groups. Previous studies pointed out the efficacy of dual-antiplatelet treatment for lacunar stroke and small vessel disease. Kimura et al. (33) found that clinical progression of BAD was significantly reduced with ultra-early combination antiplatelet therapy. Berberich et al. (34) demonstrated that dual-antiplatelet therapy improved functional outcome of patients with progressive lacunar strokes.

Mortality and the incidence of sICH were insignificant in the current research. Only one patient (2%) in the alteplase group suffered from sICH according to the ECASS II criteria, which resulted in severe disability (mRS, 4 points at 3 months after stroke). Susceptibility weighted imaging (SWI) showed that this case had >10 cerebral microbleeds (CMBs) in his subcortex and brain stem. A research reported that increasing CMBs burden was closely associated with sICH after IVT treatment for acute stroke (35). Therefore, IVT is not an appropriate therapeutic approach for the mentioned patient.

There were several limitations in the current study. First, the diagnosis of BAD was carried out according to DWI data after IVT. The embolic occlusion of proximal large artery followed by alteplase-induced recanalization may come into an image that is line with BAD. Owing to the patients with cardiogenic embolism or severe arterial stenosis (≥50%) who were excluded from this study, the probability of that situation was quite low. Second, a number of variables in baseline data between the two groups were unbalanced. The propensity score matching analysis could only adjust for some confounding factors, while it could not eliminate the effect of all hidden biases. Third, this was a single-center retrospective study; the universal applicability of our results needs further study.

In conclusion,our results showed that BAD may be effectively treated with intravenous thrombolysis. However, further multicenter, prospective, randomized studies should be conducted to confirm our findings.
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Most clinical diagnoses of stroke are based on the persistence of symptoms relating to consciousness, language, visual-field loss, extraocular movement, neglect (visual), motor strength, and sensory loss following acute cerebral infarction. Yet despite the fact that most motor actions and cognition are driven by vision, functional vision per se is seldom tested rigorously during hospitalization. Hence we set out to determine the effects of acute stroke on functional vision, using an iPad application (Melbourne Rapid Field-Neural) that can be used to assess vision (visual acuity and visual field sensitivity) at the bedside or in the emergency ward in about 6 min per eye. Our convenience sample comprised 60 (29–88 years, 65 ± 14 years, 33 males) of 160 sequentially presenting first episode, acute (<7 days) ischemic stroke patients at Sunshine Hospital, Melbourne. One hundred patients were excluded due to existing eye disease, inadequate radiological confirmation, inability to comply with English directions or too ill to participate. Stroke cases were compared with 37 (29–85 years, 64 ± 12 years,14 males) similar-aged controls using a Mann-Whitney U-test. A significant loss in visual field sensitivity was measured in 68% of stroke cases (41/60, Mean Deviation: Stroke: −5.39 ± 6.26 dB, Control: 0.30 ± 0.60 dB, MWU = 246, p < 0.0001). Surprisingly, 44% (18/41) of these patients were unaware of their field loss. Although high contrast visual acuity was unaffected in most (55/60) patients, visual acuity-in-noise was reduced in 62% (37/60, Stroke: mean 6/12−2, log MAR 0.34 ± 0.21 vs. Control: mean 6/7·5–2, log MAR 0.14 ± 0.10; MWU = 470, p < 0.0001). Visual field defects were associated with all occipital, parietal and posterior cerebellar artery strokes while 9/15 middle cerebral artery lesions and 11 lesions in other brain regions were also associated with visual field defects. Our findings demonstrate that ~2/3 of acute first episode ischemic stroke patients experience acquired vision deficits, often unrelated to the confirmed lesion site. Our results also imply that visual dysfunction may be associated with a more generalized cerebral dysfunction while highlighting the need for bedside testing of vision for every stroke patient and demonstrating the translational clinical value of the “Melbourne Rapid Field- Neural” iPad application.

Clinical Trial: http://www.ANZCTR.org.au/ACTRN12618001111268.aspx.

Keywords: visual function, acute stroke, visual field, visual acuity-in-noise, ischemic, vision, Melbourne Rapid Field-Neural (MRFn)


INTRODUCTION

Stroke is categorized by the World Health Organization as rapidly developing clinical signs of focal cerebral dysfunction due to vascular compromise, lasting more than 24 h, or leading to death (1, 2). Stroke is the leading cause of adult disability and the second leading cause of death worldwide (3). The American Stroke Association guidelines for the early management of acute ischemic stroke assessment emphasize testing of the level of consciousness, motor strength, items relating to confrontation visual field measurements, horizontal eye movements and visual inattention (4). However, visual function per se is seldom examined rigorously in the emergency room or during initial hospitalization for stroke (5), despite the central role vision plays in driving most human brain functions such as eye movements (6), attention (7), cognition (8), emotional responses (9), motor actions (6), and occupying larger volumes of cortical and subcortical regions in the human brain than do motor functions (10, 11).

Previous studies have reported that ~92% of the 915 stroke patients (5), who were referred to hospital eye clinics in the UK within a median of 22 days and up to 3 months post-stroke, have been reported as having some form of a visual deficit (12) with post chiasmal lesions in the lateral geniculate body (1%) (13), optic tract (6%), in the optic radiations (33%), and occipital lobes (54%). The commonest persistent visual deficits included visual field loss (hemianopia, quadrantanopia) (5), perceptual (visual inattention/neglect) (14) and eye movement disorders (5). Unfortunately, the recruitment criteria for the study of Rowe and colleagues (5) did not mention the number of unselected patients screened, nor the number with pre-existing eye diseases that may have confounded the effects of acute stroke on vision.

Ptosis has also been identified as a common indicator of transient ischemic attacks and midbrain infarctions (15) while impaired saccades, smooth pursuits (16), and nystagmus are reported to be more prevalent following frontal lobe, cerebellar and brainstem infarctions (17). Other stroke related visual anomalies have also been reported to be under diagnosed as ocular misalignment and gaze deficits can be subtle and patients are often unaware or asymptomatic for these changes (18, 19), with two-thirds of patients showing unilateral visual neglect following acute right hemisphere parietal stroke (20). Furthermore, the application of a battery of three bedside oculomotor tests (HINTS) measuring head impulse, nystagmus, and test of skew have proven accurate and reliable for the identification of acute stroke following acute vertigo presentations (21).

Indeed an acute stroke test battery (4) measuring distance visual acuity in each eye (22, 23), visual neglect (20), and ocular misalignment has been proposed recently (24). The battery includes tests for diplopia, pupil dysfunction, nystagmus and eye movement deficiency as well as more subtle tropia, phoria, and extraocular motor function in the cardinal positions of gaze, given that the cranial nerves III, IV and VI are supplied by a myriad of arteriole blood vessels on the same side as the eye such that they are susceptible to ocular motor dysfunction in ischemic conditions (24). However, the battery is not yet established as a regular neurological routine and most current bedside visual field assessments are performed using hand/finger confrontation (25) even though this method has been reported as having limited value for the detection of visual field loss (26, 27).

Confrontation continues to be used for bedside screening of stroke patients due to the difficulty of applying commercial visual field devices that require a degree of patient mobility and head/face coordination for testing (28). As a consequence, the nature of acquired visual field deficit in the acute phase of stroke (<72 h) has not been evaluated rigorously to date, though the advent of modern technology, and in particular tablet devices, afford ideal interfaces and test platforms for the testing of vision in hospitalized patients by their bedside (26, 29). A newly developed iPad tablet application for measuring visual field integrity known as Melbourne Rapid Field-Neural (MRFn) has recently been validated against the gold standard Humphrey Visual Field Analyzer (30) making it an useful tool to measure the integrity of functional vision across the visual fields of both eyes in hospitalized patients. The MRFn app also comes with the ability to test high contrast visual acuity with a Landolt C and visual acuity in noise (i.e., visual stimulus is embedded in a background of white noise) aimed at measuring threshold perception following the decomposition of the contrast of the target (30, 31). Therefore, measuring visual acuity performance in background noise provides useful insights into the neural mechanisms and computations needed to solve visual recognition (32–34) as demonstrated in the psychophysical testing of neurotypical and psychiatry patients with major depressive disorder (35).

Thus, the aim of this study was to utilize the MRFn (Melbourne Rapid Field-Neural) iPad application to measure visual acuity with high contrast targets, visual acuity-in-noise and visual field integrity in first episode hospitalized ischemic acute stroke patients with no prior history of ocular disorder. We hypothesize a decrement in vision post stroke acutely.



MATERIALS AND METHODS

The clinical ethics has been approved by the local review board (Western Health Ethics Committee HREC/16/WH/1) and was conducted in accordance with the tenets of the Declaration of Helsinki with all participants (or their carers) providing informed consent.


Participants

Our convenience sample of cases comprised 160 sequentially presenting, stroke patients (29–95 years, 68 ± 14.5years, 89 males) admitted to Sunshine Hospital, Melbourne, between June 2017 and July 2018. Patients were invited to volunteer for a subjective assessment of vision (visual acuity [high contrast and in noise] and visual fields) and those who agreed and, who met our inclusion criteria (i.e., first episode ischemic stroke with radiological confirmation, the availability of current habitual reading glasses) (Figure 1) were tested while wearing their habitual reading spectacles at their bedside using the Melbourne Rapid Field-Neural (MRFn) application. Refractions were not performed at the hospital rather their verbal history was used to determine the adequacy of current reading glasses. All testing was performed during the first week (usually day 2 or day 3) of hospital stay. Sixty first episode acute ischemic stroke patients (29–88 years, 65 ± 14 years, 33 males) met our inclusion criteria and had their data analyzed for this study. One hundred patients (63%) were excluded from analysis for the exclusion criteria shown in Figure 1.


[image: Figure 1]
FIGURE 1. Consort diagram (36).


Thirty-seven age-similar healthy controls (29–85 years, 64 ± 12 years,14 males) were recruited following a comprehensive routine eye examination at an optometry practice of one of the authors (CW) after providing informed written consent for participation. These participants showed no evidence of current or past ocular and neurological disorders and were wearing their habitual reading glasses.

Stroke diagnosis and localization of the vascular source of the lesion was determined at the time of admission by a neurologist with routine Computed Tomography (CT) or Magnetic Resonance Imaging (MRI). The greater spatial resolution of MRI was utilized to identify small volume ischemic changes often associated with minor strokes (37). This information was used to confirm the diagnosis and facilitate a structure-function analysis with the visual capacity (38).



Melbourne Rapid Field-Neural iPad (MRFn) Application

The Melbourne Rapid Field application (GLANCE Optical Pty Ltd, Melbourne, Australia) measures visual acuity and visual field thresholds across the central visual field using an iPad tablet (12.9 inches iPad Pro) (39). Stroke cases sat on the hospital bed or on a bedside chair during the testing whereas controls performed the test on a bench in a clinical optometry practice at 33–38 cm working distance. The visual field test pattern used by MRFn is a reduced 24-2 Humphrey Field Analyser (HFA) test grid with 4 extra spots added to the fovea (Figure 2) (30). Spot size scaling results in a fixed threshold of 30 dB (Figure 2) at all locations (30). Previous studies find the MRFn returns outcomes that are strongly correlated to HFA thresholds on both a global and regional basis (40, 41).


[image: Figure 2]
FIGURE 2. Diagnostic features of the Melbourne Rapid Field Neural (MRFn) test. (Left) Visual field outcomes for two acute stroke patients. (Right) Screen capture of the acuity optotypes used in the test (high contrast acuity-top, visual acuity-in-noise-bottom) with the response options at the bottom of the each presented optotypes.


In visual field testing, patients were required to respond to the presence of a spot by either tapping the screen or the spacebar of the iPad keyboard. All chose to tap the keyboard space bar indicating adequate manual control. We found one patient with a frontal lobe lesion who had difficulty tapping the space bar and preferred to tap the screen directly to complete testing. There were two other subjects who adopted their non-dominant hand for motor tasks after the stroke and used it for the visual assessment, all other participants used their dominant hand. Reliability (false positive, false negative and fixation loss) was routinely polled during testing.

The visual acuity test presents a high contrast “Landolt C” target (Figure 2) on a bright background (130 cd/sq.m) as well as the same “Landolt C” target embedded in luminance noise, generated using a psychometric model accounting for true acuity and noise in the visual system, with the reduction of the contrast sensitivity of the background spatial vision by 10% of the high contrast “Landolt C” optotype (42). Visual acuity-in noise has not been previously tested in acute stroke, but given the past reports for abnormality of noise-related tasks in acquired neurological disorders and in stroke cases well-after the onset of stroke (43, 44), we tested our acute stroke cohort expecting some may have difficulty recognizing visual targets immersed in noise.



Testing Procedures

Visual acuity and the visual fields of both eyes of all study participants were measured monocularly in ambient hospital room lighting. The lighting has been found to have little impact on test outcomes (45) provided reflections off the screen are avoided. Screen brightness was set to maximum for 10 min prior to testing, to stabilize luminous output (46). Verbal instruction on test performance was given at the bedside and patients were allowed a practice trial before starting the test.

As most participants were naive to tablet perimetry, the preferred eye was tested first with operator feedback for training and learning of how to do the test. This eye was retested after the training phase before testing the fellow eye.



Data Analysis

Comparisons between stroke and control groups were made for visual acuity, visual acuity-in-noise, and the mean deviation (MD) of the visual field. The mean deviation is determined from a pointwise comparison of contrast thresholds (dB) to age-related normals provided by the MRFn App. The time taken to complete vision assessments was also recorded.

Although both eyes were tested, the eye ipsilateral to the CT/MRI defined lesion was analyzed in the stroke group and compared to the RE (Right Eye) of controls (comparison to the fellow eye does not change our findings).

Non-parametric statistics (Mann–Whitney U-tests) were employed given the heterogeneity and variability of data in the stroke group (Figure 3). All group data are shown as box-and-whisker plots, with whiskers identifying the total range of the data set. The 99th percentile of controls was used as the criterion to identify “abnormal” outcomes. Levene's test was used to compare group variances. Statistical analysis was conducted using GraphPad Prism v7.00 for Windows www.graphpad.com.


[image: Figure 3]
FIGURE 3. Box-and-whisker plots for visual acuity, visual acuity-in-noise and the Mean Deviation of the visual field for the control (Con) and acute ischemic stroke (AIS) groups. Horizontal dashed lines in each panel show 99th percentile for control data. Significant differences between groups (MWU, P < 0.0001) have been identified with asterisks (****).





RESULTS

Of the 160 stroke presentations (Figure 1) MRFn testing could be performed and was successfully completed in 108 (68%) patients. Of these, 48 cases did not meet our inclusion criteria (first episode ischemic stroke with radiological confirmation, Figure 1) leaving 60 cases of acute ischemic stroke for analysis. First episode acute stroke patients were able to perform the tests accurately at their bedside, in under 5.4 ± 0.8 min per eye. Control patients completed all tests in under 4.0 ± 0.3 min per eye.

High contrast visual acuity (VA) was not significantly affected by acute ischemic stroke (Figure 3). Only 5 patients (8%) showed a one-line reduction in VA (mean 6/7·5+1, log MAR 0.09 ± 0.10) relative to controls (mean 6/6-3, log MAR 0.07 ± 0.06: MWU = 1,045, p = 0.30).

Statistically significant deterioration was found in the visual acuity-in-noise of 37/60 stroke cases (62%) despite having normal high contrast acuity (Stroke: mean 6/12-2, log MAR 0.34 ± 0.21 vs. Control: mean 6/7·5-2, log MAR 0.14 ± 0.10; MWU = 470, p < 0.0001). The stroke group also showed much larger variability in acuity-in-noise outcomes (range: 6/6–6/38; log MAR 0.0–0.8) compared to the maximum range of control patients (6/6 to 6/12; log MAR 0.0 to 0.3, Levene's F-ratio = 4.52, Figure 3).

Forty-one out of the 60 stroke patients (68%, p < 0.0001) showed acquired visual field defects in terms of their Mean Deviation. Fifty percent of patients (i.e., 30/60) had acquired homonymous hemianopias and five (5/60, 8.3%) showed quadrantanopic defects. Three (3/60, 5%) demonstrated altitudinal defects with diffuse loss of visual field sensitivity (Tables 1, 2). The control group showed an average Mean Deviation value of 0.30 ± 0.60 dB whereas the 41 stroke patients who had a significant visual field loss (Figure 3) gave a group Mean Deviation of −5.39 ± 6.26 dB (MWU = 246, p < 0.001).


Table 1. Vascular territories of lesion sites and corresponding visual deficits.
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Table 2. Neuro anatomical Lesion from CT/MRI scans and corresponding visual deficits.
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In the right hemisphere, 17/26 and in the left hemisphere 18/31 presented visual field losses in the form of a hemianopia, quadrantanopia or an altitudinal loss. All right hemispheric vascular based lesions showed twice as greater visual field losses compared to left hemisphere (Table 1). Despite the presence of substantial hemianopic and quadrantanopic visual field losses, eighteen of the 41 (44%) patients with visual field loss were unaware of any limitation to their vision. (See Tables 1, 2 for more detailed information on vision function in individual lesion regions.)

The CT and MRI-scans showed that the commonest site of lesion among the 60 patients was a middle-cerebral artery lesion (n = 15, 25%), followed by cerebellar artery disorders (n = 10, 17%), occipital lobe infarcts (n = 9, 15%), posterior cerebral artery lesions (n = 6, 10%) and parietal lesions (n = 3, 5%). Multi-territorial infarcts were noted in three patients (5%) and the locus for the other 14 cases have been detailed in Tables 1, 2.



DISCUSSION

To the best of our knowledge, few studies have quantified the incidence and nature of acquired visual deficits in acute ischemic stroke patients (<7 days) with no previous history of visual abnormality (26). The key features of our findings are that most patients (except for 5 cases) with radiologically confirmed first episode ischemic stroke, retain near normal high contrast visual acuity, although given we did not rigorously refract participants but had them wear their habitual reading glasses, we cannot dismiss the possibility that these 5 patients show high contrast visual acuity loss due to uncorrected refractive error. On the other hand, 62% of our patient sample showed deficits in visual acuity-in-noise and 68% showed visual field loss. These changes could not have arisen from an uncorrected refractive state. Besides, although the majority of stroke patients presented with varying clinical symptoms including sudden onset unilateral numbness, loss of motor sensation, and hemiparesis, 44% (18 out of 41) of our patients were unaware of their visual field defect or of their altered visual capacity (i.e., acuity-in-noise).

Our results also demonstrate the clinical potential of using tablet based applications to obtain a quantified measure of visual capacity (visual field, visual acuity and acuity-in-noise) in a relatively short duration (<6 min per eye) in an acute stage of a cerebrovascular injury by testing at the bedside of the patient.

In terms of a structure-function analysis, many ischemic lesions throughout the brain can induce acute visual defects (47). As expected, all occipital lesions (n = 9/60) and posterior cerebral artery strokes (n = 15/60) induced visual field deficits. All 3 parietal cortex lesions (Right hemisphere: 2, Left hemisphere: 1) also produced visual deficits. Unexpectedly, ~33% (20/60) of cases who had lesions in other regions (Tables 1, 2) of the brain were also associated with visual field deficits and showed an acuity-in-noise impairment. Among them, nine of the 15 middle cerebral artery strokes and four of the 10 cerebellar artery strokes produced visual field defects (Table 1). Two strokes in the left basal ganglia, two out of 4 frontal lobe strokes, and 3 multi-territorial infarcts also caused visual loss (Table 1). The three multi-territorial infarcts involved more than one site of lesion from brain imaging. Interestingly all parietal strokes and the two multi-territorial infarcts which also had parietal lobe involvement produced visual field defects. Although hemineglect is commonly associated with parietal cortex lesions (48), we did not assay for this possibility in the current cohort of patients and cannot comment on its presence.

Our findings are similar to those of Rowe et al. who undertook vision assessment 22 days (median) after stroke (range 0–2,543 days) in patients identified during hospitalization as needing ophthalmic referral. Of these patients 63% had previously shown visual field loss during confrontation test whereas only 37% of cases showed visual field deficits when tested on automated static or manual kinetic (Goldmann) methods (49). From these findings, Rowe et al., concluded that 52% of 915 cases had visual field loss (49). We quantified visual field loss in 68% of our cases who did not have pre-existing eye disease.

Rowe et al. (5) have previously advocated the need for vision testing following stroke. The high prevalence of quantifiable visual defects in acute ischemic stroke cases as noted in our study and that of past works (26), coupled with the lack of awareness for such loss, highlights the need for digital appliances that can quantify these losses. The novel MRFn App is an easy, rapid, and sensitive bedside diagnostic tool for routine use in acute neurological assessments and for tracking recovery or change in the patient.

The immediate impact that acute ischemic stroke per se has on visual acuity has not previously been reported even though other neurological diseases such as multiple sclerosis (50) and idiopathic intracranial hypertension (51) are known to be associated with visual acuity loss. Interestingly, 27 out of the 37 patients (73%) who showed deterioration in visual acuity-in-noise also showed evidence of abnormal visual fields but preservation of high contrast acuity.

Clinically, visual acuity is a measure of the ability of the foveal visual system to discriminate a letter or optotype from background spatial information. Visual acuity-in-noise measures the ability to discriminate and identify the targets in the presence of added background white noise (52). The addition of luminance noise imputes to a stronger masking effect for the optotypes, and thus more complex processing of the visual information (31). This is likely the cause of the one line reduction in visual acuity in our controls (mean: 6/7.5-2) in the presence of the noise elements (53, 54). In our stroke group, however, we found a 2-line deterioration in the visual acuity-in noise with mean of 6/12-2. This involves all parietal strokes, occipital strokes, and the multi-territorial strokes with parietal lobe involvement whereas we did not find such a marked visual acuity-in-noise impairment in controls.

The possibility that the visual acuity-in-noise optotypes and visual field loss are measuring similar neuroanatomical processes can be rejected given that patients who showed deterioration in visual acuity-in-noise and visual field sensitivity had regional diversity of lesions (Tables 1, 2) corrupting any commonality in their structure-function relationship (47, 55). Recognition of an acuity target involves the distinction of a static optotype from its background (52). The addition of luminance noise elements raises the threshold of retinal sensitivity as well as the subsequent neural processing needed for stimulus identification (56). This visual processing originates in the primary visual cortex, and involves the dorsal stream via the parietal cortex, for visually guided spatial location and orientation of objects (57). Similarly, ventral processing, which also arises from the primary visual cortex, involves the temporal lobe, and functions in object recognition and the discrimination of object details (58). Thus, it is not surprising that visual acuity-in-noise is affected by stroke as it likely requires processing and possibly integration from extensive cortical regions. The recent work of Cavanaugh et al. (43) in patients who have cortical blindness noted elevated intrinsic noise that affected performance in these patients well-after the acute stroke event (up to 276 months).

It is possible to deduce that the use of visual acuity-in-noise along with high contrast visual acuity at the bedside, has the potential to aid in the diagnosis of ischemic stroke and differentiate these effects from ocular disease. High contrast visual acuity will be typically affected by eye disease and given that visual acuity-in-noise is a sequential processing of this information by cortical inputs through both the dorsal and ventral pathways, these should also be affected due to the reduced ocular input. In our study, our controls returned 0.1 log MAR (6/7.5) for both forms of acuity, whereas stroke cases had an average high contrast acuity of 0.1 log MAR (6/7.5) and an acuity-in-noise of 0.3 log MAR (6/12) implying discrete non-ocular causes for this loss. Patients who had radiologic lesions in their occipital lobes also manifested intact high contrast visual acuity (Table 2).

As 44% of the patients were unaware of their visual field loss, it is also unlikely many would show subjective symptoms of a reduced visual acuity-in-noise as it is a subtle mechanism detected through the testing of target specific features. Although the presence of significant ischemia/brain edema may require longer times (6) for the identification of surrounding objects, we did not place any time constraints on subject response and do not believe that longer observation times would have affected outcomes.

Limitations of our study include the non-identified source of cortical dysfunction, through functional MRI (59), diffusion tensor imaging (60), EEG or psychophysics associated with processes mediated by other cortical regions such as hemispatial neglect (61) or visuomotor processing (62). However, as both of the latter have been reportedly affected by stroke, albeit in a minority of patients, the prospect of loss in cases of generalized cortical involvement is possible. Furthermore, we were unable to identify an association in visual field deficits and visual acuity in noise and hemisphere of lesion. Future studies using functional connectivity (63) MRI may be able to establish this.

Future studies will be required to better establish the mechanisms of functional connectivity associated with cortical defects following acute stroke and during the post stroke recovery phase, especially in visuomotor processing, or attention mechanisms between the right and left side brain hemispheres underlying hemispatial neglect (20) using larger sample sizes for indicators of generalized edema and if, visual acuity-in-noise and some aspect of visual field defects, in the absence of structure-functional relationship, recover over time.

Longitudinal studies with the MRFn app and MRI imaging will elucidate these changes in adaptation, visual attention, and neuroplasticity as well as provide information regarding any therapeutic response in post-stroke patients.



CONCLUSION

Our findings indicate that acute stroke induces significant vision loss in 2/3 of hospitalized patients, quantifiable as early as 48-h after stroke, and often unrelated to the confirmed lesion site. Visual acuity-in-noise and visual field deficits have emerged as rapid and sensitive biomarkers of acute ischemic brain dysfunction. Our results imply that visual dysfunction may be associated with a more generalized cerebral dysfunction while highlighting the need for bedside testing of vision for every stroke patient and demonstrating the translational clinical value of the “Melbourne Rapid Field-Neural” iPad application as a low cost, rapid, rigorous and easy to administer functional vision test for use in acute stroke patients.
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Background and Purpose: Telestroke aims to increase access to endovascular clot retrieval (ECR) for rural areas. There is limited information on transfer workflow for ECR in rural settings. We sought to describe the transfer metrics for ECR in a rural telestroke network with respect to decision making.

Methods: A retrospective cohort study was employed on consecutive patients transferred to the comprehensive stroke center (CSC) for ECR in a rural hub-and-spoke telestroke network between April 2013 and October 2019, by road or air. Key time-based metrics were analyzed.

Results: Sixty-two patients were included. Mean age was 66 years [standard deviation (SD), 14] and median National Institutes of Health Stroke Scale 13 [interquartile range (IQR), 8–18]. Median rural-hospital-door-to-CSC-door (D2D) was 308 min (IQR, 254–351), of which 68% was spent at rural hospitals [door-in-door-out (DIDO); 214 min; IQR, 171–247]. DIDO was longer for air transfers than road (P = 0.004), primarily because of a median 87 min greater decision-to-departure time (Decision-DO, P < 0.001). In multiple linear regression analysis, intubation but not thrombolysis was associated with significantly longer DIDO. The distance at which the extra speed of an aircraft made up for the delays involved in booking an aircraft was 299 km from the CSC.

Conclusions: DIDO is longer for air retrievals compared with road. Decision-DO represents the most important component of DIDO, being longer for air transfers. Systems for rapid transportation of rural ECR candidates need optimization for best patient outcomes, with decision support seen as a potential tool to achieve this.

Keywords: telemedicine, decision, retrieval, thrombectomy, rural


INTRODUCTION

Endovascular clot retrieval (ECR) is the standard of care in the treatment of acute stroke patients with large vessel occlusion (LVO) (1). It has been shown to be major benefits in selected patients up to 24 h (2, 3), but earlier treatment leads to greater benefit (4–6). This presents logistical challenges in Australia, because patients from widely dispersed geographic regions are eligible for this treatment, but it is offered only in limited metropolitan centers (7, 8).

Telestroke is being increasingly used in Australia to help overcome geographical disparities in access to acute stroke care (9–11). Optimal implementation of ECR through telestroke requires efficient workflow from primary hospital to the comprehensive stroke center. Door-in-door-out (DIDO) time at the primary hospital has been thought to have the greatest impact on outcome for patients with LVO being transferred for ECR, among modifiable factors (12–14). A recent study in metropolitan Australia proposed that the target time for DIDO should be shortened to 45 min (15, 16).

Despite the fact that about 29% of Australia's population live in rural and remote areas, with people in very remote areas having a mortality rate almost 1.4 times as high as in major cities (17), there is a paucity of data on transfer workflow specific to rural Australia to guide further development of ECR in these areas. We aimed to describe the transfer metrics for ECR from rural hospitals to a regional comprehensive stroke center in a telestroke network in rural Australia, with respect to key points in clinical decision making.

Clinical decision making in stroke care is complex (18), with there being a correlation between decision delay in acute stroke and both pre-hospital and in-hospital delays (19–21). In addition to transfer workflow, we extended our study to look at the relationship between transfer metrics and clinical decision making so that the results might be more readily adapted to modify routine clinical practice and potentially identify areas for decision support. We sought to compare different transport modalities. Our main hypothesis was that DIDO for air transfers would be longer than for road transfers.



METHODS


Setting

A “hub and spoke” telestroke network was developed to support delivery of reperfusion therapy (thrombolysis and ECR) as a 24/7 service to six rural (spoke) hospitals in the Hunter New England and Mid-North Coast local health districts of New South Wales, Australia. The comprehensive stroke center hub based at John Hunter Hospital (JHH) in Newcastle, Australia, covers a population of over 1.1 million people distributed over an area of 143,120 km2 (slightly larger than England). The average distance between the spoke sites and the hub is 227 km (range 167–423 km). All six spoke sites have advanced imaging (including brain CT angiography and CT perfusion) capability needed to select patients for reperfusion therapies, with all spoke sites capable of administering thrombolysis. The rural spoke hospitals were equipped with telehealth cameras, and the local physicians were trained in the face, arm, speech, time (FAST) scale. Only one of the spoke hospitals had neurologists or stroke physicians on staff who could guide local decisions about in-hours thrombolysis. All other decisions about reperfusion therapy in the acute phase were made by the telestroke neurologist at the hub (JHH) after reviewing the imaging and if required assessing the patient remotely through the telehealth cameras. Neurologists at Gosford District Hospital also participated in the telestroke roster, although only JHH accepted patients for ECR.

The decision to transfer for ECR was made by the telestroke neurologist on an individualized basis taking into account standard clinical, imaging, and patient factors. From November 2017, the time window for ECR was expanded to 24 h in image-selected patients following the release of pivotal ECR trial results (2, 3). When it was deemed necessary to give thrombolysis with ECR, thrombolysis was always initiated at the spoke hospital prior to transfer for ECR. Repeat imaging was not routinely performed at the hub because of the commitment to transfer patients across very large distances after the decision for transfer was made and the good baseline selection of patients using advanced imaging (22). Road transfers occurred by road ambulance directly from the spoke hospital to JHH. Air transfers by helicopter occurred from the rural airport servicing the respective spoke hospital to the helipad at JHH. Air transfers by fixed wing occurred from the rural airport servicing the respective spoke hospital to the regional airport based 26 km from JHH, after which the transfer to JHH took place by road ambulance. All connecting transfers to the rural airports from the respective spoke hospitals in order to facilitate air retrievals occurred by road ambulance. For more details of the telestroke setup, we direct the reader to our published experience (22, 23).



Study Design and Data Collection

We employed a retrospective cohort study design, where transfer metrics were collected on consecutive telestroke patients transferred to JHH for ECR between April 2013 and October 2019. Clinical data were collected prospectively from June 2016 and retrospectively prior to that. Patients were transferred by road or air (helicopter or fixed wing), depending on availability and hospital distance.

Data collected included baseline demographics, past medical history, National Institutes of Health Stroke Scale (NIHSS), advanced imaging characteristics, acute treatment decision, and mode of retrieval.



Outcome Measures and Analyses

Time metrics included DIDO, defined as the duration of time from arrival to departure at the rural hospital. DIDO was divided into two segments, door-in-to-decision (DI-Decision) and decision-to-door-out (Decision-DO). Decision was defined as the time that the telestroke neurologist at JHH contacted the rural hospital regarding the decision to transfer. Door-to-door (D2D) was the time from arrival at the rural hospital to arrival at the comprehensive stroke center. We also examined the total time from decision to arrival at JHH, and from arrival at the spoke site to arrival at JHH, correcting for the distance between spoke and hub.



Statistical Analysis

All statistical analyses were conducted in Stata Version 14.0 (StataCorp, USA). Univariate and multivariate linear regressions were performed to estimate the effect of each variable in the form of a coefficient with respect to DIDO, DI-Decision, and Decision-DO times. Adjusting each model for individual spoke site could not be done, as each spoke site had a small number of patients and almost exclusively used either air transport or road transport, making these effects difficult to separate reliably in this data set. Further, we needed to separate delays associated with air transfers from delays related to sites with reduced experience. Thus, spoke sites were grouped by experience into more experienced sites (those with more than 10 transfers) and less experienced sites (those with 10 or fewer transfers). This would also serve to correct for potentially faster triage and treatment at more experienced sites.

Ethics approval was gained from the Hunter New England Human Research Ethics Committee (HNEHREC Reference No: 13/02/20/5.06 and AU201712-15).




RESULTS

Between April 2013 and October 2019, 1,087 patients were assessed by telestroke, of which 568 (52%) had confirmed ischemic strokes (when mimics and hemorrhages were excluded). Of all patients with confirmed strokes, 175 had LVO (31%). Of these patients with LVO, 75 (43%) were transferred with a view to receiving ECR. Twelve of these patients were transferred to other ECR centers owing to logistic factors relating to transport, weather, or unavailability of ECR at JHH. One patient was transferred to JHH who did not eventually receive ECR owing to established infarct found on repeat brain imaging performed at JHH due to severe unexpected delays during that transfer. A sample of 62 patients who underwent ECR at JHH was finally included in this analysis (Table 1). Mean age was 66 years [standard deviation (SD), 14 years], 34 (55%) were male, and median NIHSS was 13 [interquartile range (IQR), 8 to 18]. There were 42 air transfers (33 by helicopter and 9 by fixed wing) and 20 road transfers. The groups were well-matched overall.


Table 1. Baseline characteristics of different groups.
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Transfer Metrics

Median D2D time was 308 min (IQR, 254 to 351). Median DIDO time was 214 min (IQR, 171 to 247). On average, 68% (SD, 10%) of D2D time was spent at the spoke hospital, and only 32% (SD, 10%) in transit. Median DI-Decision time was 70 min (IQR, 54 to 92). Median Decision-DO time was 130 min (IQR, 82 to 182). Median time from ED arrival at spoke sites to first telestroke neurologist contact was 26 min (IQR, 16 to 43).



Comparison of Air and Road Transfers

Spoke sites nearest to JHH transferred patients primarily by road, whereas more distant sites transferred patients primarily by air, with only two patients transferred by the method not normally used by their respective spoke site (Table 2).


Table 2. Distribution of transfers for rural spoke sites.
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Air transfer was associated with a delay of 64 min in DIDO time (P = 0.004). This was entirely due to its association with longer Decision-DO times by 87 min (P < 0.001).

Separate univariate regressions of the time from decision to arrival at JHH against distance for air travel and road travel were performed and plotted (Figure 1). Extrapolating from these regressions suggested that the distance at which the extra speed of an aircraft made up for the delays involved in booking an aircraft was 299 km.


[image: Figure 1]
FIGURE 1. Comparison through univariate regression analysis of decision to arrival time at John Hunter Hospital for air and road transfers by distance. Extrapolating from these separate regressions suggested that the distance at which the extra speed of an aircraft made up for the delays involved in booking an aircraft was 299 km.




Other Factors Which Might Influence Workflow

Differences in the level of experience between individual hospitals, that is, between the more experienced and less experienced sites (Table 2), were not significant with respect to key transfer metrics.

Intubation was associated with a delay of 242 min in DIDO and a delay of 229 min in the DI-Decision time but was not significantly associated with the Decision-DO time (P = 0.61, Table 3).


Table 3. Effects of selected variables on components of DIDO in adjusted analysis.
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Thrombolysis was associated with faster DI-Decision times by 26 min but slower Decision-DO times by 34 min, which canceled each other out with respect to DIDO times (meaning thrombolysis was not significantly associated with DIDO, P = 0.56).




DISCUSSION

We found that air transfer was associated with a significant delay in DIDO time as compared with road. The main reason for this appeared to be the longer Decision-DO with air travel, which was probably attributable to multiple logistical factors that increased the complexity of organizing air retrieval. Our study indicates that Decision-DO appears to be a key component of DIDO, which has special relevance to the rural telestroke setup. While training and systems are already being used to minimize the DI-Decision time, which was also found to be too long in our study, Decision-DO in particular represents an important target for future optimization of transfer workflow for ECR in our area.

Our analysis suggests that the critical distance at which the speed of air travel makes up for the delays in booking aircraft is ~300 km in our telestroke network, although there is considerable uncertainty about the exact figure, owing to a lack of overlap in the distances covered by air transfers compared with road transfers. Nevertheless, this figure may serve in future as a guide to base decisions about allocation of retrieval resources. For instance, when applied to other health service networks with comparable demographics and infrastructure to ours, transfers below a similar threshold may be prioritized for road rather than air retrieval (24–27).

We discovered that DIDO in our study was 214 min, more than double that published in other metropolitan Australian networks (15, 16). Potential reasons for our relatively long DIDO time include the much larger distances needed to be traversed by retrieval services in our network (hence affecting transport arrival times to rural spoke sites) as well as the resource and workforce limitations inherent in the rural setting.

Intubation was associated with a significant delay in DIDO, whereas thrombolysis was not. Our results are in line with previous studies in which thrombolysis did not have a detrimental impact on workflow of ECR transfers (14–16). However, although thrombolysis had no clear effect on DIDO in our study, it was associated with longer Decision-DO, which was compensated by shorter DI-Decision. This indicates that patients who are identified as potentially suitable for thrombolysis are triaged and treated quickly in our rural spoke sites relative to those who present later. The fact that the Decision-DO time is extended suggests that the process of thrombolysis may actually delay transfers slightly. This effect might be potentially reduced by using tenecteplase instead of alteplase for thrombolysis, which is just a bolus dose and not an infusion.

Although there may be too many variables in the telestroke-guided retrieval process to fully control for, our study raises a few potential roles for decision support in this process, with the overarching goal of reducing delays. One such role might be to integrate the entire retrieval process, so there is a uniform approach for all transfers. For example, once the decision to transfer for ECR has been made in a particular case, a decision support system may work via a platform that helps to coordinate the retrieval process in real time and generate the most appropriate transfer strategy (taking into account factors such as distance, current weather conditions, availability of aircraft and landing stations, and need for intubation before transfer).

Another role for decision support might be in helping to activate the retrieval service. Ideally, the retrieval system could be activated for suspected LVO patients even before the formal decision by the telestroke neurologist. For example, decision support could facilitate ED and ambulance staff to activate the retrieval pathway even prior to consultation with the telestroke neurologist if certain clinical or imaging criteria are met, with the capacity to abort the transfer later if needed. This may serve to reduce Decision-DO in our population, although its implementation is likely to be hindered by transport limitations.

Besides the limited generalizability of our results due to small sample size and heterogeneity of our rural spoke sites, it was beyond the scope of our analysis to measure patient outcomes. Although we did not specifically look at patient outcomes, we instead studied key time metrics associated with DIDO, and by inference, the optimization of these metrics would likely serve to improve patient outcomes. The basis for this is that it is already well-established that delays in DIDO equate to delayed recanalization and hence are detrimental to patient outcomes (12). For similar reasons, we could not adequately compare helicopter and fixed wing retrievals. Some of our data were collected retrospectively. We were unable to account for less predictable factors, which could potentially affect transfers such as the effects of peak-hour traffic, aircraft availability, and refueling protocols.

In conclusion, DIDO in rural areas is longer than described in metropolitan areas. DIDO is longer for air retrievals compared with road. Decision-DO time represents the most important component of DIDO and hence a potential target for future interventions to improve transfer workflow. Decision-DO varies depending upon transport modality, being longer for air travel than road. Systems for rapid transportation of rural ECR candidates need optimization to minimize delays to treatment and ensure best patient outcomes, with decision support seen as a potential tool to achieve this.
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Background and Purpose: Stroke-related functional risk scores are used to predict patients' functional outcomes following a stroke event. We evaluate the predictive accuracy of machine-learning algorithms for predicting functional outcomes in acute ischemic stroke patients after endovascular treatment.

Methods: Data were from the Precise and Rapid Assessment of Collaterals with Multi-phase CT Angiography (PROVE-IT), an observational study of 614 ischemic stroke patients. Regression and machine learning models, including random forest (RF), classification and regression tree (CART), C5.0 decision tree (DT), support vector machine (SVM), adaptive boost machine (ABM), least absolute shrinkage and selection operator (LASSO) logistic regression, and logistic regression models were used to train and predict the 90-day functional impairment risk, which is measured by the modified Rankin scale (mRS) score > 2. The models were internally validated using split-sample cross-validation and externally validated in the INTERRSeCT cohort study. The accuracy of these models was evaluated using the area under the receiver operating characteristic curve (AUC), Matthews Correlation Coefficient (MCC), and Brier score.

Results: Of the 614 patients included in the training data, 249 (40.5%) had 90-day functional impairment (i.e., mRS > 2). The median and interquartile range (IQR) of age and baseline NIHSS scores were 77 years (IQR = 69–83) and 17 (IQR = 11–22), respectively. Both logistic regression and machine learning models had comparable predictive accuracy when validated internally (AUC range = [0.65–0.72]; MCC range = [0.29–0.42]) and externally (AUC range = [0.66–0.71]; MCC range = [0.34–0.42]).

Conclusions: Machine learning algorithms and logistic regression had comparable predictive accuracy for predicting stroke-related functional impairment in stroke patients.

Keywords: machine learning, acute ischemic stroke, functional outcome, clinical risk prediction, discrimination calibration


INTRODUCTION

Prognostic risk scores that use patient characteristics to predict functional outcomes in stroke patients are of increasing importance for aiding clinical decisions in stroke management (1). Examples of these prognostic tools include Ischemic Stroke Predictive Risk Score (ISCORE) (2), the Acute Stroke Registry, and Analysis of Lausanne (ASTRAL) (3) and Dense Artery, mRS, Age, Glucose, Onset-to-Treatment, and NIHSS (DRAGON) (4), among others. These models combine multiple predictors to provide insight into the relative or absolute risk of functional impairment for each patient and a simple risk scoring system that allows for their use in busy clinical settings (5–8). These scores are particularly of interest in both routine clinical practice and policy administration for discharge planning, quality improvement, management of prognostic expectations in stroke patients, and resource allocation (9).

One characteristic feature of these prognostic risk scores is that they are mostly developed based on regression models and have shown moderate to good discriminatory accuracy (AUC range = [66 and 88%]) for predicting 90-day functional outcomes in ischemic stroke patients (10). However, these risk scores are inherently limited to a number of reasons. First, existing scores are mostly developed on a highly selective population obtained from randomized controlled trials, which are not representative of the population of stroke patients being seen in acute care settings. Second, the risk scores are mostly developed using a small set of clinical predictors, ignoring the available rich information on patients' clinical, imaging, and behavioral characteristics that may be predictive of the outcome of interest. Third, these risk scores are rarely validated in other external cohorts; they tend to demonstrate poor predictive accuracy even when validated in external cohorts.

Machine learning (ML) algorithms constitute a promising class of methods for developing prognostic models. In recent times, there has been an increased focus on ML algorithms and their potential to revolutionize clinical research, especially in precision medicine. ML algorithms explore both linear and non-linear interactions among predictors while maximizing the information in them to improve the accuracy of outcome predictions. Despite its attractive features and touted potentials, there is still limited uptake of ML for developing prognostic risk scores for stroke patients (10).

In this study, we examine the predictive performance of ML algorithms for predicting a 90-day functional impairment risk after acute ischemic stroke. We hypothesized that the predictive performance of ML would be comparable to the regression-based risk prediction models.



METHODS

The study is reported according to the Transparent Reporting of a multivariable prediction model for Individual Prognosis Or Diagnosis (TRIPOD) checklist for prediction model development and validation (11).


Data Sources

This study used prospectively collected multicenter observational studies of ischemic stroke patients to develop and validate the ML algorithms for predicting the patient-specific risk of functional impairment. These data sources are described as follows, and the ethics approval were sought from the University of Calgary Conjoint Health Research Ethics Board (REB14-2012 and REB14-2015).



Precise and Rapid Assessment of Collaterals With Multi-Phase CT Angiography (PROVE-IT) (12)

PROVE-IT is a prospective multi-center hospital-based cohort study of 614 patients with acute ischemic stroke presenting within 12 h of stroke symptom onset with evidence of intracranial occlusion on routine computed tomography angiography CTA and treated with intravenous alteplase and/or intra-arterial therapy. Patients underwent baseline unenhanced CT, multiphase CT angiography, and perfusion CT. Both demographic, clinical, and imaging data were collected on study participants across these centers. The primary outcome was patients' 90-day functional status measured by the mRS. The study was conducted over a 3-year period. Details about this study have been published elsewhere (12).



Identifying New Approaches to Optimize Thrombus Characterization for Predicting Early Recanalization and Reperfusion With IV tPA Using Serial CT Angiography (INTERRSeCT) (13)

INTERRSeCT is a prospective multi-center hospital-based cohort of patients treated with intravenous alteplase comparing the rates of early recanalization in 684 patients. Patient eligibility included the following: presentation to the emergency department with symptoms consistent with ischemic stroke 12 h from last known well, age at least 40 years, and a baseline CTA (before alteplase bolus, if given) with evidence of a symptomatic intracranial thrombus. This study compared rates of early recanalization by location of primary intracranial or extracranial artery occlusion. The primary radiological outcome was recanalization, while the primary clinical outcome was functional independence, as measured by the mRS (range, 0 [no symptoms] to 6 [death]) at 90 days. Details about this study have been published elsewhere (13). A subset of 507 patients were included in this study, and the rest of the patients were excluded for being a participant in the PROVE-IT study.

Data from both study cohorts are not publicly available because of data protection laws imposed by University of Calgary Conjoint Health Research Ethics. But datasets might be available from the institutional CHRED for research who meet the criteria for access to confidential data.



Statistical Analysis

Descriptive statistics were used to compare patients' demographic and clinical characteristics in both training and validation datasets. Similarly, descriptive analyses of patients' characteristics by 90-day functional status (i.e., mRS > 2 vs. mRS ≤ 2) were conducted for each training and validation cohorts. Univariate associations between each categorical/continuous predictor variable and 90-day function outcome were assessed using the chi-square test and Wilcoxon rank-sum tests, respectively. For each cohort, predictors on which missing data were more than 50%, and/or predictors for which the ratio of the levels of categorical features are more than 4:1 in either cohorts were excluded from the analyses. Median imputation method was used to impute missing data in both cohorts. In addition, given the slight imbalance in the distribution of patients by functional outcome, an under-sampling of majority subgroup (mRS ≤ 2 subgroup) was adopted to mitigate the influence of class imbalance on the accuracy of the investigated models in both cohorts.

Functional impairment risk prediction models developed based on support vector machine, random forest, C5.0 decision tree, adaptive boost machine, classification and regression tree, least absolute shrinkage, and selection operator (LASSO) logistic regression, and conventional logistic regression models were trained using under-sampled data from the PROVE-IT study and validated in the INTERRSeCT study. For each cohort, model predictors were scaled to ensure comparability of accuracy across several models. Specifically, predictor scaling was performed in each shuffle in the outer loop and that imputed and scales values were based on the training set both for both cohorts. Two variable selection strategies were adopted for deriving the most accurate risk prediction model for all the ML and regression algorithms, namely; (1) clinical expert knowledge, and (2) automated variable selection. Model predictors were selected based on the knowledge of the literature by two stroke neurologists on our team (BKM, MDH) and their presence in both PROVE-IT and INTERRSeCT cohorts. These predictors included age, NIHSS, treatment received, blood glucose, systolic blood pressure, diastolic blood pressure, hypertension, and diabetes. On the other hand, an automated variable selection method based on rank ordering of the full set of predictors was used to predict 90-day functional outcome. In both approaches, a grid search of the optimal hyper parameter (i.e., hyper parameter tuning) was used to train and derive the most accurate models common to both PROVE-IT and INTERRSeCT cohorts) for each type of model. For LASSO regression, a L1 regularization that shrinks the coefficients effect size of the less important variables toward zero. For random forest, classification and regression trees, and C5.0 decision tree, the optimal number of trees was obtained by grid search while avoiding model overfitting and optimal accuracy. The optimal accuracy of the support vector machine and adaptive boost were obtained by tuning the hyper-parameters using a grid search cross-validation. For the conventional logistic regression, backward elimination was used to determine the most parsimonious model.

Furthermore, predictors in the training data were ranked according to their relative contribution to the prediction of 90-day functional outcomes using a variety of variable importance metrics. For random forest model, the mean decrease in Gini coefficient, which measures how each variable contributes to the homogeneity of the nodes and leaves, was used to rank the variables. Variables with larger Gini index were considered more important (14). For support vector machine and adaptive boosting, the relative importance of each predictor was evaluated based on their unique contribution, as measured by AUC, to the prediction of 90-day functional outcome. On the other hand, the mean decrease in impurity of each surrogate variables at each node was used to evaluate the relative contribution of the predictors in C5.0 and classification and regression trees. For LASSO and the conventional logistic regression models, the magnitude of the standardized logistic regression coefficients was used rank order the predictors according to their importance (15). The absolute values of the importance metrics for all the predictors were scaled to unit norm, in order to ensure comparable rank ordering across all the investigated models (16).

Furthermore, the predictive accuracy of both ML and logistic regression models were assessed using both internal cross-validation (PROVE-IT) and external validation (INTERRSeCT). In the former, the prediction models were trained using data obtained from the PROVE-IT study via a repeated 3-fold cross-validation method. Specifically, the PROVE-IT dataset was randomly split, with two-thirds of the data used for model development and the remaining one-third for internal validation. This process was repeated 500 times by sampling the original data with replacement. In the latter, predictors in the INTERRSeCT data were scaled using parameters from the PROVE-IT study before validating the trained in this cohort.

The predictive performance of each model was examined using sensitivity, specificity, the area under the receiver operating characteristic curve (AUC), and Mathew's correlation coefficient (MCC). MCC measures the strength of association between observed and predicted binary classification. MCC values ranges between −1 and +1; the former represents total disagreement between observed and predicted binary classifications, while the latter represents perfect agreement (i.e., perfect prediction) (17, 18).

Moreover, both brier scores and calibration plots were used to assess the calibration performance of all the models trained and validated in the PROVE-IT and INTERSECT cohorts, respectively (19). In contrast, calibration curves for all the ML and regression-based algorithms based on automated and clinical expert knowledge predictor selection methods were plotted. A perfectly calibrated model should have all the points line on a 450 diagonal line to the x- and y-axes; the greater the deviation of the calibration curve from this diagonal line, the poorer the model calibration. The development and validation of models was checked against the recommendations for reporting in the TRIPOD statement (see Appendix A in Supplementary Material). Statistical significance was evaluated at α = 0.05. All the analyses were conducted using several packages (20–26) in R software v 3.6.1 (27).




RESULTS

Table 1 describes the demographic and clinical characteristics of patients between PROVE-IT and INTERRSeCT study cohorts. Of the 614 patients in the PROVE-IT study, all the study predictors had no more than 10% missing values, except for imaging. Similarly, of the 507 patients in the INTERRSeCT study, all the study predictors had less than 10% missing values, except for imaging, hemoglobin, partial thromboplastin time, and history of hemoglobin (See Appendix B in Supplementary Material). In addition, history of congestive heart failure, history of heart disease, and smoking had skewed distributions across their categorical levels. These seven variables were excluded from our main analyses. There were no significant differences between both cohorts with respect to patients' demographical and clinical characteristics. Tables 2, 3 describes the demographic and clinical characteristics of patients according to their 90-day functional outcome in PROVE-IT and INTERRSeCT cohorts, respectively. In both cohorts, patients with mRS > 2 tend to be older patients (p < 0.01) with more severe stroke (p < 0.01), and comorbid hypertension (p < 0.01).


Table 1. Descriptive characteristics of PROVE-IT and INTERRSeCT study participants.
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Table 2. Descriptive characteristics of patients in PROVE-IT study.
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Table 3. Descriptive characteristics of patients in the INTERRSeCT Study.
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Figures 1, 2 describe the relative importance of the predictor variables with respect to the prediction of 90-day functional outcomes in ischemic stroke patients for ML and logistic regression models in imputed PROVE-IT data. Age and NIHSS were ranked as the two most important predictors of 90-day functional outcomes for almost all the models, regardless of the predictor selection strategy. But there are variations in the rank ordering other less important variables across all the investigated models.


[image: Figure 1]
FIGURE 1. Rank ordering of machine learning and regression model predictors (selected based on clinical expert knowledge). NIHSS, National Institute of Health and Stroke Scale; SBP, Systolic Blood Pressure; DBP, Diastolic Blood Pressure; Trtmt, Treatment; Hxdiab, History of Diabetes; Hxhtn, History of Hypertension; LASSO, Least Absolute Shrinkage Selection Operator.



[image: Figure 2]
FIGURE 2. Rank ordering of machine learning and regression-based model predictors (automated variable selection). NIHSS, National Institute of Health and Stroke Scale; SBP, Systolic Blood Pressure; DBP, Diastolic Blood Pressure; Trtmt, Treatment; Hxdiab, History of Diabetes; Hxhtn, History of Hypertension; Hxafib, History of Atrial Fibrillation; Plt, Partial Thromboplastin Time; Inr, International Normalize Ratio; Creat, Creatinine; Hemacrt, Hematocrit; LASSO, Least Absolute Shrinkage Selection Operator.


Table 4 describes the predictive accuracy of investigated models in the PROVE-IT data when the predictors were selected based on automated variable selection and clinical expert knowledge. There were negligible differences in the accuracy of ML and regression-based models, regardless of the variable selection method adopted. For example, for models trained using predictors derived from clinical expert knowledge, the average AUC and MCC for LASSO logistic regression were 0.71 (95%CI = [0.53, 0.71]) and 0.43(95%CI = [0.32, 0.55]); whereas the average AUC and MCC for random forest were 0.67 (95%CI = [0.61, 0.73]) and 0.34 (95%CI = [0.22, 0.46]). Similar patterns were observed for both sensitivity and specificity values across the models. Moreover, when these models were validated externally in the INTERRSeCT cohort (Table 5), similar patterns of negligible differences in the AUCs and MCCs of ML and logistic regression algorithms were reported, regardless of the variable selection strategies adopted.


Table 4. Predictive accuracy (95%CI) of regression and ML models in PROVE-IT data (internal validation).
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Table 5. Predictive accuracy (95%CI) of regression and ML models in INTERRSeCT data (external validation).
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Moreover, there were no significant differences in Brier scores for ML and regression-based models across both training and validation cohorts, regardless of the variable selection strategy adopted (Tables 4, 5). But graphical examination of calibration for LASSO logistic and conventional logistic regression models showed that both models had fairly good calibration in high-risk individuals but they slightly under-estimated or over-estimated the risk of poor functional outcome (mRS > 3) in low risk in individuals. In contrast, the calibration slopes for classification and regression tree exhibited moderate departures from the diagonal line, suggesting moderately poor calibration. But the random forest, C5.0 decision tree, support vector machine and adaptive boosting significantly over-estimated and/or under-estimated the probability of poor functional outcomes in low risk and high risk individuals (See Figures 3, 4).


[image: Figure 3]
FIGURE 3. Calibration plots for externally validated ML and regression-based models based on predictors derived via clinical expert knowledge. RF, Random Forest; SVM, Support Vector Machine; C5.0, C5.0 Decision Tree; ADA, Adaptive Boost Machine; CART, Classification and Regression Tree; LR, Logistic Regression; LASSO, Least Absolute Shrinkage and Selection Operation.



[image: Figure 4]
FIGURE 4. Calibration plots for externally validated ML and regression-based models based on automated predictor selection. RF, Random Forest; SVM, Support Vector Machine; C5.0, C5.0 Decision Tree; ADA, Adaptive Boost Machine; CART, Classification and Regression Tree; LR, Logistic Regression; LASSO, Least Absolute Shrinkage and Selection Operation.




DISCUSSION

This study examined the predictive accuracy of regression-based and ML models for predicting functional outcomes in stroke patients. Our analyses revealed that ML algorithms and logistic regression models had comparable predictive accuracy when validated internally and externally. Our findings buttress current evidence from other published studies (28–33) that already showed that the logistic regression and ML algorithms had comparable predictive accuracy in empirical clinical studies. A recently published systematic review found no evidence of the superior predictive performance of ML models over logistic regression models in clinical studies (32). Also, Van Os et al. (33) also explored the use of ML algorithms for predicting 90-day functional outcomes in MR CLEAN registry, a Dutch database of stroke patients who received endovascular treatment, and concluded that ML algorithms did not exhibit superior predictive accuracy over logistic regression models. These studies, while similar to ours in their use of feature selection predictor selection, relied on a relatively larger sample size than ours (N > 1,000) but lacked validation of their prediction algorithms in external cohorts.

Moreover, our calibration plots revealed that logistic regression models had good calibration but ML algorithms had poorer calibration despite having comparable Brier scores. In fact, the majority of the ML algorithms had either overfitting or under-fitting problems in correctly predicting patients' functional outcomes despite having Brier scores and AUCs that are comparable to those in logistic regression models. This highlights the inherent limitation of interpreting Brier score, which is a composite measure of both discrimination and calibration, in terms of calibration alone (19). Therefore, our conclusions about the calibration of ML algorithms are based on the calibrations curves rather than Brier scores. This is consistent with recommendations by Rufibach (19) who cautioned against erroneous interpretation of the low Brier score as indicative of good calibration. On the other hand, our evaluation of the relative importance of the predictor variables in risk prediction models based on ML and logistic regression revealed that age and stroke severity (measured by NIHSS) were the most important predictors of 90-day functional outcome that are common across all the models. This is consistent with findings from existing prognostic risk scores for predicting functional outcomes in ischemic stroke (3, 34–36), many of which have identified stroke severity (measured by NIHSS) and age as most important predictors of 90-day functional outcomes in ischemic stroke patients.

A unique strength of this study is the examination of both the discrimination and calibration of the investigated ML and regression-based risk prediction models. Unlike most clinical prediction studies that lack external validation of their findings, the external validation of these ML and regression-based functional impairment risk prediction models developed in another observational stroke registry is also a unique feature of this study. Despite these strengths, this study is not without its limitations, which might have influenced our study conclusions. First, this study focused primarily on regression and ML models for predicting binary outcomes to derive more accurate estimates of functional impairment risk. Our conclusions are based on empirical analysis of observational cohorts of acute stroke patients. This might limit the generalizability of findings to other populations. For example, both PROVE-IT and INTERRSeCT are small-sampled hospital cohorts and study predictors are those collected in acute care settings. Other important post-acute care risk factors, such as social support, imaging, and stroke rehabilitation, which are known to be predictive of 90-day functional impairment risk, were either not at our disposal or had significant missing data (37, 38). Future research will examine the robustness of our conclusions in large observational cohorts and through the use of computer simulations to study the performance of these models under a variety of different data analytic conditions. Second, our choice of PROVE-IT study cohort as the training cohort was driven by our initial access to this multicenter prospective observational study led by members of our team (BKM, MDH) and the relatively smaller rate of missing observations in PROVE-IT. It is possible that our conclusions might be different if INTERRSeCT study was used to train and develop the models while PROVE-IT study is used for external validation. Third, we have adopted mRS02 as the binary cut off point for good outcomes. It is possible that our study conclusions might be sensitive to others definitions of the good outcome functional outcomes (e.g., mRS01, or mRS03). Finally, median imputation method to impute missing observations in both cohorts was used. Future research will use sensitivity analyses will examine the robustness of our study conclusions to different types of imputation methods such as the multiple imputation chain equation methods.

In conclusion, ML and regression-based models have comparable predictive accuracy in predicting functional outcomes in stroke patients. We recommend that the choice between among these classes of models should be guided by important considerations as study design characteristics, data quality, and its utility in clinical settings.
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A stroke prediction model based on the Prediction for Atherosclerotic Cardiovascular Disease Risk in China (China-PAR) project was developed. We compared its predictive ability with the revised Framingham Stroke Risk Score (R-FSRS) for 5-year stroke incidence in a community cohort of Chinese adults, namely the Beijing Longitudinal Study of Aging (BLSA). Calibration, discrimination, and recalibration were used to compare the predictive ability between the two prediction models. Category-less net reclassification improvement (NRI) and integrated discrimination improvement (IDI) values were also assessed. During a mean follow-up duration of 5.1 years, 106 incidents of fatal or non-fatal strokes occurred among 1,203 participants aged 55–84 years. The R-FSRS applied to our cohort underestimated the 5-year risk for stroke in men and women. China-PAR performed better than the R-FSRS in terms of calibration (men, R-FSRS: χ2-value 144.2 [P < 0.001], China-PAR: 10.4 [P = 0.238]; women, R-FSRS: 280.1 [P < 0.001], China-PAR: 12.5 [P = 0.129]). In terms of discrimination, R-FSRS and China-PAR models performed modestly in our cohort (C-statistic 0.603 [95% CI: 0.560–0.644] for men using China-PAR and 0.568 [95% CI: 0.524–0.610] using the R-FSRS; the corresponding numbers for women were 0.602 [95% CI: 0.564–0.639] and 0.575 [95% CI: 0.537–0.613). The recalibrated China-PAR model significantly improved the discrimination in C statistics and produced higher category-less NRI and IDI for stroke incidence than the R-FSRS. Although China-PAR fairly estimated stroke risk in our cohort, it did not sufficiently identify adults at high risk of stroke. Caution would be exercised by practitioners in applying the original China-PAR to Chinese older adults. Further studies are needed to develop an adequate prediction model based on the recalibrated China-PAR or to find new risk markers which could upgrade this model.

Keywords: stroke, risk factors, prediction score, primary prevention, cohort study


INTRODUCTION

Stroke is the second most prevalent cause of death and disability (1), particularly in the aged population, which presents a large proportion of the Chinese population, with population aging having significantly increased stroke incidence (2). The prevalence and incidence of stroke have increased in China over the past 3 decades. Current statistics demonstrate that an estimated 2.4 million incidents of strokes occur annually, adding to the pool of 11.1 million stroke survivors who return to community after treatment at the acute stage (3). Thus, an effective screening tool is required for identifying adults at high risk of stroke for primary prevention, which might be the best choice for cost/benefit balance in managing stroke.

Several multivariate risk prediction models have been developed following the original Framingham Stroke Risk Score (FSRS), which is based on various vascular risk factors for predicting the risk of initial stroke (4–8). The FSRS has been the most widely used tool worldwide, and the revised Framingham Stroke Risk Score (R-FSRS), which is the most recent version to reflect the temporal trends, was published in 2017 (8). However, most prediction models have been developed based on Western populations. Therefore, applying these models to the Chinese population might not be appropriate. In 2019, Xing et al. (9) established a new stroke prediction model aimed at predicting stroke risk among Chinese individuals included in the Prediction for Atherosclerotic Cardiovascular Disease Risk in China (China-PAR) project. The China-PAR stroke risk models were developed based on a middle-aged cohort (40–79 years, mean age 48.6 years) and included factors such as age and age-related diseases. However, whether these findings are generalizable in elderly populations of the community is unknown.

The present study aimed to assess the external validity of the China-PAR stroke risk models in a community cohort of Chinese adults aged 55 years and over, namely the Beijing Longitudinal Study of Aging (BLSA), and to compare this prediction model with the R-FSRS.



MATERIALS AND METHODS


Study Population

We used data from the BLSA to validate the R-FSRS and China-PAR 10-year stroke prediction models. The study design has already been reported elsewhere (10, 11). The BLSA was a prospective population-based cohort study to investigate health conditions in residents aged 55 years and over in Beijing, China. Briefly, a stratification-random clustering procedure was applied to the sample to ensure representativeness in terms of the average age, education, and economic level. The present study was based on the survey conducted in 2009. Among all 2468 participants aged 55 years and older, 2089 (84.6%) completed the follow-up survey with a mean follow-up time of 4.8 years.

The R-FSRS was developed to assess the risk of stroke in individuals aged 55–84 years with no history of stroke (8). The China-PAR was mainly developed based on Chinese individuals aged 35–74 years to predict the 10-year risk of stroke (12). In order to make the samples as comparable as possible, we excluded participants aged 85 years or older. Among all participants, 1,203 were eligible for analysis after excluding those with history of stroke (n = 297), aged over 84 years (n = 153), and with missing data on measurements of blood specimens (n = 815; Supplementary Figure 1).



Risk Factors Measurement

All enrolled participants were asked to complete the baseline assessment, which consisted of answering a questionnaire and undergoing a physical examination, a fasting blood sample collection.

All enrolled participants were asked to complete a questionnaire survey conducted by well-trained medical students using standardized methods. The questionnaire covered a wide range of variables, including demographic characteristics; life-style habits (smoking and drinking status); history of stroke, heart disease, hypertension, diabetes, hyperlipidemia, and other chronic diseases related to aging; and the use of medication.

Before the examination, each subject was asked to rest for ≥20 min. The sitting blood pressure (BP) was measured twice on the right arm in 2–5-min intervals, and the mean of the two measurements was calculated and use for the analysis. BP was measured using a standard mercury sphygmomanometer. The measurements of height and body weight were also collected for each subject.

Blood samples were collected from the subjects in the morning after an overnight fast, centrifuged to collected the serum, stored in a refrigerator at 2–8°C, and transferred to a central laboratory (IPE Center for Clinical Laboratory, Beijing, China), which performed all analyses within 24 h. Total cholesterol, triglyceride, high-density lipoprotein cholesterol (HDL-C), low-density lipoprotein cholesterol, fasting blood glucose (FBG), and high-sensitivity C-reactive protein levels were determined by a Hitachi 7600 automatic analyzer (Hitachi High-Technologies Corporation, Tokyo, Japan).



Follow-up and Study Outcomes

In December of 2014, a follow-up survey was performed to investigate the outcomes of each subject who underwent the 2009 baseline assessment. A door-to-door survey was conducted by well-trained graduate students of medicine. Information on possible new cases of stroke and deaths that occurred during the follow-up period was collected. The study subjects' medical and health insurance in local medical clinics were also reviewed by the physicians who participated in the follow-up survey. The local government death records kept at the Center for Disease Control (CDC), were also reviewed to collect the date and causes of death. In China, the CDC is in charge of death statistics, and the underlying causes of death are coded according to the principles of the 10th version of the International Classification of Diseases (ICD-10). Codes I63.0-I63.9 and I60.0-I62.9 represent fatal stroke. The study outcome was defined as stroke occurrence.



Definitions

Hypertension was defined following the Joint National Committee guideline (JNC VII) (13) to include subjects with systolic BP (SBP) ≥ 140 mmHg or/and diastolic BP (DBP) ≥ 90 mmHg, or those with a history of hypertension or taking anti-hypertension medications. The diagnosis of diabetes was based on the American Diabetes Association criteria as FBG ≥ 7.0 mmol/L (126 mg/dL) (14), having a history of diabetes, or taking hypoglycemic medication. Smokers included current and ex-smokers for those who had quit smoking for > 2 years.



Prediction Models

We calculated the stroke risk for each BLSA participant using the published models of the R-FSRS (15) and China-PAR 10-year stroke risk models (9). Supplementary Table 1 presents the predictor variables used in the R-FSRS and China-PAR models. Although family history of stroke was used in the China-PAR 10-year stroke risk model, it was not assessed in the BLSA. Therefore, for this factor, missing values were attributed to all participants. All participants in the BLSA data lived in northern China, and, therefore, no Cox hazard regression coefficient could be estimated. For these analyses, the 5-year baseline survival rate was replaced to predict the 5-year stroke risk based on the 10-year risk models.

To compare the performance of the two prediction models, three versions of each model were used to calculate the 5-year stroke risk for every participant (16). The three versions of the prediction models differed in terms of baseline survival rate, the means of the risk factors, andthe Cox hazard regression coefficients of risk factors. The original versions of the prediction models used these parameters based on the original research, thus possibly overestimating or underestimating the stroke risk of participants. Therefore, the adjusted versions could optimize data fit. We used the mean values of risk factors and baseline survival rate, which were derived from BLSA data in the adjusted versions. In theory, we could produce a suitable prediction model by adopting coefficients of risk factors to compensate for different background incidence rates in different populations (17). To represent the best possible risk function for BLSA data, we updated the mean values of risk factors to represent the current prevalence, updated the baseline survival rate of stroke to represent current rates, and updated cox hazard regression coefficients to represent current associations in the recalibrated prediction models. The cox hazard regression coefficients for components in the models were compared (Supplementary Tables 2, 3).



Statistical Analysis

Risk factors are summarized for sex-specific groups as mean (SD) for continuous variables and percentile for categorical variables. Chi-square test or Fisher's exact test was used for comparing categorical variables, and the t-test or the Kruskal–Wallis test for comparing continuous variables. The Kaplan–Meier product-limit method was used to estimate the survival rate.

Calibration and discrimination were used to evaluate the predictive capabilities of all prediction models. Calibration, which measured how closely the predicted stroke risk fit the observed stroke risk, was assessed using the Hosmer–Lemeshow goodness-of-fit test. Values of χ2 more than 20 were considered to indicate significant lack of calibration (P < 0.01).

Discrimination of all prediction models was assessed using C statistics. Differences in C statistics between the two prediction models were evaluated using the method by DeLong et al. Category-less net reclassification improvement (NRI) and integrated discrimination improvement (IDI) values were also assessed (18).




RESULTS


Baseline and Follow-Up Information

Of the 1,203 participants in our analysis, 537 (44.6%) were men; the mean age of participants was 68.6 years. The overall and sex-specific baseline characteristics of the participants selected for this analysis are summarized in Table 1. Compared with women, men were older and had lower total cholesterol values (all P < 0.05). The proportions of participants with diabetes and of those taking antihypertensive medication were smaller among men than among women, whereas the proportion of current smokers was substantially greater among the former (all P < 0.05).


Table 1. Baseline of characteristics of study participants by sex.
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By the end of 2014, follow-up was conducted for a total of 6,139 person-years.

During a mean follow-up duration of 5.1 years, 106 incidents of fatal or non-fatal strokes (in 50 men and 56 women) occurred. The follow-up rate was 87.5%, with 150 participants lost to follow up. The 5-year cumulative incidence of stroke was 1,851.9 per 100,000 person-years and 1,628.3 per 100,000 person-years in men and women, respectively.



Calibration

We found that the China-PAR performed better than the R-FSRS in terms of calibration (men: R-FSRS: χ2 value 144.2 [P < 0.001], China-PAR: 10.4 [P = 0.238]; women: 280.1 [P < 0.001], and 12.5 [P = 0.129]). The calibration plots indicated that the R-FSRS underestimated the expected stroke rate among men and women compared to the observed rates (Figures 1A,B). Compared with the original R-FSRS, the adjusted R-FSRS showed improved model calibration (men: χ2 value 39.5 [P < 0.001]); women: χ2 value 31.7 [P < 0.001]); however, this model still slightly overestimated stroke risk among men and underestimated stroke risk among women (Figures 1C,D). Calibration plots (Figures 1E,F) showed that the recalibrated R-FSRS model did not underestimate or overestimate stroke events among men and women (all calibration χ2 values <20). As also shown in Figure 2, both the adjusted and recalibrated China-PAR performed well in the calibration analysis (all calibration χ2 values <20). In addition, the recalibrated China-PAR had the lowest calibration χ2 values in all prediction models.
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FIGURE 1. Calibration of the original R-FSRS (A,B), adjusted R-FSRS (C,D), and recalibrated R-FSRS (E,F) in BLSA men and women. R-FSRS, revised Framingham Stroke Risk Scores; BLSA, Beijing Longitudinal Study of Aging.
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FIGURE 2. Calibration of the original China-PAR (A,B), adjusted China-PAR (C,D), and recalibrated China-PAR (E,F) in BLSA men and women. China-PAR, Prediction for ASCVD Risk in China; BLSA, Beijing Longitudinal Study of Aging.




Discrimination

As shown in Table 2, the R-FSRS and China-PAR models performed modestly in our cohort (C statistic: 0.603 [95% CI: 0.560–0.644] for men using China-PAR and 0.568 [95% CI: 0.524–0.610] using the R-FSRS; the corresponding values for women were 0.602 [95% CI: 0.564–0.639] and 0.575 [95% CI: 0.537–0.613]). C-statistic values of the adjusted China-PAR and R-FSRS were similar to those of the original models. Figure 3 displays the differences in C statistics between the China-PAR, R-FSRS, and recalibrated prediction models. There were no significant differences in C statistics for stroke between the China-PAR and R-FSRS for both sexes. The performance of the recalibrated China-PAR model was excellent as suggested by C statistics (men: 0.748 [95% CI: 0.709–0.784]; women: 0.761 [95% CI: 0.727–0.793. According to the China-PAR model, the recalibrated China-PAR showed a significant improvement in performance C statistics from 0.603 to 0.748 (C statistics difference: 0.145, 95% CI: 0.062–0.229) in men and from 0.602 to 0.761 (C statistics difference: 0.159, 95% CI: 0.079–0.240) in women. In contrast, C statistics for the performance of the recalibrated R-FSRS for men improved from 0.568 to 0.648 (C statistics difference: 0.081, 95% CI: 0.009–0.152). Although the R-FSRS and China-PAR models both updated the mean values of risk factors, survival rate of stroke, and cox coefficients in order to represent the best possible risk function for BSLA data, the recalibrated China-PAR could better identify individuals at a high risk of stroke than did the recalibrated R-FSRS (men: C statistics, 0.748 vs. 0.648, C statistics difference: 0.100, 95% CI: 0.024–0.176; women: C statistics: 0.761 vs 0.621,; C statistics difference: 0.140, 95% CI: 0.051–0.230). There was no significant difference in C-statistic values between the recalibrated and original R-FSRS (C statistics: 0.621 vs. 0.575, C statistics difference: 0.046, 95% CI: −0.010 to 0.101) in women.


Table 2. Validation of 5-year stroke risk prediction by the three versions of R-FSRS and China-PAR in men and women.
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FIGURE 3. Differences in C statistics between the China-PAR, R-FSRS, and recalibrated prediction models in BLSA men and women. R-FSRS, revised Framingham Stroke Risk Scores; China-PAR, Prediction for ASCVD Risk in China; BLSA, Beijing Longitudinal Study of Aging.


The category-less NRI for China-PAR, R-FSRS, and their recalibrated versions were calculated from the difference in the estimated risk of stroke moving up and down among these prediction models (Table 3). Compared with the R-FSRS model, the China-PAR model could not improve risk classification for the 5-year stroke risk, as evidenced by the category-less NRI in men (0.004 [95% CI: −0.004 to 0.012]) and in women (0.007 [95% CI: −0.003 to 0.016]). However, the IDIs were improved both in men (0.018 [95% CI: 0.0020–0.033]) and in women (0.014 [95% CI: 0.001–0.027]). Similar results were observed when comparing the recalibrated with the original R-FSRS. The recalibrated China-PAR models were more likely than the original China-PAR models to provide higher category-free NRI among men (0.617 [95% CI: 0.342–0.894]) and women (0.611 [95% CI: 0.344–0.879]). This discrimination improvement was also confirmed by IDI among men (0.056 [95% CI: 0.023–0.090]) and women (0.092 [95% CI: 0.054–0.130]). Reclassification analyses also showed higher category-free NRI and IDI for 5-year stroke incidence when comparing the recalibrated China-PAR to the recalibrated R-FSRS models.


Table 3. Category-less NRI and IDI between R-FSRS, China-PAR, and their recalibrated versions.
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DISCUSSION

The China-PAR stroke risk prediction model is the most recent tool to identify high-risk stroke adults in China (9). The validity of this risk model among samples of different age ranges has not been studied. To our knowledge, no previous study has compared the performances of the R-FSRS and China-PAR 10-year stroke risk models for the 5-year risk of stroke in a prospective community-based cohort of residents aged 55–84 years without known stroke at baseline. Compared with the R-FSRS model, the China-PAR model showed a better calibration and similar discriminative ability for the 5-year risk of stroke in our cohort. In contrast, the R-FSRS model underestimated the 5-year stroke. The recalibration analysis significantly improved the discriminative ability of China-PAR.

The FSRS, which is widely used for primary prevention of stroke, was established in 1991 to evaluate the 10-year risk of stroke in the western population aged 55–84 years (19). The FSRS was updated as R-FSRS to reflect the present situation of risk factors of stroke (8). Several studies have revealed conflicting results when applying these predictive models to different cohorts. The Reasons for Geographic and Racial Differences in Stroke study found that the use of the FSRS leads to overestimation in predicting stroke risk among black and white participants (20). An overestimation was also reported in the Three-City study, which validated the FSRS among French adults aged 65 years or older (16). The FSRS and R-FSRS were predictive of incident stroke in the Rotterdam study, which included 7966 stroke-free subjects (15). Similar results were also observed when evaluating stroke risk among participants of the Multi-Ethnic Study of Atherosclerosis (21). There are limited studies showing different results regarding the performance of these stroke risk models among Chinese individuals. The CIMIC study validated the R-FSRS among 34,357 Chinese participants aged 55-74 years at baseline recruited between 2007 and 2008 (9). The result revealed that discrimination was moderate based on C statistics (men: 0.668; women: 0.686), while calibration was poor in men (χ2 value: 120.3) and women (χ2 value: 123.7). The 5-year risk of stroke was underestimated by 43.1% for men and 50.7% for women. An underestimation of stroke risk using the R-FSRS model was also noted in the current study. However, recalibration analysis by BLSA data corrected this underestimation. This might be attributed to ethnic heterogeneities, distinct risk factors of stroke burden, and different treatment rates for risk factors between Chinese and Western populations (22–25). Furthermore, differences in the stroke incidence rate could be the direct factor explaining this result. In China, the age-standardized stroke incidence rate, estimated at 247 per 100,000 person-years, suggests that the absolute stroke incidence rate in China is the highest in the world (3).

Our results indicate that the calibration χ2 value is lower in the case of China-PAR than of the R-FSRS. In contrast, the China-PAR model may not have sufficient discriminatory ability (C statistics) to identify individuals at high risk of stroke in our cohort. Several factors might explain this moderate discriminatory ability. First, although the China-PAR model was developed in 2019, data on the derivation cohort were collected in 1998, whereas BLSA data were gathered in 2008. In fact, the predictive model might be slightly outdated because the management of stroke risk factors has considerably evolved during the past 20 years. Second, BLSA participants were older than China-PAR participants (68.6 vs. 48.6 years). In addition, BLSA participants had a higher mean SBP, higher total cholesterol levels and waist circumference; had lower mean HDL-C levels; used more antihypertensive medication; were more often smokers; and more of them had diabetes. Third, the R-FSRS was derived and validated in participants without stroke at baseline. Thus, the present study excluded participants with a history of stroke, and, since the China-PAR was established in cohorts without history of myocardial infarction (MI) and stroke, this could have influenced its performance. It thus may be unfair to compare the China-PAR with the R-FSRS in our cohort. Nevertheless, prevalent cardiovascular disease is a risk factor included in the R-FSRS. Moreover, both these prediction models consider stroke as their primary endpoint and were established for predicting personalized stroke risk among adults free of MI and stroke (China-PAR) or adults free of stroke (R-FSRS). Therefore, it is reasonable to compare the discriminative ability of the China-PAR and the R-FSRS for stroke incidence in the primary prevention cohort.

Compared with the China-PAR study, the follow-up duration of the BLSA was relatively shorter. Moreover, the C statistic of the China-PAR model for predicting the 5-year risk of stroke was reduced from 0.792 to 0.716 in men and from 0.802 to 0.715 in women among participants aged 55 years and older in the validation cohort of the China-PAR study (9). The recalibrated China-PAR model predicted a stroke incidence rate that was reasonably close to the observed one and meaningfully improved the ability to identify individuals at high risk of developing stroke in the future among BLSA participants. This also suggests that the recalibrated China-PAR model could be extended to apply to individuals aged 55-84 years in northern China. These findings suggest that a recalibration analysis reflecting the characteristics of the current population might be an effective solution. Moreover, the original prediction models should be developed for similar populations, in terms of same race, lifestyle, and so on. However, most clinicians might have trouble to recalibrate prediction risk models for their population. Therefore, caution should be exercised by practitioners when applying the original China-PAR model to Chinese older adults, as its ability to identify individuals at high risk of stroke is insufficient. Therefore, additional risk factors of stroke risk besides age are needed in Chinese older adults. Markers of atherosclerosis might be a choice (21, 26–28). Further work should be done to evaluate the value of such makers in improving the discriminative ability of models to predict stroke even in older populations.

The current study has several strengths, including the relatively large sample size, representativeness of local residents, and standardized processes for collecting baseline and follow-up information. Our study contains the following limitations. First, nearly one third of the participants in the BLSA cohort had missing data on laboratory measurements, which is common in cohort studies (12, 29). However, compared with individuals with missing data, those with complete data were younger and fewer of them had DM, which might have led to an underestimation of the prediction scores (Supplementary Table 4). Second, participants with atrial fibrillation (AF) and parental history of stroke were not included in our cohort, and these parameters were set to 0 when calculating risk by risk models; thus the risk of stroke might be underestimated. However, such an impact could be limited due to the low prevalence of AF among Chinese individuals (30). A parental history of stroke has been suggested as a predictor of stroke events (31). Nevertheless, it was used in the China-PAR stroke risk model only for men, while the predictive ability could be slightly influenced in men in our cohort, and it is a stronger risk factor in early onset stroke (age <55) (32, 33); thus, it may not be so important that participants without such history are missing from our cohort. Third, the adjudication of stroke fatality using ICD coding on death certificates may have good specificity but likely suboptimal sensitivity (34). Finally, due to the relatively short follow-up period, the modest discrimination ability of the prediction models in our cohort should be interpreted with caution. Additional research is required to confirm whether the performance of these prediction models could be improved with longer follow-up duration.



CONCLUSION

The present study revealed that the R-FSRS underestimates the 5-year absolute risk of stroke in a community-based Chinese population aged 55–84 years. Regardless of the fact that the China-PAR fairly predicted the risk of stroke, it showed a modest discrimination ability for incident of stroke. The recalibration process reasonably improved the discrimination ability of China-PAR. Further studies are needed to develop an adequate prediction model based on the recalibrated China-PAR and to identify new risk markers which could upgrade this model.
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Background: Carotid angioplasty stenting (CAS) is a currently widely used surgical treatment of carotid artery stenosis. However, the influences of the perioperative blood pressure (BP) on patients' prognosis remain unclear.

Objective: The present study was designed to explore the effects of different perioperative BP control strategies on CAS patients' prognosis.

Methods: One hundred seventy-three consecutive patients admitted between January 2016 and April 2019 were reviewed retrospectively. The outcomes of patients with different systolic BP (<120, 120–130, and >130 mmHg) before CAS and within 24 h after CAS were compared. The primary outcomes were the incidence of secondary cerebral infarction (CI) and intracranial hemorrhage (ICH) after CAS. The secondary outcome was the incidence of unfavorable discharge and in-hospital death. The unfavorable discharge was defined as modified Rankin Scale (mRS) score 3–5 at discharge.

Results: There was no significant difference between the incidences of ICH (P = 0.803) and CI (P = 0.410) in patients with different BP before CAS. The patients with post-CAS BP values of >130 mmHg had a 37.67-fold increased risk (95% CI: 6.79–209.01) of ICH compared with others, while no significant difference was observed on the incidence of CI (P = 0.174) among patients with different post-CAS BP values. The patients with post-CAS BP values of >130 mmHg also had a significantly higher incidence of unfavorable discharge (P = 0.002) and in-hospital death (P = 0.001) compared with others.

Conclusion: High BP (>130 mmHg) within 24 h after CAS significantly increases the risks of secondary cerebral hemorrhage, unfavorable discharge, and in-hospital death. Thus, the BP should be controlled below 130 mmHg in the first 24 h after CAS.

Keywords: cerebral infarction, intracranial hemorrhage, carotid angioplasty stenting, carotid artery stenosis, blood pressure control


INTRODUCTION

Stroke has become the leading cause of death worldwide (1–3). Even worse, the absolute numbers of strokes will continue to increase worldwide for a long time along with the increasing of the aging population and the high prevalence of smoking and hypertension (4, 5), and most importantly due to the increasing incidence of stroke in younger persons aged <65 years (6, 7). In addition, the proportion of ischemic strokes is increasing in many developing countries such as China (4, 8). Currently, about 85% of strokes are cerebral ischemia, which is characterized by a sudden loss of neurological function due to insufficient blood supply to the brain (9).

Carotid artery stenosis is a well-documented risk factor for cerebrovascular diseases such as acute ischemic stroke or transient ischemic attack (10). It is reported that atherosclerotic disease of the extracranial internal carotid artery is responsible for 20–25% of ischemic strokes (11). The evidence of the optimal treatment strategies for different patients is still insufficient (10, 12). For asymptomatic carotid artery stenosis patients with stenosis <70%, medical therapy and control of risk factors are the currently recommended treatment strategies. However, for symptomatic patients with stenosis of more than 50% or asymptomatic patients with stenosis of more than 70%, surgical treatment could be considered (13–15).

Current surgical treatments for carotid stenosis include carotid endarterectomy (CEA) and carotid angioplasty stenting (CAS) (16). Although CEA has been established as the gold standard treatment for symptomatic severe carotid stenosis, CAS, as a less-invasive procedure, has been performed as an alternative to CEA (17, 18). Breakthroughs have been made since the treatment of endovascular recanalization for the symptomatic internal carotid artery stenosis patients in the subacute to chronic stage was first reported (19). Compared with CEA, CAS has advantages in the treatment of chronic carotid artery stenosis in some clinical situations (12, 20–23). For example, CAS patients can recover quickly and have shorter hospital stays. Besides, CAS can be performed on patients with severe stenosis of the internal carotid artery. Moreover, tandem lesions can be treated simultaneously.

Cerebral hyperperfusion syndrome (CHS), which could further lead to cerebral swelling or intracranial hemorrhage (ICH), occurs on 1.1–6.8% of intracranial arterial stenosis patients after CAS (24–26). The pathophysiology of CHS is characterized by the increase of cerebral blood flow due to the dysregulation of the cerebral vascular system and hypertension (27). Therefore, controlling post-CAS blood pressure (BP) at a low level could reduce the risk of CHS and ICH (28). However, excessive lowering of BP may aggravate the cerebral ischemia. Currently, the standard of BP control after CAS is still controversial.

Thus we conducted this retrospective study of 173 CAS patients at Tangdu Hospital from January 2016 to April 2019 to explore the effect of different perioperative BP control strategies on the risk of post-CAS ICH, cerebral infarction (CI), and prognosis of CAS patients.



MATERIALS AND METHODS


Study Design and Population

The present study was designed to compare the incidence rate of CI, ICH, unfavorable discharge [modified Rankin Scale (mRS) 3–5], and in-hospital death in carotid artery stenosis patients with different perioperative BP after CAS. This study was approved by the Biological and Medical Ethics Committee of Tangdu Hospital (No. TDLL-20181205) and performed in Tangdu Hospital strictly following the Declaration of Helsinki (29). The medical records of all patients who underwent CAS at Tangdu Hospital between January 2016 and April 2019 were retrospectively reviewed.

Then, the participants were selected according to the following criteria.



Inclusion Criteria

1. 18–80 years old.

2. Symptomatic patients with stenosis more than 50% or asymptomatic patients with stenosis more than 70% (demonstrated by digital subtraction angiography).

3. Without newly emerging ischemic stroke within 2 weeks.

4. Underwent CAS during the hospitalization.



Exclusion Criteria

1. Definite contraindications against BP control (such as renal failure and hypovolemic shock).

2. A tendency of severe bleeding (such as a peptic ulcer or gastrointestinal bleeding).

3. A history of CEA or occlusion after stenting.

4. A history of ICH within 30 days.

5. Concurrent serious severe heart or lung dysfunction.



Treatment

All patients obtained standard treatment in accordance with the recommendations of the American Heart Association/American Stroke Association (AHA/ASA). Medical histories were recorded after admission in a timely manner. Neurological status was documented on admission using the National Institutes of Health Stroke Scale (NIHSS) by certified neurologists. Routine radiological examination and blood tests were performed during the perioperative period. The strategies of BP control were specified based on the physician's judgment of the clinical status of patients.



Surgical Procedures

All of the surgeries were performed by a well-trained vascular surgery team with more than 10 years of experience. All patients received antiplatelet medication (aspirin 100 mg/day and clopidogrel 75 mg/day) for at least 5 days before the surgery, which were performed under local anesthesia. A dose of 3,000 IU heparin was given by intravenous bolus injection intraoperatively to each patient. Cerebral angiography was performed before CAS to measure the stenosis degree according to the North American Symptomatic Carotid Endarterectomy Trial (NASCET) criteria. A protective distal filter device (EV3) was carefully deployed in the normal vessel distal to the stenosis. A balloon with a diameter of 4–6 mm was performed for pre- or post-dilation if needed. Then, a self-expanding stent was deployed over the lesion. Computed tomography (CT) or magnetic resonance imaging (MRI) was performed both before and after the surgery to assess ICH and CI.



Data Collection and Outcomes Evaluation

General characteristics (such as sex, age, etc.) were collected from the patient information management department of our hospital. Past medical history (smoking, alcohol, hypertension, coronary artery disease, hyperlipidemia, and diabetes), degree of stenosis, and contralateral lesions were obtained from medical documentation and cerebral angiography report in our hospital. The preoperative severity of disease was evaluated by the preoperative NIHSS score, which was also collected from medical documentation. The baseline BP values were obtained as the mean values of three random systolic BP (SBP) in the last 24 h before CAS, and the post-CAS BP levels were acquired as the mean values of every hourly SBP in the first 24 h after CAS. If ICH or CI occurs within 24 h post-CAS, the subsequent BP values would be excluded from the analysis. All the BP records were collected from medical documentation. The outcomes of patients with different systolic BP (<120 mmHg, 120–130 mmHg, and >130 mmHg) before CAS and within 24 h after CAS were compared.

The primary outcomes were the incidence rate of ICH and CI after CAS during the hospitalization, which were assessed by CT or MRI scan. ICH was defined as punctate or confluent hyper-densities consistent with blood within the parenchyma of the cerebral hemispheres or within the subarachnoid space as demonstrated on CT imaging (30). CI was defined as episode of neurological dysfunction caused by focal cerebral based on CT or MRI (31). Spotty CI was ruled out, and carotid ultrasound was performed post procedure to assess thrombosis or occlusion of the carotid artery. All assessments were finished separately by two investigators after carefully comparing the cerebral imaging before and after CAS. The secondary outcomes were in-hospital death and unfavorable discharge, which was defined as mRS score 3–5 at discharge.



Statistical Analysis

Statistical calculations were performed using SPSS version 23.0 (IBM, Armonk, USA). The chi-squared tests and Fisher's exact tests were used to analyze the comparison of categorical data, which were displayed as percentages. Wilcoxon signed-rank tests were used to analyze the comparison of continuous data, which were presented as median scores with interquartile ranges because of non-normal data distributions. Multivariate logistic regression analysis was used to detect the risk factors of ICH, CI, unfavorable discharge, and in-hospital death. Statistical test results were recognized as significant when the P-value was < 0.05.




RESULTS


Patient Numbers

Two hundred eighty-eight consecutive patients with carotid artery stenosis who underwent CAS admitted to our hospital between January 2016 and April 2019 were retrospectively reviewed. Among them, 115 patients were excluded due to the lack of clinical or cerebral imaging data; then, a total of 173 patients met the inclusion criteria and were enrolled in this study.



General Characteristics

Among the 173 included patients, 140 were male and 33 were female. The age of the patients ranged from 39 to 81, and the average age was 63.2 ± 9.0. The average degree of stenosis was 80.3 ± 8.3%. Among the 115 excluded patients, 97 were male and 18 were female. The age of the patients ranged from 42 to 80, and the average age was 63.7 ± 7.7. The average degree of stenosis was 78.5 ± 8.5%. There was no significant difference in the demographic and baseline characteristics among the BP groups divided according to the post-CAS systolic BP levels (Table 1).


Table 1. General characteristics in each group.
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OUTCOME ASSESSMENT

After CAS, 14 (8.1%) patients suffered different types of ICH, which included 1 subarachnoid hemorrhage, 1 contralateral intracerebral microhemorrhage, 1 bilateral subdural hemorrhage, 1 posterior cerebral circulation hemorrhage, 6 intracerebral microhemorrhages, and 4 intracerebral hemorrhages. Nine (5.2%) patients suffered CI. Three (1.73%) patients died before discharge. Besides, unfavorable discharge occurred in six (3.47%) cases (Table 2). Among the 115 excluded patients, the incidence of ICH or CI cannot be identified due to the lack of clinical or cerebral imaging data. No one died or suffered unfavorable discharge.


Table 2. The incidence of post-CAS CI, ICH, unfavorable discharge, and in-hospital death in the patients with different baseline BP and post-CAS BP.
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Among the three BP groups divided according to the baseline BP levels, there were no significant differences in the incidence of both CI (P = 0.410) and ICH (P = 0.803). However, among the three BP groups divided according to the post-CAS BP levels, there were significant differences on the incidence of ICH (P < 0.0001), unfavorable discharge (P = 0.002), and in-hospital death (P = 0.001), whereas there was no significant difference on the incidence of CI (P = 0.174) (Table 2).

Within different postoperative BP groups, the >130 mmHg group had a significantly higher incidence of ICH (P < 0.0001 vs. the <120 mmHg group, P < 0.0001 vs. the 120–130 mmHg group), unfavorable discharge (P = 0.003 vs. the <120 mmHg group, P = 0.007 vs. the 120–130 mmHg group), and in-hospital death (P = 0.002 vs. the <120 mmHg group, P = 0.026 vs. the 120–130 mmHg group) than that in the other two groups. However, there was no significant difference on the incidence of ICH (P = 0.604) and unfavorable discharge (P = 1) between the <120 mmHg group and the 120–130 mmHg group (Table 3).


Table 3. The difference in the incidence of post-CAS, ICH, unfavorable discharge, and in-hospital death between different post-CAS BP groups.
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After adjusting for confounding variables including age, baseline BP, the grade of hypertension, bilat lesions, degree of stenosis (NASCET), and preoperative NIHSS score, multivariate logistic regression analysis showed that the patients with post-CAS BP of >130 mmHg had a 37.67-fold increased risk (95% CI: 6.79–209.01) of post-CAS ICH compared with those with post-CAS BP of ≤ 130 mmHg (Table 4).


Table 4. Multivariate logistic regression of potential influentially factors on the post-CAS ICH.
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Furthermore, the patients with post-CAS ICH had a 31.40-fold increased risk (95% CI: 5.13–192.59) of unfavorable discharge and a 26.33-fold increased risk (95% CI: 2.23–311.69) of in-hospital death, compared with others. Meanwhile, the patients with post-CAS CI had an 11.43-fold increased risk (95% CI: 1.78–73.30) of unfavorable discharge and a tendency of an increase of the risk (OR: 10.13, 95% CI: 0.83–123.75) of in-hospital death, compared with others (Table 5).


Table 5. Logistic regression of risk factors of unfavorable discharge and in-hospital death.
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Typical cases of post-CAS ICH and CI are shown in Figure 1. Case #1 was a patient with a 99% stenosis in the proximal segment of the right internal carotid artery. The baseline BP, immediate post-CAS BP, and average BP within 24 h after CAS were 125/75, 123/83, and 156/82 mmHg, respectively. This patient had symptoms of headache, nausea, and vomiting after CAS. The CT scan performed 25 h after CAS showed a huge right intracerebral hematoma (Figure 1A3), which was considered to be caused by poor post-CAS BP control and CHS. This patient eventually died in the hospital. Case #2 was a patient with an 82% stenosis in the left carotid artery. The baseline BP, immediate post-CAS BP, and average BP within 24 h after CAS were 125/61, 115/74, and 101/61 mmHg, respectively. The CT scan performed 58 h after CAS showed a massive left CI (Figure 1B3). Carotid ultrasound post-procedure excluded thrombosis or occlusion of the carotid artery. This patient eventually suffered unfavorable discharge.


[image: Figure 1]
FIGURE 1. Typical cases of post-CAS ICH and CI. (A) Case #1 (A1) DSA showed a 99% stenosis in the proximal segment of the right internal carotid artery. (A2) DSA showed a 50% residual stenosis in the proximal segment of the right internal carotid artery after CAS. (A3) CT performed 25 h after CAS showed a huge right intracerebral hematoma. (B) Case #2 (B1) DSA showed an 82% stenosis in the left carotid artery. (B2) DSA showed a nearly 0% residual stenosis in the left carotid artery after CAS. (B3) CT scan performed 58 h after CAS showed a left massive CI.




DISCUSSION

The present study was designed to explore the effects of different perioperative BP control strategies on CAS patients' prognosis. We found that the post-CAS BP was significantly correlated with ICH, unfavorable discharge, and in-hospital death, while there was no significant association with CI in CAS patients, although baseline BP did not appear to have an effect on the incidence of both CI and ICH. The patients with post-CAS BP values of >130 mmHg had a 37.67-fold increased risk of ICH compared with others, and patients who suffered ICH had a 31.40-fold increased risk of unfavorable discharge and 26.33-fold increased risk of in-hospital death. These results suggest that the systolic pressure within 24 h after CAS should be controlled below 130 mmHg to avoid post-CAS ICH.

CAS has been demonstrated to be valuable in the treatment of chronic carotid artery stenosis. Post-CAS ICH is characterized with early occurrence, high disability, and mortality. As the most common cause, the mechanisms of post-CAS CHS might include: (1) the failure of vessels' autoregulatory mechanisms during the sudden increase of cerebral blood flow after revascularization in long-standing hypoperfused tissues, (2) the disturbance of baroreflex secondary to revascularization, and (3) the disturbance of the trigeminovascular system (32). Thus, maintaining hemodynamic stability may be an important way to prevent post-CAS CHS and ICH. However, most of the previous literature about CHS and ICH was concentrated on the difference of post-surgery ICH incidence between CAS and CEA (30, 33–35). Some other studies were focused on the predictive risk factors of CHS and ICH after CAS (36–38). Besides, as ischemic post-CAS stroke, the mechanisms of CI can be classified as (1) carotid-embolic, (2) hemodynamic, (3) thrombosis or occlusion of the carotid artery, (4) hyperperfusion, (5) cardio-embolic, (6) multiple, or (7) undetermined (39). A previous study showed that hemodynamic disturbance was an important mechanism, and careful attention to BP control could lower the incidence of ischemic post-CAS stroke (31). There is still limited clinical evidence on how to prevent ICH and CI after CAS, which is one of the primary issues in the management of patients and can directly improve the patient's prognosis.

In 1999, a literature first reported ICH after CAS and pointed out that attention should be paid to perioperative BP (40). In 2017, A meta-analysis showed that periprocedural hypertension was the most common risk factor of CHS and ICH (32). Another literature (39) proved that careful attention to BP control could lower the incidence of procedural stroke. In addition, previous studies have reached a common conclusion that post-CAS BP should be controlled below a certain level (41–44). However, it is still unclear whether lower BPs increase the risk of post-CAS CI. Although the present study showed that difference between the incidence of CI in each post-surgery BP group had no statistical significance, we provided a more specific strategy of BP control after CAS than the previous studies.

This study has several limitations. At first, the incidence of post-CAS ICH in this study was 8.1%, which was much higher than the incidence range of 0.36–4.5% reported in previous studies (26, 38). The incidence may be enlarged by two reasons. One is the selection bias inherent in a retrospective study, which is characterized by excluding 115 patients in whom no one died or suffered unfavorable discharge in this study, despite the lack of clinical or cerebral imaging data. Another is that we have included six intracerebral microhemorrhage patients who suffered no CHS symptoms in the analysis, while most of the previous studies focused on ICH in the context of CHS. Besides, the 5.2% incidence of CI is similar to the 4.3% of a previous study (30). Although we have excluded spotty CI to be directly related to the operation by MRI and assessed thrombosis or occlusion of the carotid artery by carotid ultrasound post-procedure, it is difficult to identify whether post-CAS CI was caused by carotid-embolic or hemodynamics. The reason we did not find significant association between post-CAS BP and CI may be the lack of essential cerebral imaging data and the small sample size of retrospective study. Last, the characteristics of a single-center study and the lack of randomization due to the retrospective design may not make the results generalizable. Thus, prospective multi-center randomized controlled clinical trials with a larger sample size and adequately pre-defined radiological examination protocol are needed.

In conclusion, the baseline systolic BP has no significant influence on post-CAS ICH and CI, while the BP within 24 h after CAS is closely related to the post-CAS ICH and patients' prognosis and should be controlled lower than 130 mmHg.
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Background and Purpose: Accurate prediction of functional outcome after stroke would provide evidence for reasonable post-stroke management. This study aimed to develop a machine learning-based prediction model for 6-month unfavorable functional outcome in Chinese acute ischemic stroke (AIS) patient.

Methods: We collected AIS patients at National Advanced Stroke Center of Nanjing First Hospital (China) between September 2016 and March 2019. The unfavorable outcome was defined as modified Rankin Scale score (mRS) 3–6 at 6-month. We developed five machine-learning models (logistic regression, support vector machine, random forest classifier, extreme gradient boosting, and fully-connected deep neural network) and assessed the discriminative performance by the area under the receiver-operating characteristic curve. We also compared them to the Houston Intra-arterial Recanalization Therapy (HIAT) score, the Totaled Health Risks in Vascular Events (THRIVE) score, and the NADE nomogram.

Results: A total of 1,735 patients were included into this study, and 541 (31.2%) of them had unfavorable outcomes. Incorporating age, National Institutes of Health Stroke Scale score at admission, premorbid mRS, fasting blood glucose, and creatinine, there were similar predictive performance between our machine-learning models, while they are significantly better than HIAT score, THRIVE score, and NADE nomogram.

Conclusions: Compared with the HIAT score, the THRIVE score, and the NADE nomogram, the RFC model can improve the prediction of 6-month outcome in Chinese AIS patients.

Keywords: cerebral ischemia, machine learning, prediction, unfavorable outcome, stroke


INTRODUCTION

Globally, stroke is a leading cause of mortality and disability (1). In developing countries, the prevalence of stroke is increasing as the population ages. Patients who survive stroke have an increased economic burden due to post-stroke care (2). Therefore, accurate prediction of functional outcome after stroke would provide evidence for reasonable post-stroke management and thus improve the allocation of health care resources.

The prognostic prediction requires the processing of patients' clinical data, such as demographic information, clinical features, and laboratory tests results. Then, the model is developed to predict prognosis base on existing data. Several prognostic models have been developed to predict the clinical outcome after stroke, such as Houston Intra-arterial Recanalization Therapy (HIAT) score, Totaled Health Risks in Vascular Events (THRIVE) score and NADE nomogram (3–5). They are generally based on regression model with the assumption of a linear relationship between variables and the outcomes. The THRIVE score and HIAT score were developed based on Whites or Blacks, not Asians. Compared with White patients, the average age of Asian patients was younger (6, 7). In addition, several studies have observed worse survival in Whites with stroke compare to other race (8, 9). Importantly, the long-term outcomes of stroke were significantly different by race (7). Thus, it is difficult for these models to achieve accurate predictive performances on the Chinese population.

Machine-learning (ML) approaches have been widely used in medical fields (10). Recently, it has shown effective capability in disease prediction, especially in the analysis of large datasets with a multitude of variables (11–13). ML uses computer algorithms to build a model from labeled data and to make data-driven predictions. It enables the computer to process complex non-linear relationships between variables and outcomes, which may be hard to be detected by conventional regression models (14). Such advantages increase the accuracy of prediction model. ML includes multiple algorithms, such as logistic regression (LR), random forest classifier (RFC), support vector machine (SVM), fully-connected deep neural network (DNN), and extreme gradient boosting (XGBoost). The optimal selection of algorithm should be in accordance with the characteristics of the dataset. Meanwhile, the popularity of electronic patient record (EPR) systems and wide availability of structured patient data make sophisticated computer algorithms implemented at the bedside a reality.

In this study, we aim to develop the models using ML method to predict 6-month unfavorable outcomes in Chinese stroke patients, and then compare the performance of ML-based methods with existing clinical prediction scores.



METHODS


Study Population and Clinical Baseline Characteristic

We retrospectively conducted an analysis using a cohort of acute ischemic stroke (AIS) patients who were admitted within 7 days of the onset of symptoms. The cohort included 3,231 consecutive AIS patients admitted at National Advanced Stroke Center of Nanjing First Hospital (China) between September 2016 and March 2019. The exclusion criteria were patients with missing data on pretreatment variables or long-term clinical outcome, signs of intracranial hemorrhage on baseline brain computed tomography scan, age < 18 years. We discarded all variables with 25% missing values or more for further analysis.

All clinical, anamnestic, and demographic characteristics were recorded at the time of admission, including the following data: age, sex, body mass index, National Institute of Health stroke scale (NIHSS) at admission, premorbid modified Rankin Scale (mRS), interval from onset to hospital within 4.5 h, systolic blood pressure, diastolic blood pressure, platelet count, urea nitrogen, creatinine, fasting blood glucose (FBG), and medical history such as hypertension, previous cerebral infarction, and so on. NIHSS at admission and premorbid mRS were presented as continuous variables in all models to increase model efficiency, and the ordinal scores were assumed to be linear. Unfavorable outcome was defined as mRS 3–6, 6 months after stroke. During face-to-face or via telephone follow-up with the patients using structured interview, their relatives or their general practitioners, certified neurologists, evaluated the baseline NIHSS and mRS scores.



Statistical Analysis

The AIS patients were randomly stratified (8:2) into the training set for developing models, and the testing was set for evaluating the models' performance, which meant that the sampling was in proportion to the original dataset. We initially compared the clinical characteristics of patients with 6-month favorable and unfavorable outcomes in the training set. Continuous variables were reported as median value and interquartile range, and the various groups were explored for differences using the Mann–Whitney U-test. Categorical variables were instead expressed as number of events and percentage, dividing the number of events by the total number excluding missing and unknown cases. To compare categorical variables, Fisher's exact test or the χ2 test were used. To identify which variables were independently associated with poor outcome, all potential variables with p < 0.10 in the univariable analysis or thought to be independent predictors of ischemic stroke were entered into a multivariable LR with a backward stepwise. Variables with p < 0.05 were considered statistically significant, and all p were two-sided. Finally, our models were developed based on ML, including age, premorbid mRS, NIHSS at admission, creatinine, and FBG. All statistical analyses were performed using SPSS version 22.0 (IBM Corporation, Armonk, NY, USA) and Stata version 13.0 (StataCorp, College Station, TX, USA).



Model Development

According to Wolpert's “No Free Lunch Theorem,” no one technique will be most accurate in every case, and so comparisons of techniques in different research areas and datasets may yield different results (15). Therefore, we used 5 ML algorithms: LR, SVM, RFC, XGBoost, and DNN because they are widely and successfully used for clinical data (16–20).

As a standard way of estimating the performance of the model, the k-fold cross-validation method is more reliable than simply holding out the validation set by giving the variance of the performance and has been used in various reports (16–19). The 5-fold cross-validation was used for the model derivation and internal evaluation by dividing the training set into five mutually exclusive parts, four of which were used as training data to generate the model and one for evaluation as inner validation data; this process was repeated five times to generate five different but overlapping training data and five unique validation data. Due to the long training time and high resource consumption of DNN, we used a random partition of 10% data as a validation set instead of 5-fold cross-validation to optimize the model. In the training step, we optimized model hyperparameters with a grid search algorithm. During the searching process, we set the area under the curve (AUC) of receiver operating characteristic (ROC) as the score.



Model Evaluation

After the models were derived, the sensitivity, specificity, accuracy, and AUC were calculated for the testing data. The performances of different models were compared by ROC analysis and Delong test.

For evaluating the superiority of prediction capability for the ML models, we calculated THRIVE score, HIAT score, and NADE nomogram on the same patient group. Although there were some other scores, they were not included because the database lacked information for the calculation (21, 22). In addition, we also developed 2 ML models (LR and RFC models) using 21 variables with p < 0.10 in a univariable analysis as a reference. After derivation of the models, we calculated the contribution of each variable: the absolute value of the standardized regression coefficient for LR and information gain (which was estimated by the decrease in impurity) for RFC. The five ML models were developed and validated with open-source packages in Python software (version 3.7): Scikit-learn, keras, and XGboost.




RESULTS


Patient Characteristics

A total of 3,379 patients were registered to the cohort during the study period. After excluding 1,213 patients with unavailable 6-month mRS scores, 200 patients with unavailable NIHSS at admission, 108 patients with unavailable FBG, and 123 patients with missing other laboratory tests or clinical data, 1,735 patients were finally included (Figure 1). Comparison of demographic variables between the included and excluded patients is shown in Supplementary Table 1. The median age of the 1,735 patients was 68 (IQR:60–78) years, and 67.1% were men. The proportion of patients with unfavorable outcome was 31.2% (541/1,735), and 12.0% (208/1,735) died within the follow-up period (mRS score = 6). The characteristics of the patients were well-balanced between the training (n = 1,388, 80%) and testing (n = 347, 20%) sets (Supplementary Table 2).


[image: Figure 1]
FIGURE 1. Flow chart illustrating patient selection. mRS, modified Rankin Scale; NIHSS, National Institute of Health stroke scale.




Feature Selection

The 21 variables with p < 0.10 in the univariable analysis or thought to be independent predictors of ischemic stroke (the variables list is shown under Table 1) entered into the LR. After multivariate LR analysis, age, NIHSS at admission, premorbid mRS, FBG, and creatinine remained independent predictors of 6-month unfavorable outcome.


Table 1. Clinical, demographic and laboratory data of the patients in the training set stratified according to 6-month favorable or unfavorable outcome after acute ischemic stroke.
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Model Performance

The AUC of each model on the training and inner validation sets is provided in Table 2. The AUC of each model on the testing set is given as follows (Table 3, Figure 2): LR 0.857 [95% CI, 0.814–0.900], SVM 0.865 [0.823–0.907], RFC 0.862 [0.820–0.904], XGBoost 0.858 [0.815–0.901], and DNN 0.867 [0.827–0.908]. P-values for AUC of RFC compared with LR, SVM, XGBoost, and DNN were 0.885, 0.930, 0.898, and 0.848, respectively. Although there was no difference in AUC between the ML models, we chose the RFC model to compare with previously reported models.


Table 2. The area under the curve (AUC) of training set and inner validation set.
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Table 3. Scores for each model in the testing set.
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[image: Figure 2]
FIGURE 2. The receiver operating characteristic (ROC) curves of the machine learning (ML) models on the testing set. LR, logistic regression; SVC, support vector machine; RFC, random forest classifier; XGBoost, extreme gradient boosting; DNN, fully-connected deep neural network.


The RFC model performed significantly better than the THRIVE score [AUC 0.862 [0.820–0.904] vs. 0.771 [0.721–0.822]; p = 0.007], HIAT score [AUC 0.862 [0.820–0.904] vs. 0.686 [0.630–0.743]; p < 0.0001], and NADE nomogram [AUC 0.862 [0.820–0.904] vs. 0.813 [0.763–0.862]; p = 0.011] (Figure 3). The sensitivity of RFC model is 0.657, while specificity is 0.883.


[image: Figure 3]
FIGURE 3. The receiver operating characteristic (ROC) curves of the random forest classifier (RFC) and previous models on the testing set. HIAT, Houston Intra-Arterial Therapy score; THRIVE, Totaled Health Risks in Vascular Events score; NADE, NIHSS score on admission, age, previous diabetes mellitus and creatinine.


After we developed LR and RFC model with 21 variables, the performance of ML models did not differ from these models with five variables [0.857 [0.814–0.900] vs. 0.866 [0.825–0.907], p = 0.755 and 0.862 [0.820–0.904] vs. 0.874 [0.835–0.912], p = 0.665] (Table 3, Figure 4). Furthermore, we calculated the six most important variables in LR and RFC model using 21 variables. Age, NIHSS at admission, premorbid mRS, FBG, and creatinine also appeared as the most important variables (Table 4).


[image: Figure 4]
FIGURE 4. The receiver operating characteristic (ROC) curves of the random forest classifier (RFC) and logistic regression (LR) on the testing set. * indicates model developed with 21 variables.



Table 4. Top 6 important features in the models with 21 variables.
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DISCUSSION

To the best of our knowledge, this is the first study that develops prediction models with ML methods for the 6-month clinical outcome of AIS patients. For predicting 6-month unfavorable functional outcome in Chinese AIS patients, our study suggested that the RFC model is more accurate than the HIAT score, the THRIVE score, and the NADE nomogram. End users in clinical practice will be able to perform more accurate evaluation of long-term outcome for AIS patients when our models are fed five easily accessible variables. Thus, it interests clinical physicians because of importance of outcome prediction for patients and their families. Although, there are some criticisms about ML techniques because they are black boxes (23). Importantly, our model should be used together with, rather than instead of, clinical judgment. Combining machines plus physicians reliably enhances system performance. Hence, we should strongly consider the RFC model if accuracy is paramount.

As a popular ensemble method, RFC has been successfully applied in medical fields due to its ability to build predictive models with high certainty and little necessity of model optimization. In particular, the important advantages were shown in the RFC model compared with other methodologies, including the ability to handle highly non-linearly correlated data, robustness to noise, and tuning simplicity (24). In our research, some strategies to avoid overfitting were performed, and our results showed no signs of obvious overfitting in the RFC model. Additionally, to ensure an unbiased and robust performance, 5-fold cross-validation was iteratively used. The preceding characteristic features may make our model useful in real-world practice.

Several previous prognostic models have been developed to predict the clinical outcome after stroke, such as the HIAT score, the THRIVE score, and the NADE nomogram (3–5). The HIAT score identified three predictors of a 3-month unfavorable outcome in intra-arterial recanalization therapy, that is age > 75 years, NIHSS > 18, and baseline glucose level ≥ 150 mg/dL. It respectively, has an AUC value of 0.69 and 0.73 in two cohorts (3). The THRIVE score identified age, NIHSS, hypertension, diabetes mellitus, and atrial fibrillation are independently associated with a 3-month poor outcome (4). It was well-validated with a large sample size from the Virtual International Stroke Trials Archive and had an AUC of 0.75 (25). The NADE nomogram was developed to predict 6-month unfavorable outcome after AIS (5). NIHSS at admission, age, previous diabetes mellitus, and creatinine were found to be significant predictors. The AUC value of the NADE nomogram was 0.791. In our study, only five variables—age, NIHSS on admission, premorbid mRS, FBG, and creatinine—were included into our models. NIHSS and premorbid mRS indicated that stroke severity and degree of dependence in the daily activities influenced the stroke outcome. Blood glucose has been proven to be not only associated with stroke outcome but also a risk factor of symptomatic intracerebral hemorrhage after thrombolysis therapy (26). Creatinine is an indicator of renal function. However, the relationship between renal function and stroke outcomes is controversial (27, 28). Indeed, after excluding some less important and even misleading variables for stroke outcome, ML models based on 5 and 21 variables have achieved similar performance. This illustrates that the five variables we selected contained almost all useful information in the original data. In addition, variable importance derived from the RFC and LR with 21 variables also provides insight for the importance of individual variables in prediction performance.

There are some limitations in our study. First, our population was from a single hospital. The generalizability of the predictive models needs to be tested in patients treated at other institutions and by other surgeons. Second, there were some cases that were lost to follow-up. Especially, of total 1,213 cases excluded from this study for loss of 6-month follow-up, 944 cases (78%) were lost between May 2017 and March 2018, accounting for 85% of the AIS patients during that period. It is unclear whether we have overestimated or underestimated the unfavorable outcome after AIS. But we believe this centralized loss of data may have less impact on the results. Finally, data of known neurobiological predictors of 3-month outcome such as infarct size (29) were not available in our study. Future prospective studies will have to assess whether incorporating novel predictors may improve the accuracy of predictive model.



CONCLUSIONS

To sum up, the comparison with the previous models demonstrated that it is feasible to apply the RFC model to stroke patient management, which achieves optimal performance compared with the HIAT score, THRIVE score, and NADE nomogram. Moreover, the RFC model is easy to use and robust. These advanced characteristics may contribute to reliable and practical applications in clinical practice.
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Background: Interhospital transfer for endovascular treatment (EVT) within neurovascular networks might result in transfer of patients who will not undergo EVT (futile transfer). Limited evidence exists on factors associated with the primary patient selection for interhospital transfer from primary stroke centers (PSCs) to comprehensive stroke centers (CSCs), or EVT-workflow parameters that may render a transfer futile.

Methods: A prospective, registry-based study was performed between July 1, 2017 and June 30, 2018, at a hub-and-spoke neurovascular network in southwest Germany, comprising 12 referring PSCs and one designated CSC providing round-the-clock EVT at the University Hospital Tübingen. Patients with acute ischemic stroke due to suspected large artery occlusion (LAO) were included upon emergency interhospital transfer inquiry (ITI).

Results: ITI was made for 154 patients, 91 (59%) of whom were transferred to the CSC. Non-transferred patients (41%) had significantly higher premorbid modified Rankin scale scores (mRS) compared to transferred patients [median (IQR): 2 (1–3) vs. 0 (0–1), p < 0.001]. Interhospital transfer was denied due to: distal vessel occlusion (44.4%), or non-verifiable LAO (33.3%) in computed tomography angiography (CTA) upon teleconsultation by CSC neuroradiologists; limited Stroke-Unit or ventilation capacity (9.5%), or limited neuroradiological capacity at the CSC (12.7%). The CT-to-ITI interval was significantly longer in patients denied interhospital transfer [median (IQR): 43 (29–56) min] compared to transferred patients [29 (15–55), p = 0.029]. No further differences in EVT-workflow, and no differences in the 3-month mRS outcomes were noted between non-transferred and transferred patients [median (IQR): 2 (0–5) vs. 3 (1–4), p = 0.189]. After transfer to the CSC, 44 (48%) patients underwent EVT. The Alberta stroke program early CT score [ORadj (95% CI): 1.786 (1.573–2.028), p < 0.001] and the CT-to-ITI interval [0.994 (0.991–0.998), p = 0.001] were significant predictors of the likelihood of EVT performance.

Conclusion: Our findings show that hub-and-spoke neurovascular network infrastructures efficiently enable access to EVT to patients with AIS due to LAO, who are primarily admitted to PSCs without on-site EVT availability. As in real-world settings optimal allocation of EVT resources is warranted, teleconsultation by experienced endovascular interventionists and prompt interhospital-transfer-inquiries are crucial to reduce the futile transfer rates and optimize patient selection for EVT within neurovascular networks.

Keywords: endovascular therapy, recanalization, acute ischemic stroke, neurovascular network, mechanical thrombectomy


INTRODUCTION

Endovascular recanalization therapy (EVT) has become standard of care in acute ischemic stroke (AIS) due to large artery occlusion (LAO) (1). The recent expansion of the therapeutic EVT time window, following the publication of the Clinical Mismatch in the Triage of Wake Up and Late Presenting Strokes Undergoing Neurointervention With Trevo (DAWN) (2) and the Endovascular Therapy Following Imaging Evaluation for Ischemic Stroke 3 (DEFUSE 3) (3) trial results, has led to a substantial increase in the number of EVT-eligible patients. In the face of rising healthcare demands, an optimal allocation of EVT resources—especially when EVT is provided within extended hub-and-spoke neurovascular networks—is warranted.

Currently, the operational workflow in most supraregional neurovascular networks (4, 5) entails acute AIS management, including administration of intravenous thrombolysis, at primary stroke centers (PSCs) followed by emergency interhospital patient transfer to comprehensive stroke centers (CSCs) when EVT is required. Although a growing number of studies have dealt with reasons for unsuccessful EVT in patients transferred from PSCs to CSCs (i.e., the “drip-and-ship” strategy) (6) compared to patients directly transferred to the nearest CSC (i.e., the “mothership” strategy) (7, 8), little is known regarding factors that determine the decision-making processes for patient-transfer within neurovascular networks. As current EVT registries, including the German Stroke Registry Endovascular Treatment (GSR-ET) (9, 10), only capture data of transferred patients with intention-to-treat with EVT at the CSCs, real-world evidence on patient selection for interhospital transfer are lacking.

Here we sought to identify factors associated with the primary patient selection following the request for emergency interhospital transfer for EVT within a large, supraregional neurovascular network. We aimed to evaluate the neurovascular network's capacity and operational workflow, and analyze factors associated with the decision to perform EVT, along with EVT and clinical outcomes in non-transferred and transferred patients. We hypothesized that data analyses of our prospective registry would yield results that contribute to quality improvement, enhancing the efficiency of decision-making and acute AIS care within the neurovascular network.



METHODS

Patient level data was acquired from prospective databases and transfer records from a hub-and-spoke neurovascular network in southwest Germany (Centre for neurovascular diseases Tübingen; “Zentrum für neurovaskuläre Erkrankungen Tübingen”: ZNET), comprising 12 referring PSCs and one designated CSC, that provides round-the-clock EVT at the University Hospital Tübingen. Consecutive patients presenting to PSCs, between July 1, 2017 and June 30, 2018, with AIS due to suspected LAO were included in the study upon emergency inter-hospital transfer inquiry (ITI) for EVT.

According to the ZNET standard operating procedures, and in line with operational protocols of supraregional neurovascular networks covering large rural and semi-rural areas (5), stroke patients were primarily admitted to the nearest PSC without bypassing hospitals by the ambulance service. Initial computed tomography (CT) imaging, including non-contrast CT (NCT) and CT angiography (CTA), was performed at the PSCs and eligible AIS patients underwent on-site intravenous thrombolysis. Adhering to the EVT guidelines in force at the time the study was conducted (1), ITI was made when a patient was considered eligible for EVT (with or without prior intravenous thrombolysis), according to the “drip-and-ship” paradigm. Eligibility criteria for ITI within the ZNET included: (a) anterior circulation LAO, within 6 h of symptom onset; (b) posterior circulation LAO, within 24 h of symptom onset; (c) any LAO in wake-up AIS or AIS with unknown symptom onset, and Alberta stroke program early CT score (ASPECTS) >6 (11). Non-accessible vessel occlusion was determined to include occlusions distal to the M2 segment, or any anterior or posterior cerebral artery segment. In the presence of contraindications for CTA that could cause significant delays in patient transfer (e.g., contrast agent allergy, potentially requiring patient stabilization after CTA), ITI could be made based on NCT when a patient presented with severe neurological deficits (12) and/or hyperdense artery sign on NCT (13). Evaluation of ITI followed on a case-by-case basis after assessment of clinical parameters, including premorbid modified Rankin scale (pmRS) score and National Institutes of Health Stroke Scale (NIHSS) score on admission. A telemedicine consultation was performed by a team of senior stroke neurologists and interventional neuroradiologists at the CSC, based on the real-time transmitted, cloud-based CT imaging data. If emergency patient transfer was decided, ambulance crew was recruited for air or road transport, on the principle of fastest-available-route for secondary transportation to the CSC. If emergency transfer within the ZNET was denied due to limited CSC Stroke Unit/Neurological ICU (NICU), ICU ventilation or neuroradiological (i.e., endovascular suite) capacity, ITI for emergency patient transfer to other neighboring hospitals with EVT availability was decided on individual basis. For patients transferred to the study CSC, CT imaging was performed on admission (o/a), including NCT, CTA, and CT perfusion (CTP) with cerebral blood flow (CBF) and cerebral blood volume (CBV) perfusion maps. Presence of concomitant vessel stenosis was diagnosed based on the North American Symptomatic Carotid Endarterectomy Trial (NASCET) criteria (14). CBF-CBV mismatch was visually assessed as described previously (2, 3). The final decision for EVT was made based on clinical and imaging findings by an interdisciplinary team of senior stroke neurologists and interventional neuroradiologists.

Based on the decisions to “ship” and perform EVT, 3 AIS patient groups were analyzed: (a) No-transfer group: Patients for whom ITI was made, but no transfer followed; (b) No-EVT group: transferred patients, who were considered unsuitable for EVT o/a to the CSC; (c) EVT group: transferred patients, who underwent EVT. Analysis was performed to determine clinical characteristics and process-related factors, including the time metrics: Symptom-onset-to-PSC-CT, Symptom-onset-to-intravenous-thrombolysis and PSC-CT-to-ITI, that could be associated with the decision to “ship.” For transferred patients, the time metrics PSC-CT-to-CSC-CT and CSC-CT-to-groin were also analyzed. Revascularization success was evaluated based on final angiograms. Successful recanalization was defined as modified treatment in cerebral infarction (mTICI) score ≥ 2b−3 for anterior circulation LAO (15) or Arterial Occlusive Lesion scale score = 3 for posterior circulation LAO (16). Clinical outcome was assessed by mRS at 90 days after the index event by phone calls or outpatient visits. If mRS 90 was not available, the mRS at discharge was carried forward.

The study was approved by the institutional ethics committee (Ethics Committee at the University Hospital of Tübingen, protocol number 767/2018BO2). Individual informed consent was waived for this study, since use of routine treatment data for research purposes is covered by a clinic-wide consent.



STATISTICAL ANALYSES

Differences between baseline variables in patient demographics and clinical characteristics were assessed using chi-square tests or two-tailed independent-sample Mann–Whitney U tests (due to non-normal distribution) depending on data characteristics, i.e., categorical vs. continuous variables, respectively. In the first part of the analysis, all observations were included. Patients for whom ITI was made, but no transfer followed comprised the “no-transfer group.” Transferred patients, who were unsuitable for EVT (“No-EVT group”) and patients, who underwent EVT (“EVT group”), jointly comprised the “transfer group.” Analysis was performed to determine clinical characteristics, imaging parameters and process-related factors associated with the decision to “ship.” A multiple regression analysis was conducted to assess the relationship between time metrics that were significantly different between transferred and non-transferred patients (i.e., PSC-CT-to-ITI time) and relevant patient characteristics (including age, pmRS, NIHSS o/a to the PSC, and presence of distal vessel occlusion).

In the second part of the analysis, differences in group characteristics were examined between the “No-EVT” and “EVT” patient groups. Analysis was performed to determine factors associated with the decision to perform EVT. A logistic regression analysis was used to calculate the odds of EVT performance including covariates significantly different at baseline or considered clinically relevant (i.e., PSC-CT-to-ITI time and ASPECTS). A Pearson product-moment correlation was run to determine the relationship between PSC-CT-to-ITI time and ASPECTS. We calculated the “Number-needed-to-ship” (NNS), defined as the number of patients needed to transfer to the CSC during the study period for one patient to undergo EVT (NNS=number of transferred patients/number of EVT patients).

In the third part of the analysis, EVT and clinical outcomes at 3 months (mRS) after the index event were analyzed as described previously. The significance level for all procedures was determined as p < 0.05. All statistical analyses were computed with IBM SPSS Statistics v.23 (IBM, NY, USA).



RESULTS


Comparison of Patients Denied Interhospital Transfer (No-Transfer Group) vs. Patients Transferred to the CSC With Intention-to-Treat With EVT (Transfer Group)

During the study period, emergency ITI for EVT was made for a total of 154 patients, who presented with AIS due to suspected LAO in 12 referring PSCs. Of those, 63 patients (41%), who were denied transfer to the CSC comprised the “no-transfer group” vs. 91 patients (59%), who were transferred to the CSC with intention-to-treat with EVT and comprised the “transfer group.”

Patients' characteristics at baseline are depicted in Table 1.


Table 1. Baseline characteristics of non-transferred vs. transferred patients.
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No statistically significant differences with respect to age, gender, or cardiovascular risk factors existed in non-transferred vs. transferred patients (Supplementary Material). Baseline NIHSS scores o/a to the PSCs were similar between groups, but non-transferred patients had significantly higher pmRS scores compared to transferred patients [median (IQR): 2 (1–3) vs. 0 (0–1), p < 0.001]. Significantly more transferred patients underwent intravenous thrombolysis compared to non-transferred patients (p < 0.001). The reasons for withholding intravenous thrombolysis included significantly higher rates of combined dual antiplatelet and direct oral anticoagulants (DOAC) in non-transferred patients (p = 0.031) and higher frequencies of demarcated ischemia o/a or admission outside the 4.5-h time window among non-transferred (25.4%) compared to transferred (13.2%) patients (p = 0.053) (Supplementary Material). In the subgroup of patients who underwent thrombolysis, the Symptom-onset-to-intravenous-thrombolysis time (in min) was similar between groups.

The reasons against interhospital transfer for the “no-transfer group” group are summarized in Figure 1. Six (9.5%) patients were denied interhospital transfer due to limited bed capacity at NICU or ICU ventilation capacity at the CSC, and 8 (12.7%) patients were denied transfer due to limited neuroradiological capacity. Upon teleconsultation, 28 (44.4%) patients were denied transfer due to non-accessible (i.e., distal) vessel occlusion. In 21 (33.3%) cases the suspicion of underlying LAO in CTA could not be verified by the CSC neuroradiologists on teleconsultation.
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FIGURE 1. Reasons against interhospital patient transfer or endovascular therapy (EVT) in non-transferred and transferred patients who did not undergo EVT, respectively. In each diagram section, the number of patients is denoted next to the argument category for non-transferred (blue) or transferred no-EVT (green) patients, e.g., I; 6 denotes that point I (absent NICU or ICU capacity) was the reason against interhospital transfer (IT) in 6 non-transferred patients.


No significant between-group differences were noted with respect to the geographical distance (in km) between the PSCs and CSC, and no biases in patient selection were detected when the rates of non-transferred vs. transferred patients were compared for each referring PSC (Supplementary Material). Also, no between-group differences existed concerning the rates of non-transferred vs. transferred patients, based on whether ITI was made during (or outside) working hours (i.e., between 8:00 a.m. and 8:00 p.m.).

Regarding procedural parameters, PSC-CT-to-ITI time (in min) was significantly prolonged in non-transferred compared to transferred patients [median (IQR): 43 (29–56) vs. 29 (15–55), p = 0.029]. The equation of the multiple regression analyses, that assessed the relationship between PSC-CT-to-ITI time and patient characteristics, including age, pmRS, NIHSS o/a to the PSC, and presence of distal vessel occlusion, was significant F(4, 73) = 3.407, p = 0.013, with an R2 = 0.157. Advanced age (b = 0.251, p = 0.032) and higher pmRS (b = 0.229, p = 0.047) were significantly associated with prolonged PSC-CT-to-ITI time, while NIHSS o/a to the PSC (b = −0.002, p = 0.990) and distal vessel occlusion (b = 0.055, p = 0.628) were not related to the PSC-CT-to-ITI time. Symptom-onset-to-PSC-CT (in min) and ASPECT scores were comparable between groups. Although the rates of CTA performance were similar between groups, only 69% of all patients underwent CTA within 15 min after NCT.

With respect to the site of vessel occlusion, significantly more patients in the “transfer group” had intracranial occlusion (p < 0.001), tandem occlusion [i.e., internal carotid artery (ICA) and middle cerebral artery (MCA)] (p = 0.007), proximal M1 occlusion (p < 0.001) and infratentorial vessel occlusion (p = 0.017). Contrarily, significantly more patients from the “no-transfer group” had M2 occlusions (p = 0.03) and posterior cerebral artery (PCA) occlusions (p < 0.001).



Comparison of Patients Considered Ineligible for EVT After Interhospital Transfer (No-EVT Group) vs. Patients Who Underwent EVT (EVT Group)

Among the 91 patients transferred to the CSC, 47 (52%) patients were considered ineligible for EVT and comprised the “No-EVT group” vs. 44 (48%) patients, who underwent EVT and comprised the “EVT group.” Accordingly, the NNS was 2 (=91 transferred patients/44 EVT patients). Patients' characteristics are depicted in Table 2.


Table 2. Baseline characteristics of No-EVT (ineligible for EVT) vs. EVT patients.
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No significant between-group differences with respect to age, gender, cardiovascular risk factors and comorbidities, NIHSS o/a to the CSC and pmRS scores were noted (Supplementary Material). The rates of intravenous thrombolysis and the Symptom-onset-to-intravenous-thrombolysis time (in min) in patients who underwent thrombolysis were similar between No-EVT and EVT patients.

The reasons against EVT performance for the No-EVT group are summarized in Figure 1. Twenty-one (44.7%) patients were considered ineligible for EVT due to ASPECTS <6 o/a to the CSC, and 6 (12.8%) patients were considered ineligible for EVT due to distal vessel occlusion. In 16 (34%) cases no LAO existed o/a to the CSC, either due to spontaneous recanalization or recanalization following intravenous thrombolysis, and in 4 (8.5%) cases no LAO could be verified upon arrival at the CSC [in cases where no CTA had been performed at the PSCs and interhospital transfer was decided based on severity of neurological deficits—with NIHSS ≥ 14 (12) and/or hyperdense artery sign on NCT (13)].

No significant between-group differences were noted with respect to the geographical distance (in km) between the PSCs and CSC or the type of transportation (air or road transport). Also, no biases in patient selection were detected when the rates of EVT were compared for each referring PSC (Supplementary Material).

Regarding procedural parameters, PSC-CT-to-ITI time (in min) was significantly prolonged in the No-EVT compared to the EVT group [median (IQR): 43 (30–86) vs. 41 (19–59), p = 0.001]. Symptom-onset-to-PSC-CT (in min) and PSC-CT-to-CSC-CT (in min) were comparable between groups. Similar rates in CTA performance within 15 min after NCT (at the PSC) were observed between groups. Significantly higher ASPECT scores (at the CSC) were noted in the EVT compared to the No-EVT group [median (IQR): 10 (9–10) vs. 7 (5–10), p = 0.001]. The rates of CTP mismatch were significantly higher in the EVT compared to the No-EVT group (p < 0.001).

With respect to the site of vessel occlusion, significantly more patients in the EVT group had intracranial occlusion (p = 0.004) or intracranial ICA occlusion without occlusion of the carotid-T (p = 0.035). Contrarily, significantly more No-EVT patients had cervical ICA occlusions (p = 0.028) and vessel tortuosity in the CTA (p = 0.01).



Predictors for Decision to Perform EVT After Patient Transfer to the CSC

The logistic regression model for assessment of the effect of ASPECT score o/a to the CSC and the PSC-CT-to-ITI time (in min) on the likelihood of EVT performance was statistically significant, χ2(2) =148.7, p < 0.001. The model explained 34.1% (Nagelkerke's R2) of the variance in EVT performance and correctly classified 71.6% of the cases (no multicollinearity was noted, tolerance = 0.946, VIF = 1.057). Higher ASPECT score [adjusted OR (ORadj) (95% CI): 1.786 (1.573–2.028), p < 0.001] was significantly associated with higher likelihood of EVT performance. Conversely, longer PSC-CT-to-ITI [0.994 (0.991–0.998), p = 0.001] was significantly associated with lower likelihood of EVT performance o/a to the CSC. A significant negative correlation was noted between PSC-CT-to-ITI time and ASPECTS o/a to the CSC (r = −0.233, p < 0.001).



EVT Outcomes and Functional Outcome at 3 Months After AIS

Recanalization was achieved in 39 (88%) of EVT patients. Secondary intracerebral hemorrhage after EVT was noted in 7 (16%) patients. In terms of functional outcome at 90 days after the index event, after exclusion of patients with spontaneous recanalization o/a to the CSC, no significant differences were noted between No-EVT and EVT patients [median (IQR): 4 (2–5) vs. 3 (2–4), p = 0.138]. A subgroup analysis of patients with M1-occlusions revealed significant differences of functional outcome at 90 days, with No-EVT patients having higher mRS at 90 days compared to the EVT group [median (IQR): 5 (4–5) vs. 3 (2–4), p = 0.003]. No significant between-group differences in functional outcome at 90 days existed for the subgroups of patients with M2 occlusions (p = 0.352) and cervical ICA occlusions (p = 0.209). Also, no significant differences were noted in mRS outcome at 90 days between non-transferred and transferred patients [median (IQR): 2 (0–5) vs. 3 (1–4), p = 0.189].




DISCUSSION

We analyzed the operational workflow of EVT implementation and AIS service organization within a large, supraregional neurovascular network. Our findings indicate that the current infrastructures efficiently enable access to EVT for patients with AIS due to LAO, who are primarily admitted to PSCs without on-site EVT availability (5). During the study period, the majority (59%) of patients for whom emergency request for interhospital transfer was made were admitted to the CSC with intention-to-treat with EVT, 69.2% of whom underwent intravenous thrombolysis at the PSCs. Among non-transferred patients, interhospital transfer was denied due to inaccessible (i.e., distal) vessel occlusion or non-verifiable LAO upon teleconsultation in 44.4 and 33.3% of the cases, respectively. These results corroborate the role that PSCs hold in primary AIS care, including intravenous thrombolysis administration, and in candidate selection for EVT (4). Also, taking into consideration the finite EVT resources within high-volume neurovascular networks, these data emphasize the real-world significance of prompt teleconsultation by experienced interventionalists prior to interhospital patient transfers.

Since limited NICU/ICU or neuroradiological capacity at the CSC were the reasons against interhospital transfer in 9.5 and 12.7% of non-transferred patients, respectively, we investigated workflow parameters, including procedural time metrics, that could be optimized to improve resource allocation within the neurovascular network. Our results showed similar Symptom-onset-to-PSC-CT and Symptom-onset-to-intravenous-thrombolysis times between non-transferred and transferred patients. However, the PSC-CT-to-ITI times (i.e., the intervals spanning between CT performance and ITI) were significantly longer in patients denied interhospital transfer compared to transferred patients, while prolonged PSC-CT-to-ITI time was associated with advanced patient age and higher pmRS. These findings strongly suggest that, in clinical practice, workflow optimization may play a catalytic role in patient selection. In accord with previous real-world thrombectomy studies (4), our results underline the importance of early-on time-metrics monitoring, along with the need for regular training interventions (17) for workflow improvement starting from the stages of primary patient admission to the PSCs.

With respect to imaging studies, although no differences were noted in the CTA performance rates between non-transferred and transferred patients, only 69% of all patients admitted with AIS to the PSCs underwent CTA within 15 min of NCT. CTA delays comprise a detrimental, but modifiable factor when it comes to identification of patients that may benefit from EVT (18). Since multimodal CT imaging, including NCT, CTA and PCT, does not delay acute AIS management (19, 20), the integration of uniform AIS imaging protocols in the standard operating procedures of neurovascular networks is pivotal.

Within the study hub-and-spoke neurovascular network, we operationalized a quality assurance framework evaluating to what extent patient selection for interhospital transfer was aligned with contemporary EVT guidelines. In line with current EVT recommendations (21), non-transferred patients had higher premorbid mRS scores compared to transferred patients. Additionally, more non-transferred patients had distal (i.e., M2 and PCA) occlusions compared to transferred patients, whereas transferred patients had more frequently extracranial, vertebrobasilar, and proximal intracranial (i.e., M1) occlusions. Although these findings are in accordance with current EVT guidelines (1, 21), regular adjustment of patient selection criteria is warranted to ensure prompt translation of EVT research advances into clinical practice. Evidence from the MR CLEAN registry (Multicenter Randomized Clinical Trial of Endovascular Treatment of Acute Ischemic Stroke), for example, recently showed that prestroke-dependent patients can benefit from EVT to a similar extent as prestroke-independent patients (22). Additionally, EVT in distal vessel occlusion has recently become possible by use of modern EVT devices (23). Continuous adjustment of neurovascular networks' organization is, hence, imperative to facilitate up-to-date AIS care.

Comparing the interhospital transfer and EVT performance rates among transferred patients from the various referring PSCs, no biases in patient selection were detected. Although most EVT registries have, so far, neglected non-transferred patients (9), acquisition of pre-transfer data is crucial, especially in terms of assessment of PSCs' access to EVT and healthcare policy-making within neurovascular networks. Among transferred patients, the transportation times were comparable between patients excluded from EVT and EVT patients. These findings demonstrate that within the study neurovascular network timely access to EVT is facilitated for patients referred from the various PSCs.

During the study period, we found a NNS (“Number-needed-to-ship”) of 2, as 48% of transferred patients underwent EVT, whereas 52% were considered ineligible for EVT o/a to the CSC. In the majority (44.7%) of patients who were considered ineligible for EVT, ASPECTS was <6 o/a to the CSC, while absence of LAO o/a to the CSC or inaccessible vessel occlusion accounted for the remaining number of excluded cases. These results are comparable with data published from other EVT registries, reporting rates of futile transfers of 45% (6). We consider NNS an important measure for assessment of a neurovascular networks' efficiency in primary patient selection and performance across all stages of EVT implementation (i.e., with lower NNS indicating accurate primary patient selection at the PSCs, well-regulated interhospital transfer and patient selection for EVT at the CSC).

Consequently, we investigated factors associated with the NNS. Our analyses revealed that prolonged PSC-CT-to-ITI time is associated with significantly lower ASPECTS o/a to the CSC and significantly reduces the odds of EVT performance (i.e., thereby increasing the NNS). Conversely, higher ASPECTS was significantly associated with the decision to perform EVT. Since a large proportion of transferred patients (44.7%) were excluded from EVT o/a to the CSC due to ASPECTS <6, we hypothesize that adjunctive neuroprotective therapies, such as hyperbaric oxygenation (24), during primary care at the PSCs or during interhospital transfer could improve NNS. This hypothesis is currently being tested in a randomized clinical trial at the study CSC (ClinicalTrials.gov Identifier: NCT03500939).

Regarding EVT outcomes, successful recanalization was achieved in 88% of EVT patients, a rate that is within the upper range of rates reported from large EVT trials and registries (15, 25–27). Among transferred patients, patients who underwent EVT had a trend for better functional outcome at 3 months after the index event compared to patients excluded from EVT. Yet, this difference was significant only in the subgroup of patients presenting with M1 occlusion, favoring patients who underwent EVT. The 3-month functional outcomes in our study are also comparable to those obtained from studies evaluating the “drip-and-ship” over the “mothership” strategy (6), which suggest comparable clinical outcomes in patients undergoing mechanical thrombectomy according to the “drip-and-ship” or the “mothership” model (28), especially for PSCs located at considerable distance from the CSCs (29). Since at group level, however, the high recanalization rates in our study were not equally reflected in clinical outcome improvement, further research in patient selection for EVT is warranted. Finally, the comparable 3-month clinical outcomes between transferred and non-transferred patients support the efficiency of patient selection for interhospital transfer, i.e., with both patient groups receiving optimal care resulting in comparable outcomes despite the fact that transferred patients initially presented with more severe strokes in the presence of LAO. In non-transferred patients, underlying stroke etiologies other than LAO, including small vessel disease [i.e., which is associated with good functional outcome after stroke (30)], and distal vessel occlusions [i.e., which due to thrombus characteristics tend to respond to intravenous thrombolysis (31)] may further account for the comparable functional outcomes between groups.


Limitations

We acknowledge possible limitations of the present study. First, as the present data were derived from a single neurovascular network with variable referral processes of the cooperating PSCs, additional real-world evidence is required to evaluate the generalizability of our results. Second, although the available time metrics reflect to a large extent the procedural stages involved in EVT implementation, monitoring of further time metrics [e.g., PSC-door-in-door-out and PSC-door-to-CSC-door times (4)] should be operationalized within neurovascular networks. Third, due to the limited number of patients in this study, data integration in predictive algorithms was not possible. Nonetheless, real-world data assimilation in predictive-decision models is crucial in order to improve patient selection, decision making over optimal transportation strategy (i.e., “drip-and-ship” over the “mothership”) and resource allocation within neurovascular networks (7).




CONCLUSION

In conclusion, we provide evidence that the hub-and-spoke neurovascular network infrastructures efficiently enable access to EVT to patients with AIS due to LAO, who are primarily admitted to PSCs without on-site EVT availability. Our findings have important implications for neurovascular networks' service organization, as they point out that operational workflow should be monitored and optimized across all stages of EVT implementation, starting from the stages of primary admission to the PSCs. In particular, our findings show that delays in interhospital-transfer-inquiries can majorly compromise patient selection for interhospital transfer and render a transfer futile. Due to the crucial role of teleconsultation in real-world settings, major effort should be directed toward establishing uniform AIS imaging protocols across neurovascular networks, including multimodal CT imaging, to facilitate appropriate patient selection for EVT. Finally, regular auditing and training interventions are warranted to improve resource allocation within high-volume neurovascular networks.
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Background and Aims: Disability-adjusted life years (DALYs) are an important measure of the global burden of disease that informs patient outcomes and policy decision-making. Our study aimed to compare the DALYs saved by endovascular thrombectomy (EVT) in the Australasian-based EXTEND-IA trial vs. clinical registry data from EVT in Australian routine clinical practice.

Methods: The 3-month modified Rankin scale (mRS) outcome and treatment status of consecutively enrolled Australian patients with large vessel occlusion (LVO) stroke were taken from the International Stroke Perfusion Imaging Registry (INSPIRE). DALYs were calculated as the summation of years of life lost (YLL) due to premature death and years lived with a disability (YLD). A generalized linear model (GLM) with gamma family and log link was used to compare the difference in DALYs for patients receiving/not receiving EVT while controlling for key covariates. Ordered logit regression model was utilized to compare the difference in functional outcome at 3 months between the treatment groups. Cox regression analysis was undertaken to compare the difference in survival over an 18-year time horizon. Estimated long-term DALYs saved based on the EXTEND-IA randomized controlled trial (RCT) results were used as the comparator.

Results: INSPIRE patients who received EVT treatment only achieved nominally better functional outcomes than the non-EVT group (p = 0.181) at 3 months. There was no significant survival gain from EVT over the first 3 months of stroke in both INSPIRE and EXTEND-IA patients. However, measured against no EVT in the long-term, EVT in INSPIRE was associated with no significant survival gain [hazard ratio (HR): 0.92, 95% confidence interval (CI): 0.78–1.08, p = 0.287] compared with the survival benefit extrapolated from the EXTEND-IA trial (HR: 0.42, 95% CI: 0.22–0.82, p = 0.01]. Offering EVT to patients with LVO stroke was also associated with fewer DALYs lost (11.04, 95% CI: 10.45–11.62) than those not receiving EVT in INSPIRE (12.13, 95% CI: 11.75–12.51), a reduction of −1.09 DALY (95% CI: −1.76 to −0.43, p = 0.002). The absolute magnitude of the treatment effect was lower than that seen in EXTEND-IA (−2.72 DALY reduction in EVT vs non-EVT patients).

Conclusions: EVT for the treatment of LVO in a registry of routine care was associated with significantly lower DALYs lost than medical care alone, but the saved DALYs are less than those reported in clinical trials, as there were major differences in the baseline characteristics of the patients.

Keywords: thrombectomy, disability adjusted life year (DALY), INSPIRE registry, real-world data analysis, randomized controlled clinical trial (RCT)


INTRODUCTION

Endovascular thrombectomy (EVT) is associated with significantly improved disability-free survival compared with the previous standard of care, intravenous thrombolysis (IVT) (1–6). One of these positive normal time window EVT trials, EXTEND-IA, in which selection by perfusion imaging demonstration of “target mismatch” was mandatory, reported that EVT led to a doubling of the number of people living disability free (generalized odds ratio (OR) 2.0, 95% confidence interval (CI): 1.2–3.8, p = 0.006 on ordinal analysis of modified Rankin scale (mRS) score) (6). However, analysis based on routine clinical practice following implementation of trial evidence is not always the same as that observed in randomized controlled trials (RCTs). Patients may be treated outside of the strict trial criteria. For example, most trials of EVT had an age limit for inclusion. In a real-world study, elderly patients who received EVT experienced higher rates of hemorrhage (40.7 vs. 9.3%, p < 0.001) without significantly improved functional outcomes than a matched medical management cohort (7). A previous study that examined the Disability-adjusted life years (DALYs) lost based on the EXTEND-IA RCT, which utilized perfusion imaging selection to identify patients with large vessel occlusion (LVO) stroke for EVT, reported that EVT led to significantly fewer lifetime DALYs lost than non-EVT (−2.72 DALY, p = 0.02) (8). However, DALY estimation from this study may not be generalizable to real-world practice as perfusion imaging selection (or the criteria if performed) for EVT is not rigidly adhered to (or not performed at all in some countries).

DALYs were developed to measure the relative and total global burden of all diseases using a common metric, which integrates both mortality (years of life lost (YLL) due to premature death) and morbidity (years of healthy life lost due to living with a disability) (9). As an important metric of disease burden, the DALYs can be used as the basis for resource allocation and priority setting for stroke prevention, evidence-based healthcare planning for acute stroke management, and post-stroke rehabilitation services (10). They have been referenced extensively in global health debates and decision-making (11). DALYs can reveal the likely impact of stroke on a patient over their remaining lifetime rather than at a single time point. Stroke, as the leading cause of adult disability in Australia and worldwide, leads to significantly more DALYs lost (116.4 million) annually than coronary heart disease (82 million) (12, 13).

Even though there is controversy around the use of DALYs as an outcome measure (14), they remain an important index to quantify the disease burden (15). Given the important role that DALYs play in informing policy decision-making, this study aims to improve the evidence based on comparing the DALYs saved from EVT in LVO stroke patients with LVO to assess the impact of the implementation of EVT into routine clinical care compared with the benefits reported in EXTEND-IA in Australia. Other important clinical outcomes including 3-month mRS score and overall survival were also analyzed and compared.



METHODS


Study Population

We accessed the International Stroke Perfusion Imaging Registry (INSPIRE), a registry of patients with stroke, to source the baseline and 90-day clinical and imaging data for all Australian patients with LVO defined as occlusions of the internal carotid artery (ICA) and proximal segment (M1, M2) of the middle cerebral artery over a 5-year period (2015–2019), regardless of the baseline characteristics (e.g., volume of infarct core, etc.) (16, 17). Routine multimodal computed tomography (CT: non-contrast CT, perfusion CT, and CT angiography) was performed on patients presenting with acute neurological deficits. Eligible patients received thrombolysis prior to EVT. In routine clinical practice, EVT is offered to patients with (i) the presence of a LVO that is potentially retrievable, (ii) reasonable pre-stroke function (mRS 0–3), and (iii) limited medical comorbidities. In particular, if the patient was within 6 h of onset, perfusion imaging criteria, such as used in EXTEND-IA, was not used to exclude patients from therapy. Unless contraindicated, magnetic resonance imaging (MRI) at 24 h post-stroke was standard practice, in which case repeat imaging was carried out with multimodal CT. The National Institute of Health Stroke Severity (NIHSS), the primary index for stroke severity, was assessed immediately before treatment and 24 h imaging. In INSPIRE, 24-h Thrombolysis in Cerebral Infarction (TICI) Score is adopted as reperfusion grades with 2b−3 being successful reperfusion (18). All patients were assessed at 90 days post-stroke onset for functional outcome using the mRS.

Written informed consent for participation in the study was provided by all the patients. The Hunter New England Area Health Service Human Research Ethics Committee reviewed and approved the study protocol in 2012.



Estimation of DALY

A DALY is calculated as the summation of two components: YLL due to premature death and years lived with a disability (YLD). Lower DALYs indicate more disability-free life years after the index stroke (one DALY indicates 1 year of disability-free life lost).

YLL due to premature death are calculated as the difference in life expectancy of an age-, sex-matched person from the general Australian population and a stroke patient in a certain mRS category. Patients post-stroke have a higher hazard ratio (HR) of dying from all-cause mortality determined by their mRS score at 3 months. All-cause mortality of the general Australian population for each age and gender was adjusted by the corresponding HR to estimate the life expectancy for patients with stroke (19). The life table for the general Australian population and the formula to recalculate the life expectancy for stroke patients were sourced from the Australian Bureau of Statistics (ABS) (20).

YLD are calculated by multiplying the life expectancy of a stroke patient by a disability weight. The disability weights based on mRS score were sourced from the study by Hong and Saver (21). In the base case, DALYs were not adjusted by age weight nor discounted, in accordance with the recommendation of the World Health Organization (19). However, in the sensitivity analysis, DALYs were discounted at an annual rate of 3%, and age weighting was applied to examine the robustness of base case results (19). Using individual patient-level data from INSPIRE, DALYs (and the two components—YLL and YLD) were calculated for each patient based on their 3-month mRS score. The detailed calculations are provided in the Supplementary Document.



Statistical Analysis

Descriptive analysis was undertaken of the baseline characteristics of Australian patients receiving EVT vs. no EVT using INSPIRE data and compared with their respective groups in the Australasian-based EXTEND-IA trial. EXTEND-IA was selected as the comparator since it offers the optimal comparability of EVT/no EVT patients with INSPIRE, by reporting the long-term DALY outcome using patient-level data and comparing patients treated in the same centers and similar medical systems by the same healthcare providers across the country. Differences in baseline characteristics within INSPIRE and between INSPIRE and EXTEND-IA were tested using T-test or Wilcoxon rank-sum test depending on the distribution of the variable (22). Within INSPIRE, (i) ordered logit regression model was utilized to compare the difference in functional outcome at 3 months between the treatment groups (23); (ii) Cox regression model (survival analysis) was undertaken to explore the difference in the projected survival over 18 years (from 3-month post-stroke onset) between the two treatment groups (8). These analyses were also performed in a subgroup of patients with intracranial ICA or M1 occlusions as this is the group with the strongest evidence of benefit from thrombectomy. Eighteen years were considered sufficient to capture the difference in survival in the current study given the older age of many stroke patients. The time-to-death for each individual was extracted from the reconstructed life table for patients with stroke but was censored at 18 years post the index stroke. Where a patient died due to stroke (mRS = 6) prior to month 3, they were assigned the maximal survival of 3 months. In the Cox regression model, onset age, gender, baseline NIHSS, baseline infarct core volume, and baseline penumbra volume were adjusted, which are in line with the analysis from EXTEND-IA. Survival gain and DALYs saved due to EVT within INSPIRE were compared with similar outcomes (i.e., survival and DALYs saved from both EVT and no EVT treatment groups) estimated from EXTEND-IA (6).

To estimate the difference in DALYs, YLL and YLD between the two treatment groups, a generalized linear model (GLM) with gamma distribution and log link was adopted given the non-normal distribution of the DALY and its two components. The selection of gamma distribution and link function was informed by a modified Park test and link test (24). DALY was the dependent variable, whereas the treatment status, onset age, gender (male/female), time from stroke onset to hospital arrival (min), baseline NIHSS, baseline penumbra volume, and IVT treatment (Y/N) were entered as covariates. DALYs saved (i.e., between-group difference in DALYs) due to EVT from INSPIRE and EXTEND-IA were directly compared. To further test the difference in DALYs lost within INSPIRE by age, onset age was also coded as a dummy variable and was included in the GLM analysis. Bootstrapping with 2,000 iterations was undertaken to further examine the robustness of results from GLM analysis. All the analyses were performed using the STATA V16 statistical package (StataCorp 2019, Stata Statistical Software: Release 16; StataCorp LLC, College Station, TX, USA) and Microsoft Excel.




RESULTS


Study Populations

In total, from INSPIRE, 178 LVO patients (mean age of 69.7 years, 53% male) received EVT vs. 584 LVO patients (mean age of 71.9 years, 52% male) who had medical treatment alone during the study period (2015–19). The age distribution of patients from the two treatment groups is shown in Supplementary Figure 1. The median baseline NIHSS was 16 and 15 in the two groups with similar interquartile ranges (IQRs). The baseline core volume was not significantly different between the two groups, whereas patients who received EVT had significantly higher penumbra volume at baseline (88 ml in the EVT group vs. 68 ml in the non-EVT group, p < 0.001). Approximately 48.3% of patients in the EVT group had thrombolysis prior to EVT compared with 59.3% in the non-EVT group, and 83% of patients received EVT within 6 h of stroke onset. Patients who received EVT treatment only achieved nominally better functional outcomes than the non-EVT group (p = 0.181) at 3 months and when controlled for both time from stroke onset to hospital arrival and successful reperfusion at 24 h (i.e., TICI 2b/3), and the results were consistent (p = 0.382). Baseline characteristics and 3-month mRS outcomes of the study population are summarized in Table 1 and Supplementary Figure 2. Three-month mRS outcomes for subgroups with ICA or M1 occlusions, provided in Supplementary Table 1, show that EVT was associated with significantly better functional outcomes than patients not receiving EVT (p = 0.017).


Table 1. Baseline characteristics of the LVO study population from INSPIRE and EXTEND-IA.
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In comparison, the EXTEND-IA RCT recruited patients with a mean age of 69 years (SD = 12), median NIHSS score of 15 (IQR: 12–19), and 49% males (6). The median baseline core and perfusion lesion volumes were 12 vs. 18 ml and 106 vs. 115 ml in the EVT and no EVT treatment groups, respectively. Generally, patients receiving EVT in both INSPIRE and EXTEND-IA were comparable in terms of some key baseline characteristics. However, there were proportionally less patients with M2 occlusions offered EVT, higher proportion with large infarct core (thus smaller proportion with target mismatch), and longer time from stroke onset to hospital arrival in INSPIRE.



Survival Analysis

Based on the published HR of mortality by mRS score for stroke patients, the Cox regression model showed that INSPIRE EVT was associated with nominally reduced probability of death (HR: 0.92, 95% CI: 0.78–1.08, p = 0.287, Figure 1). Older age, being male, and higher baseline volume of baseline infarct core contributed to decreased probability of survival (p < 0.05), whereas baseline NIHSS (p = 0.146) was not statistically significant for the probability of survival (Supplementary Table 2). The subgroup analysis including patients with ICA or M1 occlusions suggested that EVT led to a reduced probability of mortality (HR: 0.82, 95% CI: 0.71–0.96, p = 0.012) with older age, male gender, and higher baseline NIHSS accounting for lowered probability of survival (Supplementary Figure 3).


[image: Figure 1]
FIGURE 1. Cox proportional hazards regression for the long-term modeled survival.


The long-term estimation based on the EXTEND-IA data reported that EVT was associated with a better probability of survival with a HR of 0.42 (95% CI: 0.22–0.82, p = 0.01) than corresponding controls with no EVT (8).



DALYs Lost

EVT in INSPIRE LVO patients was associated with fewer DALYs lost (11.04, 95% CI: 10.45–11.62) than those not receiving EVT (12.13, 95% CI: 11.75–12.51) or a difference in reduction of 1.09 DALYs (95% CI: −1.76 to −0.43, p = 0.002). Similar results were also observed for YLL and YLD, with corresponding avoided YLL of −0.68 (95% CI: −1.18−0.18, p = 0.009) and YLD of −0.47 (95% CI: −0.98 to 0.03, p = 0.074). The raw distribution of DALYs by treatment groups is presented in Supplementary Figure 4. In the scenario where the age weighting and discounting were applied, the difference in DALYs saved was smaller (as future life years were discounted) (Table 2). The unadjusted difference in EXTEND-IA DALYs was 2.72 (p = 0.02) (8). In summary, the between-group difference in DALYs reduction due to EVT was less in the INSPIRE population (1.09 DALY saved) than that in the EXTEND-IA RCT (2.72 DALY saved).


Table 2. Results of disability-adjusted life years by endovascular thrombectomy status from INSPIRE and EXTEND-IA.
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Sensitivity Analysis

The analysis by age group showed that in the INSPIRE population, DALYs saved decreased by age due to the lesser impact on remaining life expectancy (Figure 2). The larger difference in DALYs saved −1.90 (95% CI: −3.15 to −0.65) was observed in the youngest age group (<50 years), whereas this difference reduced to −0.57 (95% CI: −0.95 to −0.20) in the oldest age category (>80 years) (Table 3).


[image: Figure 2]
FIGURE 2. Difference in disability-adjusted life years by age category.



Table 3. Results of disability-adjusted life years by age category from INSPIRE.
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The bootstrapping revealed results consistent with the base case results from GLM analysis (Table 4). The differences in INSPIRE DALYs between the treatment groups were −0.97 (95% CI: −1.60 to −0.34, p = 0.002) in the unadjusted analysis and −0.55 (95% CI: −0.88 to −0.23, p = 0.001) in the adjusted analysis (Figure 3).


Table 4. Sensitivity analysis from bootstrapping INSPIRE.
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FIGURE 3. Sensitivity analysis for difference in disability-adjusted life years from bootstrapping.





DISCUSSION

This study demonstrated that the clinical outcomes of LVO patients who undergo EVT LVO in Australia (i.e., INSPIRE) resulted in less than half of the DALYs saved compared with those selected for enrollment in EXTEND-IA. However, EVT still resulted in significantly better DALY outcomes than those patients treated with/without thrombolysis in the INSPIRE. The saved INSPIRE DALYs from EVT were greater in the younger age group due to their longer life expectancy. The sensitivity analysis using a bootstrapping technique yielded similar results as the base case analysis with a slightly smaller difference in saved DALYs.

The smaller between-group difference in DALYs saved after EVT in INSPIRE compared with EXTEND-IA occurred despite generally comparable baseline characteristics including age, occlusion site, baseline NIHSS, ischemic core, and perfusion lesion volume (6). The primary reason for the discrepancy is that a higher proportion of patients randomized to EVT in the EXTEND-IA trial achieved much better functional outcomes proportionally at 3 months than observed from the current registry data: over 72% of patients achieved a mRS score ≤2, whereas this proportion was only 48% in the real-world data (6), probably due to offering EVT to extended time window patients (i.e., around 17% of patients received EVT beyond 6 h of the normal time window) or patients without a target mismatch (i.e., ~12% of EVT patients did not have a target mismatch, and 6% of patients had a core volume >70 ml) in INSPIRE. Indeed, the outcomes achieved in EXTEND-IA are exceptionally high by any standard and indicate rigorous adherence to computed tomography perfusion (CTP) mismatch criteria, as opposed to MR CLEAN, for example, which did not use CTP selection, and the corresponding 3-month mRS 0–2 was 32.6% (3). It is worth noting that the key driver for the post-stroke survival and DALYs avoided was the HR of mortality according to the 3-month mRS score (i.e., higher mRS score is associated with higher HR in terms of overall mortality). The substantial difference in the proportion of patients with favorable mRS score (≤2) between the RCT and the real-world post-EVT (i.e., patients with severe disability are more likely to die in the following years than those with mild disability) resulted in the difference in the YLL and subsequently led to increased YLD due to the higher disability weight associated with poorer mRS outcome.

The survival analysis and 3-month outcomes did not show that INSPIRE EVT was significantly better than the no EVT treatment group. However, when restricting the analysis to patients with ICA or M1 occlusion, both analyses suggested that INSPIRE EVT was associated with better probability of survival and mRS outcome. One possible explanation for this is that the non-EVT patients from INSPIRE had the highest proportion of M2 occlusions (21%), whereas INSPIRE EVT patients had the lowest proportion of M2 occlusions (5.6%), in comparison with the proportions from EXTEND-IA (between 11 and 17%). Patients with M2 occlusion inherently have a better prognosis than patients with more proximal occlusion (25). The high proportion of M2 occlusion patients in the no EVT group from INSPIRE probably contributed to the non-significant difference in both survival and 3-month mRS outcomes for EVT vs no EVT in INSPIRE.

This study also showed that younger patients generated greater DALY savings regardless of the treatment received; this is echoed by the significant economic burden of stroke due to young patients primarily due to productivity losses (26–28). The substantial burden of young stroke warrants national policy consideration and a targeted campaign to raise awareness of the disease in this young age group.

Quantification of DALYs from real-life data bears two policy implications: (i) the DALY estimation based on tightly controlled research trial data is not directly generalizable to everyday clinical practice. In the real-world, the selection of patients who receive EVT may not be exactly the same as the eligibility criteria for the trials, which leads to the variation in the functional outcomes. (ii) Resource allocation, guideline formulation, and priority setting in stroke treatment and prevention should preferably be based on real-world data given the potential risk of overestimation of intervention benefit from the trials. In addition, using the incremental cost due to EVT from EXTEND-IA and the DALY reduction between the EVT and no EVT groups from INSPIRE, it was estimated that the incremental cost effectiveness ratio (ICER) was A$8,838 (95% CI: $5,454–$22,726). This result suggests that with the uncertainty considered in the economic analysis, the EVT procedure may not necessarily be cost-effective in some developing countries (i.e., the upper bound of the ICER may well exceed the willingness to pay per DALY threshold).

Our study has several key strengths. Firstly, the analysis was based on routine clinical practice registry data for stroke including both EVT and intravenous alteplase treatment over the past 5 years from most of the states/territories in Australia. However, there is no doubt that this still represents a minority of patients treated with EVT in all Australian centers over the study period. Secondly, INSPIRE participants not only include those who received EVT meeting CTP mismatch criteria from trials, such as EXTEND-IA, but also incorporate a minority of patients outside of these criteria who were treated with EVT at clinicians' discretion. Thirdly, individual patient-level data facilitated the analysis that adjusted for baseline characteristics (age, gender, baseline NIHSS, baseline penumbra volume, and time from stroke onset to hospital arrival) to accurately estimate the difference in DALYs avoided between the two groups. This study, however, is not without limitations. Any recurrent stroke and other cardiovascular events beyond 3 months were not simulated in the long-term when estimating life expectancy. Given these events would impact on the patients from both treatment groups (although it could be argued that patients with better mRS outcome would have lower risk of experiencing follow-up adverse cardiovascular events), this is considered to not favor EVT. Second, the differences in patient characteristics between the INSPIRE and the EXTEND-IA including more patients with large infarct core, absence of target mismatch, and longer time from stroke onset to hospital arrival in INSPIRE may restrict comparability. However, the INSPIRE group represents the experience of EVT and standard care without EVT in the real-world where differences in characteristics do exist for patients from both treatment groups, compared with the two randomized groups in EXTEND-IA. Lastly, we are not able to comment on unmeasured patient factors (i.e., premorbid mRS that was not mandated in the INSPIRE) that may have excluded a patient from a trial, such as EXTEND-IA, but led to their inclusion in INSPIRE as part of everyday practice. While this point leads to the strength of this analysis on the implementation of the evidence, we are unable to identify the key drivers of these influencing factors.

The recently published DIRECT-MT and SKIP trials assessed whether EVT alone was inferior to the alteplase prior to EVT, with the former demonstrating the non-inferiority (mRS shift, adjusted OR: 1.07, 95% CI: 0.81–1.40, p = 0.04) (29–31). It would be of research interest to compare the long-term health gains from bridging alteplase in real-world from INSPIRE vs. DIRECT-MT/SKIP RCTs. However, we expect the cost implications of such direct treatment, where there is limited clinical change, to be minimal since the majority of costs arise from the long-term care of patients.



CONCLUSIONS

EVT was associated with significant savings in DALYs compared with usual care/IVT in real-world Australian practice, but the benefit was smaller than that seen in EXTEND-IA. The incomplete translation of the EXTEND-IA results into real-world practice is likely related to multiple factors including patient selection.
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We aimed to compare Perfusion Imaging Mismatch (PIM) and Clinical Core Mismatch (CCM) criteria in ischemic stroke patients to identify the effect of these criteria on selected patient population characteristics and clinical outcomes. Patients from the INternational Stroke Perfusion Imaging REgistry (INSPIRE) who received reperfusion therapy, had pre-treatment multimodal CT, 24-h imaging, and 3 month outcomes were analyzed. Patients were divided into 3 cohorts: endovascular thrombectomy (EVT), intravenous thrombolysis alone with large vessel occlusion (IVT-LVO), and intravenous thrombolysis alone without LVO (IVT-nonLVO). Patients were classified using 6 separate mismatch criteria: PIM-using 3 different measures to define the perfusion deficit (Delay Time, Tmax, or Mean Transit Time); or CCM-mismatch between age-adjusted National Institutes of Health Stroke Scale and CT Perfusion core, defined as relative cerebral blood flow <30% within the perfusion deficit defined in three ways (as above). We assessed the eligibility rate for each mismatch criterion and its ability to identify patients likely to respond to treatment. There were 994 patients eligible for this study. PIM with delay time (PIM-DT) had the highest inclusion rate for both EVT (82.7%) and IVT-LVO (79.5%) cohorts. In PIM positive patients who received EVT, recanalization was strongly associated with achieving an excellent outcome at 90-days (e.g., PIM-DT: mRS 0-1, adjusted OR 4.27, P = 0.005), whereas there was no such association between reperfusion and an excellent outcome with any of the CCM criteria (all p > 0.05). Notably, in IVT-LVO cohort, 58.2% of the PIM-DT positive patients achieved an excellent outcome compared with 31.0% in non-mismatch patients following successful recanalization (P = 0.006).

Conclusion: PIM-DT was the optimal mismatch criterion in large vessel occlusion patients, combining a high eligibility rate with better clinical response to reperfusion. No mismatch criterion was useful to identify patients who are most likely response to reperfusion in non-large vessel occlusion patients.

Keywords: ischemic stroke, perfusion, target mismatch, intravenous thrombolysis, endovascular thrombectomy


INTRODUCTION

Selection of patients using target mismatch can identify acute ischemic stroke patients who are most likely to benefit from intravenous thrombolysis (IVT) or endovascular thrombectomy (EVT) in an extended time window (1–3). However, the exact patient selection criteria remain a controversial topic. The DEFUSE3 (3) and EXTEND IA (4) using Perfusion Imaging Mismatch (PIM), which preferentially enroll patients with a largely treatable penumbra and small ischemic core. The DAWN trial (1) applied a Clinical-Core Mismatch (CCM) where an age-adjusted National Institutes of Health Stroke Scale (NIHSS) score was used as a surrogate for the total perfusion deficit, in combination with a small age-adjusted ischemic core define mismatch. However, various thresholds calculated by different post-processing algorithms, defining penumbra and core, has been reported. The most common set of thresholds defining penumbra and core are time to peak of the residual function (Tmax) > 6 s and relative cerebral blood flow (rCBF) <30%, or delay time (DT) >3 s and rCBF <30% (5). When calculating Mean Transit Time (MTT), Tmax and CBF by singular value deconvolution (sSVD), the algorithm assumes no delay in blood flow from proximal arteries to the ischemic region, as, almost invariably in ischemic stroke, there is delay and dispersion of the contrast between the more proximal arterial input function (AIF) and the ischemic region (6). The sSVD is a delay-sensitive algorithm, resulting in underestimation of CBF and overestimation of MTT (6–8). This is highly clinically relevant as different definitions of the perfusion deficit may affect reperfusion treatment eligibility. It is a challenge to determine which mismatch criteria are superior to others in term of optimally identifying excellent reperfusion responders and excluding those who are either likely to be harmed or who have a good natural history regardless of treatment, in routine clinical practice.

Therefore, in this study we aimed to: (i) to compare the various PIM and CCM criteria using different definitions of perfusion deficit; and (ii) assess the ability of each criterion to identify acute stroke patients who are most likely to respond to reperfusion treatment in different subgroups of acute ischemic stroke patients. We hypothesized: (i) that there would be considerable differences in the proportion of patients selected with each mismatch criterion; and (ii) that the presence of PIM or CCM positivity may not uniformly predict response to reperfusion treatment in different sub-groups of acute ischemic stroke patients.



METHODS


Patients

Consecutive acute ischemic stroke patients presenting to 14 centres between 2012 and 2017 were prospectively recruited into the INternational Stroke Perfusion Imaging REgistry (INSPIRE). From the INSPIRE database, patients with anterior circulation ischemic stroke were included in this study if they fulfilled the following criteria:

(i) Received reperfusion therapy: Endovascular Thrombectomy (EVT) or Intravenous Thrombolysis (IVT) based on institutional guidelines.

(ii) Underwent pre-treatment multimodal CT including non-contrast CT, CTP, CT angiography (CTA).

(iii) Underwent 24-h imaging with MRI or multimodal CT.

Stroke severity was assessed at baseline and 24-h using NIHSS. Functional outcome was assessed at day-90 using the modified Rankin Scale (mRS). Patients were divided into two binary outcomes: excellent clinical outcome (mRS of 0-1 VS. mRS of 2-6), and good clinical outcome (mRS of 0-2 VS. mRS of 3-6). Symptomatic Intracranial Hemorrhage (sICH) was defined as type 2 parenchymal haematoma on follow-up imaging with more than 4-point increase in NIHSS or leading to death (9).


Patient Cohorts

Patients were divided into 3 cohorts. Cohort A (EVT) consisted of patients who received EVT. Cohort B (IVT-LVO) consisted of patients receiving IVT alone with Large Vessel Occlusion. LVO was defined as occlusion of the internal carotid artery (ICA) and M1 segment of Middle Cerebral Artery (MCA) only. Cohort C (IVT-nonLVO) consisted of IVT only patients without LVO, including MCA occlusions beyond M1, anterior cerebral artery occlusions (and/or CTP patterns consistent with distal occlusions not easily visualized on CTA).




Imaging Acquisition and Analysis

All patients underwent pre-treatment multimodal CT and 24-h MRI or multimodal CT (if MR-incompatible) (10).

All CTP were post-processed with MIStar (Apollo Medical Imaging Technology, Melbourne, Australia) with both standard Single Value Deconvolution (sSVD, which is delay-sensitive), and also by delay and dispersion corrected Single Value Deconvolution (ddSVD, which is delay-insensitive) (11, 12). The software automatically performs motion correction and selects an arterial input function (AIF) from an unaffected artery (most often the anterior cerebral artery). Then the AIF was confirmed by experienced analysts (C.C, a neuroscientist with >6 years experience of perfusion imaging; and A.B, a neuroscientist with >10 years experience). The sSVD method generates maps of: standard cerebral blood volume (CBV), standard CBF, standard MTT and Tmax. Tmax is calculated from the time to peak of the impulse residual function (IRF) curve, where Tmax=0 reflects normal blood supply in normal tissue without delay and dispersion. DT was calculated using ddSVD method to correct for the potential arterial delay and dispersion effects caused by stroke and arterial stenosis by generating an arterial transport function from each voxel IRF (13).


Threshold Setting to Define Perfusion Deficit and Ischemic Core

Dual threshold setting was used to define perfusion deficit and ischemic core, with upper threshold defining the perfusion deficit and lower threshold defining ischemic core. Three thresholds were used according to previously published thresholds to define perfusion deficit: (i) MTT >145% of contralateral normal tissue (derived from sSVD) (14), (ii) Tmax >6 s (derived from sSVD) (3, 4, 15), (iii) DT> 3 s (derived from ddSVD) (11, 16). The threshold of rCBF <30% was applied to measure ischemic core within each of the perfusion deficit defined by the above thresholds (17). Mismatch ratio was defined as the perfusion deficit divide by the infarct core volume; mismatch volume was defined as the perfusion deficit volume minus the ischemic core volume.

For the EVT cohort, recanalization status was graded by Thrombolysis in Cerebral Infarction (TICI) grading system post-procedure Digital Subtraction Angiography (DSA). For IVT patients, recanalization status was graded by comparing follow-up MRA/CTA to acute CTA, evaluating the restoration of the previously occluded artery with Thrombolysis in Myocardial Infarction scoring system. For this study, we classified recanalization status as either (i) recanalization = TICI 2b, 2c, or 3 on DSA or TIMI 3 on follow-up MRA/CTA, or (ii) no recanalization = TICI 0, 1, or 2a on DSA, or TIMI 0, 1, 2 on follow-up MRA/CT. Collateral supply to the mismatch area was classified as 1 = good, 2 = moderate, 3 = poor using the Miteff grading system (18).




Mismatch Profile Definition

Each patient was then classified using 6 separate mismatch criteria according to previously used mismatch criteria using the following methods and thresholds:


Perfusion Imaging Mismatch Profile (PIM-DT/PIM-Tmax/PIM-MTT)

PIM – mismatch between perfusion deficit and ischemic core: Mismatch ratio >1.8, mismatch volume >15 ml, core volume <70 ml, as determined by 3 different measures to define the perfusion deficit (DT >3 s, Tmax >6 s, or MTT >145%), and ischemic core defined as rCBF <30% constrained to the territory of the perfusion deficit defined in three ways as above;



Clinical Core Mismatch Profile (CCM-DT/CCM-Tmax/CCM-MTT)

CCM - mismatch between age-adjusted NIHSS and CTP core: NIHSS ≥10 and ischemic core volume <31 ml (age <80), or NIHSS ≥20 and ischemic core volume 31–51 ml (age <80); or NIHSS ≥10 and ischemic core volume <21 ml (age ≥80); as ischemic core volume determined by rCBF<30% constrained to the territory of the perfusion deficit defined in three ways (DT >3 s, Tmax >6 s, orMTT >145%).




Statistical Analysis

Descriptive results and quantitative baseline patient characteristics were presented as median and Interquartile Range (IQR). Comparisons of continuous variables between groups were performed with Wilcoxon rank-sum test. Categorical variables were presented as proportions. Categorical variables were compared by chi-square, or Fisher's exact test as appropriate. The proportions of patients selected by each mismatch criterion were compared groups 2 by 2 as assessed by McNemar Test for discordant pairs. In patients with the same mismatch profile, differences of outcome variables (rate of mRS0-1, rate of mRS0-2, sICH and mortality rate) were compared between patients with and without recanalization. Furthermore, in patients with the same recanalization status, differences of outcome variables were compared between patients with and without target mismatch. Separate univariate logistic regression was constructed to assess the relationship between recanalization and excellent outcome/good outcome in patients with and without target mismatch utilizing each mismatch criterion. This was followed by multiple logistic regressions adjusting for age, and baseline core volume.

All the statistical analyses were performed for 3 cohorts of patients separately. Significant level was set at P < 0.05. Statistical analyses were performed with STATA 13.0 (Stata Corp, College Station, Texas, USA).




RESULTS

During the study period, a total of 2,205 patients were enrolled in INSPIRE. A total of 994 patients were eligible for this study after various exclusions (patient inclusion was detailed in Figure 1). Cohort A consisted of 208 EVT patients (147 of the 208 EVT patients also received IVT); Cohort B consisted of 458 IVT-LVO patients; Cohort C consisted of 328 IVT-non LVO patients. Patients without an LVO had smaller baseline perfusion lesion, greater likelihood of good collaterals and a higher rate of excellent outcome (mRS 0-1 ate day-90) compared with patients with an LVO treated with EVT and/or IVT (Table 1). In patients with an LVO, EVT resulted in a higher rate of recanalization compared to IVT alone (78 vs. 47%, Table 1).


[image: Figure 1]
FIGURE 1. Flowchart of Patients Inclusion. INSPIRE, INternational Stroke Perfusion Imaging REgistry; EVT, endovascular Thrombectomy; IVT-LVO, Intravenous Thrombolysis patients with Large Vessel Occlusion; IVT-non-LVO, Intravenous Thrombolysis patients with no Large Vessel Occlusion, Vessel Occlusion.



Table 1. Clinical and imaging characteristics.
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EVT Cohort

Of the patients treated with EVT, 82.7% (172/208) met the PIM-DT criterion, which had the highest proportion of eligible patients. The proportions of patients selected by each mismatch criterion were significantly lower when compared with PIM-DT (Table 2, illustrative example of the disagreement between mismatch criteria in Figure 2). Between 32% (66/208 from CCM-DT) and 61% (127/208 from CCM-MTT) of patients were excluded due to the age-adjusted NIHSS/core cut off when using the CCM criteria. A total of 28% (58/208) of the patients were excluded due to the large core (infarct core volume ≥70 mL) when assessed with PIM-MTT, 20% (42/208) when assessed with PIM-Tmax, and 12% (24/208) when assessed with PIM-DT (Table 2).


Table 2. Disagreement between mismatch criteria and detail of exclusion.
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FIGURE 2. Illustrative examples of target mismatch classified by 3 PIM criteria. A 67-year-old case, acute left middle cerebral artery (MCA) M1 segment occlusion with sudden onset of right-side hemiparesis (baseline NIHSS 24), underwent endovascular thrombectomy, had successful recanalization (TICI 2c) and had mRS 1 at 90-day. (A) Classified as target mismatch by PIM-DT, with mismatch ratio 2.2, perfusion deficit volume 119 mL, CTP core volume 55 mL (defined as DT >3S and rCBF<30%). (B) Classified as non-target mismatch by PIM-Tmax, with mismatch ratio 1.5, perfusion deficit volume 116 mL, CTP core volume 78 mL (defined as Tmax >6S and rCBF<30%). (C) Classified as non-target mismatch by PIM-MTT, with mismatch ratio 1.8, perfusion deficit volume 166 mL, CTP core volume 98 mL (defined as MTT >145% and rCBF<30%). (D) 24-h DWI detected 46 mL infarct core.


Recanalization was strongly associated with achieving an excellent outcome and good outcome at 90-days in patients meeting the PIM (DT/Tmax/MTT) criteria (e.g., PIM-DT + patients, mRS 0-1 adjusted OR: 4.27 95% CI: 1.53, 11.91, P = 0.005, Tables 3A,B). Whereas, there was no such association between recanalization and excellent or good outcome at 90-days in target mismatch patients classified by any of the CCM criteria (Tables 3A,B). Additionally, patients meeting the PIM (DT/Tmax/MTT) mismatch criteria had a higher rate of excellent outcome after recanalization (e.g., PIM-DT+ patient, 43.4%, 59/136 with recanalization, vs. 13.9%, 5/36 without recanalization, P = 0.001, Tables 4A,B). Importantly, PIM-DT was the only mismatch criterion that showed target mismatch patients had a higher rate of excellent or good outcome compared with non-target mismatch patients after recanalization (e.g., 43.4%, 59/136 PIM-DT+ patients with recanalization vs. 26.9%, 7/26 PIM-DT- patients with recanalization, P = 0.013, Table 4A).


Table 3A. The relationship between mismatch predicting mRS 0-1 in patients with recanalization.
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Table 3B. The relationship between mismatch predicting mRS 0-2 in patients with recanalization.
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Table 4A. Outcomes based on target mismatch profile and recanalization status.
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Table 4B. Outcomes based on target mismatch profile and recanalization status.
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IVT-LVO Cohort

In the cohort of LVO patients treated with IVT only, 79.5% (364/458) met the PIM–DT, which had the highest proportion of eligible patients. The proportions of patients selected by the other mismatch criteria were also significantly lower than PIM-DT (Table 2). When using the CCM criteria, between 35% (162/458 from CCM-DT) and 54% (246/458 from CCM-MTT) of the patients were excluded due to the age-adjusted NIHSS/core cut off. A total of 28% (118/458) of the patients were excluded due to large core (core volume ≥70 mL) when assessing with PIM-MTT, whilst 17% (76/458) when assessing with PIM-Tmax and 11% (49/458) using PIM-DT criterion (Table 2).

In contrast to the EVT cohort, recanalization was associated with an excellent and good outcome at day-90 in patients with and without target mismatch regardless of the type of mismatch criteria used (Tables 3A,B). The target mismatch patients with recanalization had a higher rate of excellent and good outcome compared with target mismatch patients without recanalization, regardless of the type of mismatch criteria used (e.g., rate of mRS 0-1: 58.2% in PIM-DT+ with recanalization vs. 7.7% in PIM-DT+ without recanalization, P < 0.0001, Tables 4A,B). A similar relationship was also seen in non-target mismatch patients (e.g., rate of mRS 0-1: 31.0% in PIMDT- with recanalization vs. 3.1% in PIM-DT- without recanalization, P < 0.0001, Tables 4A,B).

However, PIM-DT was the only mismatch criterion that showed target mismatch patients had a higher rate of excellent outcome compared with non-target mismatch patients after recanalization. A total of 58.2 % (114/196) PIM-DT+ patients achieved an excellent outcome at day-90 after recanalization, compared with only 31.0% (9/29) in PIM-DT- patients (P = 0.006, Table 4A). Furthermore, PIM-DT was again the only criterion that showed a reduced rate of sICH in PIM-DT+ patients with recanalization (1%, 2/196) compared with PIM-DT+ patients without (7.7%, 13/168, P = 0.006, Table 4A).



IVT-Non-LVO Cohort

In the cohort of IVT patients without an LVO, 75.9% (249/328) met the PIM-MTT criterion, which had the highest proportion of eligible patients. The proportions of patients selected by each mismatch profile were significantly smaller when compared with PIM-MTT (Table 2). The majority of non-target mismatch patients (61%, 200/328) were excluded due to low NIHSS when using the CCM criteria. A significant number of patients (19%, 61/328 from PIM-MTT; 58%, 191/328 from PIM-Tmax; and 53%, 173/328 from PIM-DT) were classified as non-mismatch due to small penumbral volume (≤ 15 mL, Table 2).

Recanalization was associated with excellent and good outcome in patients with and without target mismatch regardless of mismatch criteria (Tables 3A,B). In IVT patients without an LVO, the adjusted OR of excellent outcome after recanalization (compared to no recanalization) in PIM-MTT+ patients was 5.01 (95% CI 1.93, 13.03, P = 0.001 Table 3), whereas in PIM-MTT- patients the adjusted OR of an excellent clinical outcome with recanalization was 7.64 (95% CI 0.82, 70.52, P = 0.043, Table 2). Mortality and sICH were not associated with recanalization in patients with and without target mismatch regardless of the type of mismatch criteria (Table 4A). There was no significant difference in the percentage of an excellent or good outcome at day-90, between target mismatch and non-target mismatch patients with recanalization, regardless of the type of mismatch criteria used (Tables 4A,B).




DISCUSSION

This study assessed a range of PIM and CCM criteria in a large ischemic stroke cohort from INSPIRE. It demonstrated that PIM-DT was the optimal target mismatch criterion to identify “excellent” responders to recanalization for LVO patients, treated with either EVT or IVT. The PIM-DT criterion had the highest proportion of eligible target mismatch patients and was the only of the six criteria to distinguish responders from non-responder to reperfusion in LVO patients.

For LVO patients receiving EVT and/or IVT, the CCM criterion was a more restrictive selection criterion compared to the PIM criteria regardless of the post-processing method used to define perfusion deficit and ischemic core. A large number of patients (32% to 61%) were excluded due to the age-adjusted NIHSS/core cut off. The strict age-adjusted NIHSS/core cut-off excluded patients with a relatively small ischemic core volume who might well-still benefit from reperfusion therapy (19). This is highly relevant to everyday practice and individual patient since the rates of excellent or good outcome after recanalization were similar between patients with and without CCM.

Both the DAWN (1) and DEFUSE 3 (3) trials demonstrated significant treatment benefits of thrombectomy extending to a later time window, despite different target mismatch criteria being applied. Clinical core mismatch was used in the DAWN trial, which has strict age-adjusted NIHSS/pre-treatment core volume cut off. In contrast, the DEFUSE 3 trial required perfusion imaging mismatch, a discrepancy between penumbra and ischemic core. However, patients who were excluded from the clinical core mismatch (due to large pre-treatment core) but met the perfusion imaging mismatch were shown to still benefit from reperfusion treatment (19). These two different patient selection techniques produced similar trial results which resulted in significant global practice change. However, it is clear that there is some refinement that can be done, where patients at the peripherals or even just edging into exclusion may benefit from treatment, but to less of an extent to those who are eligible. The challenge will be to definitely identify where the futility margin exists, and perhaps where harm even starts. Compounding this challenge is the issue that the thresholds to measure penumbra and core vary from different post-processing algorithms or software (11) which result in large discrepancies between vendors. The specific thresholds (Tmax > 6 s and rCBF<30%) used in the DEFUSE 3 and EXTEND-IA trial were calculated by sSVD, which are known to overestimate of the perfusion deficit (7, 8, 11). Without delay and dispersion correction, 15% of the patients who would potentially benefit for reperfusion treatment might be excluded when applying perfusion imaging mismatch criteria.

For patients without an LVO who received IVT, the PIM-MTT had a reasonable rate of eligibility, compared with other criteria. This may be due to the overestimation of the perfusion deficit that leads to a high rate of inclusion (20, 21). The MTT is less sensitive to spontaneous reperfusion as CBV may be increased more than CBF due to spontaneous reperfusion leading to prolonged MTT whereas DT and Tmax will be lower as they are direct measures of reperfusion (22). However, none of the mismatch criterion was able to identify the non-LVO patients who most likely benefit from reperfusion therapy, since there was no significant difference in the rate of excellent or good clinical outcomes between patient with and without mismatch after recanalization. It is likely that some patients in the IVT-non-LVO cohort with a distal perfusion deficit, but no clear vessel occlusion on CTA, might have been undergoing spontaneous recanalization and reperfusion before imaging. Thus, these patients may have begun with target mismatch but by the time of imaging were non-mismatch. The majority of the patients (87%) in non LVO group achieved recanalization. These groups of patients have a high rate of spontaneous reperfusion and hence will have a good clinical outcome with or without thrombolysis (23, 24), with the majority of the patients (70%) without an LVO having a baseline perfusion deficit of <15 mL.

Some limitations of the study need to be acknowledged. This is an observational study using data from INSPIRE, which is a large dataset collected from multiple sites. Whilst sites are strongly encouraged to recruit consecutive patients, this is not always possible and there may be recruitment biases which cannot be measured. In particular, the information about whether the mismatch criteria used in assisting decision-making was not available, there may be undocumented factors behind the treatment decision making. “Furthermore, there might be some unmeasured bedside bias influencing the reperfusion treatment decision making because of clinical judgment in case selection for reperfusion treatment remain variability. The current study only included anterior circulation ischemic stroke patients. The results are un-likely to be relevant to patients with posterior circulation ischemic stroke. It is important to acknowledge that our findings are specific to a particular post-processing imaging technique, and as such, our results might not be directly translated to other perfusion software currently used (25, 26). Nevertheless, the underlying principles of the algorithms (sSVD/ddSVD) using in different software are the same, we would expect that the PIM calculated with delay insensitive method would be the optimal target mismatch criterion that can identify patients with LVO most likely response to reperfusion therapy. Moreover, we used perfusion imaging from different scanners, which might slightly influence the results of imaging analysis. We assessed each of the mismatch criteria in the same patient cohort to reduce the influence from using perfusion imaging from different scanners.

In conclusion, the PIM-DT was the optimal target mismatch criterion to identify LVO patients most likely to have an excellent response to EVT and/or IVT. PIM-DT combined a relatively high rate of eligibility with high rates of response to recanalization (and with less sICH). In contrast, none of the mismatch criteria was useful to identify recanalization responders in non-LVO patients.
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Objective: To explore the association between ultrasound parameters and previous ischemic or hemorrhagic stroke in patients with moyamoya disease (MMD), and develop an ultrasound-based nomogram to identify stroke in patients with MMD.

Methods: We prospectively enrolled 52 consecutive patients (92 hemispheres) with MMD at the Beijing Tiantan Hospital. Thirty-six patients (65 hemispheres) were assigned to the training dataset from September 2019 to February 2020, and 16 patients (27 hemispheres) were assigned to the validation dataset from March 2020 to July 2020. Multivariate logistic regression analysis was applied to identify ultrasound parameters associated with previous history of ipsilateral stroke in patients with MMD, and a nomogram was subsequently constructed to identify stroke in patients with MMD. The performance of the nomogram was evaluated with respect to discrimination, calibration, and clinical usefulness.

Results: Multivariate analysis indicated that the flow volume (FV) of the extracranial internal carotid artery (EICA) and the peak systolic velocity (PSV) of the posterior cerebral artery (PCA) were independently associated with ipsilateral stroke in patients with MMD, a nomogram incorporating these two parameters was constructed to identify stroke patients. The area under the receiver operating characteristic (AUROC) curves was 0.776 (95% CI, 0.656–0.870) in the training dataset and 0.753 (95% CI, 0.550–0.897) in the validation dataset suggested that the model had good discrimination ability. The calibration plot showed good agreement in both the two datasets. The decision curve analysis (DCA) revealed that the nomogram was clinically useful.

Conclusions: Ultrasound parameters of EICA and PCA are independently associated with history of previous ipsilateral ischemic or hemorrhagic stroke in patients with MMD. The present ultrasound-based nomogram might provide information to identify MMD patients with high risk of stroke. Future long-term follow-up studies are needed to prove the predictive value in other independent cohorts.

Clinical Trial Registration: http://www.chictr.org.cn/index.aspx. Unique Identifier: ChiCTR1900026075.

Keywords: moyamoya disease, stroke, ultrasound, nomogram, extracranial internal carotid artery, posterior cerebral artery


INTRODUCTION

Moyamoya disease (MMD), which is a rare disease with unknown etiology, predisposes some patients to stroke. It is characterized by progressive stenosis of the terminal portions of the internal carotid arteries and their proximal branches. Reduced blood flow in the main vessels of the intracranial anterior circulation leads to compensatory development of abnormal vascular network (1, 2). Leptomeningeal collateral vessels from the posterior cerebral artery (PCA) are regarded as the main collateral vessels in patients with MMD, and transdural collaterals from the branches of external carotid artery (ECA), including middle meningeal artery, maxillary artery (MA), superficial temporal artery (STA) can also compensate for ischemia in the brain (1, 3, 4). Cerebral ischemia and intracranial bleeding are the main hazards of MMD (2, 5). Studies have shown that regular imaging examination in patients with unilateral MMD can significantly reduce the burden of stroke and improve the clinical prognosis (2, 6).

Digital subtraction angiography (DSA) is the traditional gold standard for pre-operative diagnosis and post-operative prognostic evaluation of MMD, nevertheless, there is concern regarding the invasiveness, high cost of the procedure and the associated exposure to radiation. In situations when DSA is not readily available, magnetic resonance angiography (MRA) combined with magnetic resonance imaging (MRI) is considered as an alternative tool (7), but MRA combined with MRI is expensive, time-intensive and the process is complicated. None of these methods are suitable for the long-term and dynamic monitoring of MMD. Ultrasound is a non-invasive, convenient, and economical method, that has been used in the pre-operative examination and post-operative prognostic evaluation of MMD (8–10). The hemodynamic parameters of extracranial internal carotid artery (EICA), PCA, STA, MA can be easily detected by ultrasound. However, there is a lack of systematic research on the association between ultrasound parameters and stroke in patients with MMD. Therefore, in this study, we used ultrasound to detect the hemodynamic parameters of the EICA, STA, MA, and PCA to identify ipsilateral stroke in patients with MMD.



MATERIALS AND METHODS


Patient Data

We prospectively enrolled consecutive patients diagnosed with MMD based on the guidelines for MMD (7) between September 2019 and July 2020 at the Beijing Tiantan Hospital. The exclusion criteria for our study were: (1) patients who refused ultrasound examination; (2) patients with poor temporal acoustic bone window; (3) MMD patients with diseases that affect cardiac output; (4) patients who underwent prior bypass surgery; (5) patients lack of DSA, CT or MRI examination, or the interval between these examinations and ultrasound was more than 1 month, or during this period, patients exhibited new symptoms or clinical manifestations of sudden aggravation. From September 2019 to February 2020 and March 2020 to July 2020 eligible patients were assigned to training and validation datasets, respectively.

Informed consents were obtained from all eligible patients (or their parents or legal guardians for children under 18 years of age), and this study was approved by the Ethics Committee of Beijing Tiantan Hospital, Capital Medical University.



Clinical Data

Clinical information, including age, sex, clinical manifestations, radiological findings, history of hypertension, diabetes, hyperlipidemia, smoking, and drinking were recorded. Based on the clinical manifestations on admission, the 92 hemispheres from 52 patients were diagnosed as stroke or non-stroke by the following methods: (1) stroke was defined as patients who had already experienced ischemic stroke or hemorrhagic stroke. Ischemic stroke was a new symptomatic neurological deterioration that was confirmed by MRI as cerebral infarction and could not be attributed to non-ischemic causes. Hemorrhagic stroke was defined as blood permeated into the brain parenchyma that was confirmed by CT (11). (2) Non-stroke was defined as patients who had demonstrated no signs of cerebral infarction or hemorrhage. All the clinical manifestations were confirmed by a neurosurgeon with over 5 years of experience.



Radiological Evaluations

The criteria of collateral circulation were defined by Liu et al. (12). Anterior collateral circulation was assessed based on Suzuki stage (1, 2), Suzuki stage I to VI corresponded to scores of 6 to 1, respectively. Six points corresponded to stage I: narrowing of the internal carotid artery (ICA) apex; 5 points corresponded to stage II: initiation of moyamoya collaterals; 4 points corresponded to stage III: progressive stenosis of the ICA with intensification of moyamoya collaterals; 3 points corresponded to stage IV: development of ECA collaterals; 2 points corresponded to stage V: reduction of moyamoya vessels and intensification of ECA collaterals; and 1 point corresponded to stage VI: complete occlusion of the ICA and disappearance of moyamoya collaterals.

Posterior collateral circulation was assessed according to the anatomical extent of pial collateral blood from the PCA territory to the middle cerebral artery (MCA) and anterior cerebral artery (ACA) territory (12). Scoring of leptomeningeal collateral networks from the PCA to ACA territory was as following: (1) 1 point: blood supply to the cortical border area between the ACA and PCA territory; and (2) 2 points: blood supply over the central sulcus. Scoring of leptomeningeal collateral networks from the PCA to MCA territory was as following: (1) 1 point: the parieto-occipital branch or the anterior temporal branch of the PCA anastomoses to the MCA; (2) 2 points: blood supply extended to the sylvian fissure; and (3) 3 points: blood supply extended to the occlusion (M1 or proximal M2 segments of the MCA). A score of 0 point was assigned if there were no leptomeningeal anastomoses.

The grading score of the collateral circulation was the sum of the above anterior and posterior collateral circulation scores, it was graded as follows: grade I, 0 to 4 points; grade II, 5 to 8 points; and grade III, 9 to12 points.



Ultrasound Examination

Ultrasound parameters were measured by 2 independent experienced sonographers (SZ and YL), blinded to the radiographic findings and clinical data. Ultrasound examination was performed using a sonographic scanner (EPIQ 7, Philips Medical Systems, Bothell, WA).


Extracranial Internal Carotid Artery

Carotid ultrasound was performed using a 3–12 MHz linear array probe. The patients assumed a supine position with the head slightly turned to the opposite side. The examiner adjusted the depth, grayscale, and focus according to the condition of each patient. The diameter (D) of the EICA was measured at 1–2 cm above the carotid sinus. Then color and pulse doppler were used to measure the time-averaged mean velocity (TAMV). The gain, pulse-repetition frequency, and wall filter were corrected to appropriate condition, the doppler sample size was adjusted to the same width as the vessel, the doppler angle was <60°, and after at least three cardiac cycles, the TAMV was measured. The flow volume (FV) was obtained according to the formula FV = TAMV × [(D/2)2 × π] (13, 14). The level of the FV in EICA was categorized as “<50 ml/min,” “50–99 ml/min,” “100–149 ml/min,” “150–199 ml/min,” or “>200 ml/min.”



Superficial Temporal Artery

The STA was examined using a 3–12 MHz linear array probe. The patient assumed a supine position with the head turned to the opposite side. The probe was placed before the ear at the trunk of the STA. The examiner adjusted the depth, grayscale, and focus according to the condition of each patient. Color and pulse doppler were subsequently used to measure the peak systolic velocity (PSV) of the STA. The gain, pulse-repetition frequency, and wall filter were corrected to appropriate condition, the doppler sample size was adjusted to about 1/3 of the STA, and the doppler angle was <60°. Then, the PSV of the STA was measured. The level of the PSV in STA was categorized as “ <50 cm/s” or “50–99 cm/s.”



Maxillary Artery

The MA was examined with a 1–5 MHz convex transducer. The patient assumed a supine position with the head turned to the opposite side. The probe was placed at the mandibular angle and pointed toward the tip of the nose. The examiner adjusted the depth, grayscale, and focus according to the condition of each patient. Color and pulse doppler were subsequently used to measure the PSV of the MA. The gain, pulse-repetition frequency, and wall filter were corrected to appropriate condition, the doppler sample size was adjusted to about 1/3 of the MA, and the doppler angle was <60°. Then, the PSV of MA was measured. The level of the PSV in MA was categorized as “<50 cm/s,” “50–99 cm/s,” or “100–149 cm/s.”



Posterior Cerebral Artery

Transcranial color-coded sonography (TCCS) was performed using a 1.5–3.0 MHz phased array probe. The P2 segment of the PCA was detected through the transtemporal window. Color and pulse doppler were used to measure the PSV of the PCA. The patient assumed a lateral position. The examiner adjusted the parameters of the sonographic scanner according to the condition of each patient. The depth of insonation was adjusted to 60–70 mm, the doppler sample size was 3–5 mm, the doppler angle was <60°. Then, the PSV of the PCA was measured. The level of the PSV in PCA was categorized as “<50 cm/s,” “50–99 cm/s,” “100–149 cm/s,” “150–199 cm/s,” or “>200cm/s.”




Statistical Analysis

Statistical analyses were performed using SPSS version 24.0 (IBM Corporation, Armonk, NY). Continuous variables were described as medians (interquartile ranges), ranked variables and categorical variables were described as percentages. The Mann-Whitney U-test was used for continuous variables and ranked variables; the chi-square test was used for categorical variables. Weighted kappa (κ) was used to assess the interrater reliability of ultrasound parameters between the 2 sonographers in the training dataset. As for ultrasound parameters we used the parameters measured by the first rater. Multivariate logistic regression analysis was applied to identify ultrasound parameters associated with previous history of ipsilateral stroke in patients with MMD. The rms package for R software 3.6.1 was used to establish a nomogram incorporating the independent associated parameters. Then, a validation dataset was used for verification. The discrimination ability of the nomogram was evaluated using the area under the receiver operating characteristic (AUROC) curves. The consistency between the observed and the assessed probability of stroke was evaluated by calibration curve. The Hosmer-Lemeshow-test was performed to verify the suitability of the nomogram (15, 16). Meanwhile, decision curve analysis was performed to evaluate the clinical applicability of the model. All calculated P-values were 2-tailed, and a P-value <0.05 was considered statistically significant.




RESULTS


Patient Characteristics

During the study period, of 205 patients with MMD, 13 patients refused ultrasound examination, 8 patients with poor temporal acoustic bone window, 10 patients with diseases that affect cardiac output, 48 patients underwent prior bypass surgery and 74 patients lack of DSA, CT, or MRI examination, or the interval between these examinations and ultrasound was more than 1 month, or during this period, patients exhibited new symptoms or clinical manifestations of sudden aggravation were excluded. Finally, 52 patients (92 hemispheres) met the inclusion criteria were included in the analysis. Among them, from September 2019 to February 2020, 36 patients (65 hemispheres) were assigned to the training dataset, from March 2020 to July 2020, 16 patients (27 hemispheres) were assigned to the validation dataset. Of 52 eligible patients, 12 patients had unilateral hemispheric involvement and 40 patients had bilateral hemispheric involvement. The demographics, clinical history, angiographic findings and ultrasound parameters of patients with MMD in the training and validation datasets were shown in Table 1. Stroke accounted for 38.5% (25/65) in the training dataset, and 40.7% (11/27) in the validation dataset. There were no differences in the above data between the two datasets.


Table 1. Baseline characteristics of eligible patients.
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Interrater Reliability of Ultrasound Parameters Between 2 Sonographers

The interrater reliability between 2 sonographers was good for the FV of the EICA (κ: 0.79, 95 % CI: 0.70–0.89) and the PSV of the MA (k: 0.76, 95 % CI: 0.62–0.91); The interrater reliability was excellent for the PSV of the STA (k: 0.82, 95 % CI: 0.65–0.99) and the PSV of the PCA (k: 0.83, 95 % CI: 0.74–0.93).



Multivariate Logistic Regression Analysis of Associated Ultrasound Parameters for Previous History of Ipsilateral Stroke in Patients With MMD

Univariate analysis revealed that the FV of the EICA and the PSV of the PCA were associated ultrasound parameters for previous history of ipsilateral stroke in patients with MMD. Multivariate analysis revealed that when the variables were not adjusted in model 1, the FV of the EICA (OR = 0.511, 95% CI: 0.319–0.821, P = 0.005) and the PSV of the PCA (OR = 0.550, 95% CI:0.313–0.966, P = 0.037) were independent associated ultrasound parameters for stroke. After adjusting for age and sex in model 2, the FV of the EICA (OR = 0.476, 95% CI: 0.282–0.804, P = 0.005) and the PSV of the PCA (OR = 0.545, 95% CI: 0.311–0.955, P = 0.034) were still independent associated ultrasound parameters for stroke (Table 2). By using these ultrasound parameters, we constructed a model to identify stroke in patients with MMD.


Table 2. Logistic regression for ultrasound parameters to identify stroke in patients with MMD.
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Construction of the Nomogram

A nomogram was constructed based on the independent associated ultrasound parameters identified by the multivariable analysis to differentiate between stroke and non-stroke patients with MMD (Figure 1). With the nomogram, the identification ability could be calculated by summing the points of each variable, and then locating the sum on the total points axis. In a representative case, a 33-year-old woman with MMD, the FV of the right EICA was 36.1 ml/min (100 points), the PSV of the right PCA was 69.8 cm/s (67 points), and the sum was 167 points, which could be converted into >70% probability of right hemisphere stroke (Figure 2).


[image: Figure 1]
FIGURE 1. The nomogram used to identify stroke in patients with MMD. To use the nomogram, first, find the value of each variable, draw a vertical line to the points axis to find the corresponding points, add the points of each variable to get the total points, and then, draw a vertical line from the total points axis to find the probability of stroke.



[image: Figure 2]
FIGURE 2. Representative case. (A) A 33-year-old woman with MMD. Carotid ultrasonography showed that the diameter of right EICA was 0.19 cm, the TAMV was 21.2 cm/s, and the FV was 36.1 ml/min. (B) The TCCS showed that the PSV of the PCA was 69.8 cm/s. (C) the FV of the right EICA was 36.1 ml/min, corresponding to100 points, the PSV of right PCA was 69.8 cm/s, corresponding to 67 points, and the sum was 167 points, which can be converted to a probability of >70%.




Performance of the Nomogram

The AUROC curves was 0.776 (95% CI, 0.656–0.870) in the training dataset and 0.753 (95% CI, 0.550–0.897) in the validation dataset suggested that the model had good discrimination ability (Figures 3A, 4A). The P-value of the Hosmer-Lemeshow test was 0.311 and 0.296 in the training and validation datasets, respectively, indicating a good fit of the model. The calibration curve of the nomogram showed good consistency between the observed and assessed outcomes in both the training and validation datasets (Figures 3B, 4B). The decision curve analysis (DCA) indicated that when the threshold probability ranged from 0.1 to 0.75, clinicians or patients could obtain a net benefit by using this nomogram to differentiate between stroke and non-stroke patients with MMD, and that the nomogram was therefore clinically useful (Figure 5).


[image: Figure 3]
FIGURE 3. ROC curve and calibration plot of the nomogram in the training dataset. (A) ROC curve of the nomogram, AUROC was 0.776 (95% CI, 0.656–0.870); (B) Calibration plot of the nomogram in the training dataset.
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FIGURE 4. ROC curve and calibration plot of the nomogram in the validation dataset. (A) ROC curve of the nomogram, AUROC was 0.753 (95% CI, 0.550–0.897); (B) Calibration plot of the nomogram in the validation dataset.
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FIGURE 5. Decision curve analysis (DCA) of the ultrasound model to identify stroke in patients with MMD. The vertical axis was the standardized net benefit. The horizontal axis was the corresponding risk threshold. The DCA showed that if the threshold probability ranged from 0.10 to 0.75, using the nomogram to identify stroke in patients provided a net benefit.





DISCUSSION

In this study, we constructed an easy-to-use nomogram incorporating the FV of the EICA and the PSV of the PCA to identify previous history of ipsilateral stroke in patients with MMD. The discrimination ability of the nomogram was evaluated by using the AUROC, with an AUROC of 0.5 being defined as meaningless; 0.5–0.7 being defined as fair; 0.7–0.9 being defined as good; and >0.9 being defined as excellent. Our nomogram showed good discrimination and good calibration in both the training and validation datasets. The DCA indicated that the nomogram was clinically useful.

The clinical manifestations and outcomes of patients with MMD are heterogeneous. Digital subtraction angiography (DSA) is the traditional gold standard for pre-operative diagnosis and post-operative prognostic evaluation of MMD. According to DSA findings, the severity of the disease is often divided into six progressive stages, which is called as Suzuki stage and were defined by Suzuki and Takaku in 1969 (1). However, DSA is invasive and requires exogenous contrast agent and ionizing radiation. Although it has improved our understanding of MMD, it is not an ideal method for long-term monitoring and assessing risk of poor clinical outcomes in patients with MMD.

Ultrasound is a non-invasive, repeatable, and economical technique, that has been used to screen MMD, detect moyamoya spontaneous anastomosis pre-operatively and evaluate the prognosis post-operatively (8–10). Hong et al. used ultrasound to explore the FV of the EICA in MMD patients, the results showed that the FV of the EICA is inversely correlated with Suzuki stage (17). Yasuda evaluated the ratio of the diameter of the EICA to that of the common carotid artery by using carotid ultrasound and cerebral angiography, and the results confirmed that the lower the ratio, the more likely a patient is to experience ipsilateral cerebral vascular events (18). Our study coincided with previous studies. We found that the FV of the EICA is an independent associated parameter for previous history of ipsilateral stroke in patients with MMD. The FV of the EICA is the product of the cross-sectional area and the time-averaged mean velocity (13, 14). As MMD progresses, the diameter of the EICA gradually decreases, which is known as the bottle neck sign (18, 19), leading to a decrease in the cross-sectional area of the EICA. As stenosis of the terminal portions of the ICA progresses, the increased vascular resistance at the distal portions leads to decreased velocity of the EICA, which eventually results in a reduction in the FV of the EICA. Due to the reduced FV of the EICA, the ACA and MCA territory are susceptible to hypoperfusion (20). Hypoperfusion increases the susceptibility to ischemia, abnormal hemodynamics can lead to ischemic stroke (13). Cerebral hemorrhage is an adverse consequence of a compensatory response to cerebral ischemia, rupture of the fragile moyamoya vessels and Willis aneurysm under abnormally increased hemodynamic stress can result in hemorrhagic stroke (21). Therefore, the FV of the EICA decreased as Suzuki stage advanced, the FV of the EICA is an independent associated parameter for previous history of ipsilateral stroke in patients with MMD.

However, in some cases, the Suzuki stage may not correlate with clinical severity, because the main blood vessels of anterior circulation occlusions may be compensated by collateral vessels. Leptomeningeal collaterals from the PCA are regarded as the main collateral vessels, and transdural collaterals from the ECA can also compensate for ischemia in the brain (1, 3, 22, 23). Previous studies have shown that the more extensive the collateral vessels produced by the PCA supply the ACA and MCA territory, the less likely a patient is to suffer from ischemic stroke and parenchymal hemorrhage (12, 24, 25). Our research seems to be consistent with previous studies. In our study, TCCS was used to detect the PSV of the PCA. Although TCCS cannot directly and stereoscopically display the lumen structure of intracranial vessels or the density of abnormal moyamoya vessels, but it can reflect the compensation from the PCA to anterior circulation by measuring the flow velocity. We found that the PSV of the PCA is an independent associated parameter for previous history of ipsilateral stroke in patients with MMD. In our study, we chose the P2 segment of the PCA to explore hemodynamic changes, because in some cases, the PCA is partially or completely derived from the ICA, with the P1 segment being absent or exhibiting dysplasia. The P1 segment of the PCA mainly supplies the thalamus and basal ganglia. In addition, stenosis and occlusion of the PCA initially occurs in its proximal segment. Therefore, study of the P2 segment is more meaningful (26, 27). We found that the higher the PSV of the PCA, the less likely a patient is to experience a stroke in the ipsilateral hemisphere. The cause of this is that a high PSV of the PCA can lead to abundant collateral circulation. If the P1 segment of the PCA is narrowed, the P2 segment presents with low-velocity blood flow, it cannot form abundant collateral circulation. Therefore, the higher the PSV of PCA, the more collateral circulation formed by the PCA, resulting in lower stroke occurrence in patients with MMD (27). We also measured the PSV of the STA and MA in patients with MMD, However, these parameters were not found to be statistically significant in the univariate and multivariate analyses.

Recently, Liu et al. proposed a new MMD grading system to assess clinical symptoms by combining Suzuki stage with the leptomeningeal system from the PCA. This new MMD grading system correlates well with hemodynamic status and clinical symptoms, and contributes to risk stratification and prognostic predictions in patients with MMD (13). In our study, we constructed a nomogram to identify stroke in patients with MMD incorporating ultrasound parameters of the PCA and EICA, which has good discrimination and calibration. These findings indicated that the nomogram might become an important method for identification of stroke in patients with MMD, clinicians might take targeted individual preventive and control measures.

Our study has some limitations. First, because the incidence of MMD is low, our sample size was relatively small. We divided the patients into stroke group and non-stroke group according to their clinical manifestations, but did not further divide the patients into ischemic stroke group, hemorrhagic stroke group, transient ischemic attack group, and asymptomatic group. Second, this study was a single-center study, and there was no ultrasound examination before stroke onset in patients with MMD. Therefore, Further validation with prospective registration and long-term follow-up is needed to prove the predictive ability of our findings.



CONCLUSIONS

Ultrasound parameters of EICA and PCA are associated with previous history of ipsilateral stroke in patients with MMD. The present ultrasound-based nomogram may provide information to identify MMD patients with high risk of stroke, large-scale and prospective longitudinal cohort studies are needed to validate its predictability.
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Background: Patients with poor-grade aneurysmal subarachnoid hemorrhage (aSAH), defined as World Federation of Neurosurgical Societies (WFNS) grades IV–V have high rates of disability and mortality. The objective of this study was to accurately prognosticate the outcomes of patients with poor-grade aSAH by developing a new scoring model.

Methods: A total of 147 poor-grade aSAH patients in our center were enrolled. Risk variables identified by multivariate logistic regression analysis were used to devise a scoring model (total score, 0–9 points). The scores were estimated on the basis of β coefficients. A cohort of 68 patients from another institute was used to validate the model.

Results: Multivariate logistic regression analysis revealed that modified Fisher grade >2 [odds ratio [OR], 2.972; P = 0.034], age ≥65 years (OR, 3.534; P = 0.006), conservative treatment (OR, 5.078; P = 0.019), WFNS grade V (OR, 2.638; P = 0.029), delayed cerebral ischemia (OR, 3.170; P = 0.016), shunt-dependent hydrocephalus (OR, 3.202; P = 0.032), and cerebral herniation (OR, 7.337; P < 0.001) were significant predictors for poor prognosis [modified Rankin Scale [mRS] ≥3]. A scoring system was constructed by the integration of these factors and divided the poor-grade aSAH patients into three categories: low risk (0–1 points), intermediate risk (2–3 points), and high risk (4–9 points), with predicted risks of poor prognosis of 11, 52, and 87%, respectively (P < 0.001). The area under the curve in the derivation cohort was 0.844 (95% CI, 0.778–0.909). The AUC in the validation cohort was 0.831 (95% CI, 0.732–0.929).

Conclusions: The new scoring model can improve prognostication and help decision-making for subsequent complementary treatment in patients with aSAH.

Keywords: scoring system, prognosis, poor-grade, aneurysmal subarachnoid hemorrhage, model


INTRODUCTION

Intracranial aneurysms are abnormal protrusions of the intracranial arterial wall arising from various causes (1, 2). The prevalence rate of intracranial aneurysms in the global population (mean age, 50 years) is up to 3.2% (3). A previous report described that approximately, 1–2% of these aneurysms will rupture (4). According to statistics, the global incidence of aneurysmal subarachnoid hemorrhage (aSAH) is 9–11 per 100,000 people/year. Furthermore, poor-grade aSAH [World Federation of Neurological Surgeons [WFNS] grades IV–V] accounts for 18–30% of all aSAH cases (5, 6). A meta-analysis by Han et al. (7) reported a 26% mortality rate for poor-grade aSAH. At present, most related literature indicates that the disability rate for poor-grade aSAH exceeds 60% (8).

Regarding prognosis prediction, the International Subarachnoid Aneurysm Trial (ISAT) could achieve an accurate prediction of 60-day mortality after aSAH (9). Meanwhile, the Subarachnoid Hemorrhage International Trialists (SAHIT) model successfully predicted long-term outcomes and was used to counsel patients with aSAH and their family members (10). An external validation of the SAHIT model using the Barrow Ruptured Aneurysm Trial (BRAT) cohort revealed that its area under the curve (AUC) for unfavorable outcomes was 0.734 (11). It is worth pointing out that these studies included patients exposed to different subgroups of various treatment procedures, and that most of them were good-grade aSAH patients eligible for surgical treatment. Although good-grade and poor-grade aSAH patients differ in disease progression and survival prognosis (5, 12), previous studies typically combined these patients for analysis without detailed stratification (9–11). Therefore, the previous predictive models have some limitations for the accurate prediction of outcomes in poor-grade aSAH patients. The objective of the present study was to devise a new scoring system that can evaluate the prognosis of patients with poor-grade aSAH intuitively.



MATERIALS AND METHODS


Study Design

The derivation cohort comprised poor-grade aSAH patients who were treated in the Department of Neurosurgery at our center from January 2013 to January 2019. The validation cohort was composed of aSAH patients treated in the Department of Neurosurgery at another institute from January 2016 to January 2019. The inclusion criteria were: (1) aSAH diagnosed by computed tomography (CT) or lumbar puncture in the medical center; (2) aneurysm confirmed as the cause of SAH on digital subtraction angiography (DSA), three-dimensional CT angiography, or magnetic resonance angiography; (3) WFNS grade IV and V; (4) signed informed consent from family members of patients to cooperate with clinical treatment procedures; and (5) patients without surgical treatment in referral centers. The exclusion criteria were: (1) traumatic, mycotic, or arteriovenous malformation-related aneurysms or SAH of unknown etiology; (2) WFNS grade less than or equal to III; (3) absence of important medical information for patients; and (4) patients treated with medical instruments or drugs that were not approved. The STROBE statement guideline has been implemented in this manuscript.



Clinical Therapeutic Protocol

All patients admitted under emergency conditions received early resuscitation, early CT angiography, multidisciplinary consensus consultation, conservative treatment, or surgical treatment. A multidisciplinary team of neurosurgeons and anesthesiologists made therapeutic decisions on the basis of the clinical conditions and family members' consent. The treatment mode in our study was divided into two categories: (1) the conservative group: patients who received pure medicinal conservative treatment or patients who received other basic surgical methods without treatment of the underlying aneurysm, such as external drainage surgery, hematoma evacuation, and decompressive craniectomy; and (2) the clipping or coiling group: patients who underwent primary aneurysm embolization or clipping alone, or combined with a basic surgical operation involving coiling or clipping. Patients underwent surgical treatment in accordance with an early treatment strategy (within 72 h). All aSAH patients were treated with routine SAH treatments, including mannitol, anticonvulsants, triple-H (hypervolemia/hypertension/hemodilution) treatment, and nimodipine treatment. Antiplatelets were administered to prevent thrombosis after stent-assisted embolization.



Clinical Data and Variable Definitions

The clinical variables were collected retrospectively from the hospital database. Patient's baseline information and imaging information were collected by two doctors separately, and any conflicting items were evaluated again by a senior doctor. Age was divided into two subcategories in accordance with the cutoff age of 65 years. The modified Fisher grade was divided into two subcategories in accordance with the cutoff value of grade 2. A wide-necked aneurysm was defined as an aneurysm with a neck width ≥4 mm or a neck ratio exceeding 1:2. Cerebral herniation was diagnosed based on CT results and corresponding signs, including deterioration of consciousness disturbance, some focal signs, oculomotor palsy, respiratory distress, and decorticate or decerebrate rigidity (13). Among the complications, shunt-dependent hydrocephalus (SDH) was defined as clinical deterioration occurring on the 14th day after aSAH and no other causes were found except for hydrocephalus, at the same time, it was observed in CT that the ventricular size progressively increased and the Evans index exceeded 0.30 (14). Epilepsy was defined as rhythmic jerking, with or without preceding tonic spasms, that was focal or generalized in nature, with or without loss of consciousness. Even one late seizure was considered to be post-stroke epilepsy (15, 16). Aneurysm rebleeding was defined as a sudden clinical deterioration accompanied by increased subarachnoid, intracerebral, or ventricular blood flow on subsequent CT scans (17). Cerebral vasospasm (CVS) was defined as arterial stenosis found on the CT angiography examination when the patient's clinical symptoms deteriorated, or vasospasm was detected during DSA (18). Delayed cerebral ischemia (DCI) was defined as: (1) occurrence of focal neurological impairment or decrease of ≥ 2 points on the Glasgow Coma Scale that could not be attributed to another cause, such as cerebral rebleeding or encephaledema; or (2) a new low-density area not seen on the previous CT scan and not attributable to other causes such as surgical treatment, or a low-density shadow after absorption of a hematoma (19).



Outcome Measures

A dynamic follow-up evaluation was performed at 6 months after discharge by neurosurgeons in accordance with the modified Rankin score (mRS) via telephone call or outpatient appointment. The assessment of neurological prognosis mainly focused on whether or not the patients presented with self-care ability. Functional prognosis was classified as good (mRS scores 0–2) or poor (mRS scores 3–6).



Statistical Analysis

Data were analyzed using the SPSS Version 23.0 software (IBM, Armonk, NY). Continuous variables were reported as mean ± standard deviation and compared between favorable and poor outcomes using an unpaired t-test. Categorical variables were reported as proportion and percentile and analyzed by the chi-square or Fisher exact test, as appropriate. Univariate and multivariate logistic regression analyses were performed using poor outcomes as the outcome variable in the derivation cohort. Variables with P ≤ 0.1 in the univariate analyses were entered into the multivariate logistic regression analysis with stepwise backward selection. Risk variables independently associated with prognosis were entered into the new scoring model. The points for individual factors were assigned on the basis of their corresponding β coefficients in the multivariate analysis. The discrimination of the prognostic model was assessed by the AUC in a receiver operating characteristic curve analysis. The Hosmer–Lemeshow goodness-of-fit test and a calibration plot were used to evaluate the calibration of the prediction model.




RESULTS


Basic Information of Patients

The detailed processes for the selection and exclusion of patients in the derivation group and validation group are shown in Figure 1. In total, 147 patients were included in the derivation study and 68 patients were included in the validation cohort.


[image: Figure 1]
FIGURE 1. Study flow diagram.


In the derivation cohort, 55 (37%) patients were male and 92 (63%) were female. Among these patients, the age range was 37–87 years, the mean age was 61.3 ± 11.5 years, and ~39% were aged ≥65 years. The baseline characteristics of the 147 patients with poor-grade aSAH are presented in Table 1. In total, 124 (84.3%) patients received surgical therapies including coiling (29.2%) and clipping (55.1%), and 23 (15.7%) patients received conservative treatment. In addition, there was no significant statistical difference between the treatment approach and the WFNS grade (P = 0.110). The distribution of mRS scores among the 147 poor-grade aSAH patients with different treatments is shown in Figure 2A. As shown in Figures 2B–E, patients who received coiling or clipping had a better prognosis than patients who received conservative treatment, but there was no significant difference in prognosis between patients who received coiling or clipping. There were 114 (77.6%) poor-grade aSAH patients with a modified Fisher grade >2 and 85 (57.8%) patients with WFNS grade V. The distribution of mRS scores among the 147 poor-grade aSAH patients with different modified Fisher grades is shown in Figure 2F. The influences of different modified Fisher grades on the prognosis of patients are shown in Figures 2G–J. During the 6-month follow-up after discharge, 85 patients (58%) had poor outcomes.


Table 1. Demographic and baseline characteristics of the study population and univariate analysis results of modeling cohorts.
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FIGURE 2. (A) The distribution of mRS score of 147 poor-grade aSAH patients who accepted different treatment methods. The value above the histogram shows the number of patients with poor prognosis and their percentage, for instance, the interpretation of 19 (83%) in (B) is that 19 (83%) patients had a poor outcome among 23 patients who received conservation treatment. (B–E) Reflects the influence of different treatment methods on the prognosis of patients. (F) Shows the distribution of mRS score of 147 poor-grade aSAH patients in different modified Fisher grade. (G–J) Reflects the influence of different modified Fisher grade groups on the prognosis of patients.


Of the 68 patients in the validation cohort, 25 (36.7%) patients were aged ≥65 years. A total of 44 (64.7%) poor-grade aSAH patients had a modified Fisher grade >2 and 40 (58.8%) patients presented with WFNS grade V. Forty-nine (72%) patients underwent surgical therapies. At the 6-month follow-up after discharge, 38 (56%) patients had poor outcomes. Specific data for the validation cohort are presented in Table 1.



Univariate Analyses of Poor Outcomes

The associations between clinical variables and poor outcomes identified by univariate analyses are shown in Table 1. Poor prognosis was associated with age ≥65 years (P = 0.027), intraventricular hemorrhage (IVH) (P = 0.005), WFNS grade V (P < 0.001), conservative treatment (P = 0.009), modified Fisher grade >2 (P = 0.001), emergence of cerebral herniation (P < 0.001), aneurysm rebleeding (P = 0.004), CVS (P = 0.041), and DCI (P = 0.030). Medical histories of patients and data for aneurysms were not significantly correlated with clinical outcomes.



Multivariate Regression Analysis of Poor Outcome

Ten variables with P < 0.1 in the univariate analyses were entered into the multivariate logistic regression analysis (Table 2). The results showed that age ≥65 years (OR, 3.534; P = 0.006), modified Fisher grade >2 (OR, 2,972; P = 0.034), cerebral herniation (OR, 7.337; P < 0.001), WFNS grade V (OR, 2.638; P = 0.029), SDH (OR, 3.202; P = 0.032), conservative treatment (OR, 5.078; P = 0.019), and DCI (OR, 3.170; P = 0.016) were independent risk factors for poor outcomes. The Hosmer–Lemeshow test reflected a satisfactory degree of consistency between the predicted risk of the model and the actual risk (P = 0.589; Table 2).


Table 2. Multivariate logistic regression model for poor prognosis risk of poor-grade aSAH.
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Development of the Scoring System

By integration of the seven independent risk factors, namely modified Fisher grade >2, age ≥65 years, conservative treatment, WFNS grade V, DCI, SDH, and cerebral herniation, a scoring system designated Poor-Grade Aneurysmal Subarachnoid Hemorrhage Prognostic Scoring System (PASHPSS) was constructed (Table 3). On the basis of the β coefficients in the multivariate analysis, scores of 2 were assigned to cerebral herniation and conservative treatment, and scores of 1 were assigned to the other five risk factors; otherwise, a score of 0 points was assigned. In accordance with the sum of the scores (range, 0–9), the new model divided poor-grade aSAH patients into three prognostically different categories (Table 4): low risk category, 11% prediction risk of poor prognosis in patients with total scores of 0–1 point; intermediate risk category, 51% prediction risk of poor prognosis in patients with total scores of 2–3 points; high risk category, 87% prediction risk of poor prognosis in patients with total scores of ≥4 points.


Table 3. Poor-Grade Aneurysmal Subarachnoid Hemorrhage Prognostic Scoring System (PASHPSS) derived from the β coefficients.

[image: Table 3]


Table 4. Risk of poor prognosis for low, intermediate, and high-risk individuals according to the PASHPSS risk score.
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Discrimination and Calibration of the Scoring System

In the derivation cohort, the AUC of the PASHPSS was 0.844 (95% CI: 0.778–0.909; Figure 3), and the Hosmer–Lemeshow test showed good calibration (P = 0.589). In the validation cohort, the PASHPSS also showed good discrimination with an AUC of 0.831 (95% CI, 0.732–0.929; Figure 3) and good calibration by the Hosmer–Lemeshow test (P = 0.984). Also in the validation cohort, the observed risks in the three risk categories were close to the predicted risks (Table 3): low risk category, actual observed risk of poor prognosis was 19%; intermediate risk category, actual observed risk of poor prognosis was 48%; high risk category, actual observed risk of poor prognosis was 81%.


[image: Figure 3]
FIGURE 3. (A) The AUC of the PASHPSS is 0.844 (95% CI, 0.778–0.909) in our center's derivation data, while it is 0.831 (95% CI, 0.732–0.929) in validation data. (B) A slope of 1 (45 degrees) with an intercept of 0 represents perfect calibration, the deviation from the reference line is smaller, the calibration is better. PASHPSS has a good calibration in derivation cohort and validation cohort.





DISCUSSION

As a serious cerebrovascular disease, poor-grade aSAH has high rates of mortality and disability. In this study, the rates of poor prognosis of patients in the modeling cohort and validation cohort both exceeded 55%. Although active and effective treatments can be provided, some aSAH patients still present with neurological dysfunctions and life disorders that have great impacts on society and family members (1, 4, 6, 8). It is necessary to explore the relevant risk factors and evaluate the prognosis of these patients. Several modifiable and non-modifiable risk factors for poor prognosis in poor-grade aSAH patients are currently known, with the most common risk factors being elderly age, cerebral herniation, WFNS grade V, and higher modified Fisher grade (9, 10, 12, 20–24). These risk factors were also identified in the present study.

The choice of treatment method is significantly related to the prognosis of patients with poor-grade aSAH. In a systematic review of 815 patients with aSAH, researchers reported that the rates of good prognosis in patients with clipping, embolization, and conservative treatment were 45.3, 36.3, and 9.0%, respectively (25). In our study, the rate of poor prognosis in patients with clipping or coiling was significantly lower than that in patients with conservative treatment, but there was no statistically significant difference in prognosis between patients with clipping or embolization. Combining our center's experience with previous literature on poor-grade aSAH patients, more aggressive treatment of the underlying aneurysm by surgery is associated with a better therapeutic prognosis than conservative treatment.

Post-operative complications play important roles in the prognosis of poor-grade aSAH patients. As a critical complication, aneurysmal rebleeding usually causes a sharp increase in intracranial pressure, damages the nerve function, and increases the risk of death in the short term (26–28). CVS is generally considered a risk factor for poor prognosis. However, immediate vasospasm is usually difficult to detect, and nimodipine is routinely used in clinical practice to prevent its occurrence, leading to an overall reduction in the incidence of CVS (29). A more commonly observed and easily detected complication during clinical treatment is DCI caused by CVS, which is a strong independent risk factor for poor prognosis in patients with poor-grade aSAH (19, 30, 31). DCI continues to be an important cause of cognitive impairment and disability after aSAH despite aggressive management (32–34). A single-center study on 888 aSAH patients found that SDH was a strong independent risk factor for unfavorable functional outcomes (35). Our final results confirmed predictive roles for the above-mentioned factors.

Some other risk factors have also been raised in recent articles, but have not been widely recognized. IVH was considered as a risk factor for poor outcomes in many reports (36). IVH was identified in our univariate analyses, but subsequently eliminated in the multivariate regression analysis. The possible reason may be that IVH caused impairment of cerebrospinal fluid absorption by blocking arachnoid villi and brain capillaries, thereby affecting the prognosis by developing into chronic hydrocephalus (37, 38). Whether or not aneurysm location and size are predictive factors for poor prognosis of aSAH patients remains inconclusive (24). These inconsistent results may be explained by treatment selection biases in different studies. In the present study, there was no correlation between aneurysm location and size and long-term prognosis. In a multicenter study on poor-grade aSAH patients, Zhao et al. (21) demonstrated that wide-necked aneurysms and post-operative pneumonia were also poor prognostic factors. However, these two risk factors were not identified in our study. Leukocytosis (WBC >15 × 109 /L) was regarded as a predictive factor for poor prognosis in a 9-year cohort study (22), but was not reported in other articles.

Although the current literature on poor-grade aSAH patients has focused on reporting risk factors for prognosis, prognostic predictive models for poor-grade aSAH patients are rare. A recent systematic review assessed 11 clinical prediction models for aSAH patients and found that the most common factors associated with outcomes were age (8 of 11 studies), neurologic grade on admission (10 of 11 studies), and amount of blood detected by CT examination on admission (6 of 11 studies) (24). Although the WFNS and modified Fisher grade scales were commonly used, both scales are not completely reliable in patients because of the subjective nature of the parameters on which the models were built (39). For example, the WFNS and Hunt–Hess scales are generally unreliable in intubated patients. Furthermore, in two articles that established predictive scores in poor-grade aSAH patient populations, the factors were applied, but no additional risk factors were added to circumvent the errors caused by the inter-rater and intra-rater variabilities (22, 23). Undeniably, more valuable risk variables added into a risk score can improve its predictivity. Treatment methods, SDH, and DCI are three factors that affect the long-term neurological prognosis and cognitive impairment of patients, and their roles in predicting the prognosis of patients are worthy of recognition (19, 35, 37, 40). Our PASHPSS showed significantly improved discrimination compared with other risk scores by including these risk factors. For example, the AUC of the SAHIT model was 0.734 (11), while the AUC of the WAP score for poor-grade aSAH patients was 0.74 (23). Meanwhile, the AUC of the PASHPSS was 0.844, which can be regarded as excellent, especially when predicting the prognosis of poor-grade aSAH patients.

At present, several studies have proposed prognosis models for poor-grade aSAH patients, but most of these models have limitations in reporting calibration, discrimination, and external validation. Clinicians generally do not use existing models for the prediction of prognosis in poor-grade aSAH patients, even though their internal effectiveness is not inferior to the PASHPSS (22–24), partly because they lack external validity. However, the PASHPSS showed good discrimination in the validation data. Specifically, its AUC was 0.831, meaning that the system still performed well when it was applied to a new patient cohort.

The present study shows that the PASHPSS developed with identified risk factors can predict the future risk of poor prognosis in aSAH patients very well. Furthermore, it can help guide clinical decisions and patient consultations, and may also reduce the cost of treatment by ensuring effective resource allocation. Such benefits may be particularly important in the management of patients with poor-grade aSAH.



LIMITATIONS

Some limitations of our risk score need to be discussed. First, the statistical data were retrospectively collected. Second, the results of the study only represent the subgroup of poor-grade aSAH patients. Therefore, the scoring model is applicable to the prediction of poor prognosis among poor-grade aSAH patients only. With regard to functional neurologic outcomes, we selected 6 months after discharge as the follow-up point on the basis of the critical period for neurological recovery. However, if data on long-term follow-up can be acquired, the prediction of prognosis will be more accurate. Furthermore, the modeling data were acquired from a single center, which may lead to some inevitable bias in the analysis and conclusions.



CONCLUSIONS

The obtained results have allowed us to draw the following conclusions. The main risk factors affecting the prognosis of patients with poor-grade aSAH are modified Fisher grade, elderly age, therapeutic schedule, WFNS grade, DCI, SDH, and cerebral herniation. The PASHPSS is an efficient tool for predicting the prognosis of poor-grade aSAH, can be easily measured, and is helpful for decision-making on subsequent complementary treatment and in reducing the cost of treatment by ensuring effective resource allocation.
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Variable Derivation cohort P-value (Modeling Validation cohort

cohort)
Favorable outcome Poor outcome Favorable outcome Poor outcome
%/Mean + SD %/Mean * SD %/Mean + SD %/Mean * SD
No. of patients 62 (42%) 85 (58%) 30 (44%) 38 (56%)
Demographic characters
Age (years) 0.027
<65 44 (71%) 45 (53%) 22 (73%) 21 (55%)
265 18 (29%) 40 (47%) 8(27%) 17 (45%)
Gender 0.147
Male 19 (31%) 36 (42%) 10 (33%) 16 (42%)
Female 43 (69%) 49 (58%) 20 (67%) 22 (58%)
Medical history
Hyperlipidemia 19 (31%) 26(31%) 0994 7(23%) 11(29%)
Hypertension 32 (52%) 54 (64%) 0.148 18 (60%) 22 (58%)
Diabetes mellitus 14 (23%) 28 (33%) 0.170 8(27%) 14 (37%)
Cerebrovascular 8(13%) 11(13%) 0995 5(17%) 8(21%)
disease
Alcohol consumption 13 (21%) 28 (33%) 0.110 8(27%) 10 (26%)
Smoking 15 (24%) 21 (25%) 0943 10 (33%) 9 (24%)
Radiologic imaging and laboratory examination
WBC > 15 x 10° 30 (48%) 42 (49%) 0902 18 (43%) 19 (50%)
ICH 21 (34%) 34 (40%) 0.448 10 (33%) 18 (47%)
IVH 41(66%) 73 (86%) 0.005 16 (53%) 28 (74%)
Ventricular casting 10 (16%) 21 (25%) 0.195 4(13%) 8(21%)
Modified Fisher grade 0.001
2 23(37%) 12 (14%) 15 (50%) 9(24%)
3 13 (21%) 32 (38%) 5(17%) 11(29%)
4 26 (42%) 41 (48%) 10 (33%) 18 (47%)
WFNS <0.001
v 38 (61%) 24 (28%) 15 (50%) 13 (34%)
v 24 (39%) 61(72%) 15 (50%) 25 (66%)
Aneurysm morphology
Wide-necked aneurysm 31 (50%) 49 (58%) 0317 13 (43%) 19 (50%)
Multiple aneurysms 8(18%) 16 (19%) 0338 5(17%) 10 (26%)
Aneurysm size (mm) 59£33 6.1:37 0.860 65+25 67+3.1
Location of aneurysm 0.435
ICA 13 (21%) 10 (12%) 6(20%) 5(13%)
ACA 6(10%) 10 (12%) 4(13%) 3(8%)
AComA 12 (19%) 21 (25%) 8(27%) 8(21%)
MCA 15 (24%) 15 (17%) 5(17%) 9 (24%)
PComA 11(18%) 16 (19%) 5(17%) 8(21%)
PC 5(8%) 13 (15%) 2(6%) 5(13%)
Treatment
Therapeutic strategy 0.009
Caiiing 19 (31%) 24 (28%) 16 (53%) 11(29%)
Clipping 39 (63%) 42 (49%) 9 (30%) 13 (34%)
Conservative treatment 4(6%) 19 (23%) 5(17%) 14 (37%)
cLsD 21 (34%) 28 (33%) 0.906 7 (23%) 9 (24%)
Complication
Acute hydrocephalus 12 (19%) 20 (24%) 0545 7(23%) 10 (26%)
SDH 8(13%) 22 (26%) 0.054 7 (23%) 12 (32%)
Aneurysm rebleeding 1(2%) 13 (15%) 0.004 0 8(21%)
Epilepsy 4(7%) 9(11%) 0383 1(3.3%) 3(8%)
Pulmonary infection 32 (52%) 50 (59%) 0385 16 (53%) 21 (55%)
Intracranial infection 33 (53%) 40 (47%) 0.460 13 (43%) 16 (42%)
cvs 7(11%) 21 (25%) 0.041 7 (23%) 16 (42%)
pcl 13 (21%) 32 (38%) 0.030 6 (20%) 11 (29%)
Cerebral herniation 6(10%) 38 (45%) <0.001 2(7%) 16 (42%)

ICH, intracerebral hemorrhage; IVH, intraventricular hemorrhage; WFNS, world federation of neurosurgical societies; CLSD, continuous lumbar subarachnoid drainage; SDH, shunt-
dependent hycrocephalus; CVS, cerebral vasospasm; DCI, delayed cerebral ischemie; ICA, intemel carotid artery; ACA, anterior cerebral artery; AComA, Anterior communicating artery;
MCA, middle cerebral artery; PComA, posterior communicating artery; PC, posterior cerebral circulation. P values less than 0.1 are shown in bold.
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Variables Univariable analysis Multivariable analysis

Model 1* Model 2°
OR (95% Cl) P OR (95% CI) P OR (95% Cl) P
Age, years 1.007 0.691
(0.973-1.042)
Male sex 0.960 0937
(0.351-2.626)
History of risk factors
Hypertension 1.088 0.889
(0.334-3.541)
Diabetes 1,652 0.627
(0.218-12.545)
Hyperiipidemia 1.072 0941
(0.166-6.912)
Smoking 2501 0317
(0.401-16.721)
Drinking 2591 0317
(0.401-16.721)
Ultrasound parameters
EICAR 0.495 0.002 0511 0.005 0.476 0,005
(0.314-0.779) (0.319-0.821) (0.282-0.804)
STAesy 0.672 0525
(0.197-2.293)
MAesy 0.857 0.731
(0.356-2.064)
PCApsy 0520 0015 0550 0.037 0545 0,034
(0.307-0.879) (0.313-0.966) (0.311-0.955)

OR, odds ratio; 95% Cl, 95% confidence interval; EICAey, flow volume of extrecranialinternal carotid artery; PCApsy, peak systolic velocity of posterior cerebral artery; STApsy, peak
systolic velocity of superficial temporal artery; MApsy, peak systolic velocity of masxilery artery.

*Unadjusted.

bAdjusted for age and sex.
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Patients, n
Age, years, median (IQR)
Sex, n (%)
Male
Female
Onset-to-admission delay <4.5h, n (%)
Medical history, n (%)
Hypertension
Diabetes melitus.
Hyperiipidemia
Coronary artery disease
Atrial ibrillation
Previous cerebral infarction
Valvular heart disease
Smoking, n (%)
Never smoker
Former smoker
Current smoker
Drinking, n (%)
Never drinker
Former drinker
Current drinker
Baseline data
Premorbid mRS, median (IQR)
NIHSS at admission, median (IQR)
BMI, kg/m?, median (IQR)
Pulse, times/min, median (IQR)
Systolic BP, mmHg, median (IQR)
Diastolic BP, mmHg, median (IQR)
Platelet count, 10%/L, median (IQR)
Urea nitrogen, mmol/L, median (IQR)
Creatinine, umol/L, median (IQR)
FBG, mmol/L, median (QR)
TG, mmol/L, median (IQR)
TG, mmol/L, median (QR)
LDL, mmol, median (IQR)
HDL, mmol, median (IQR)
Endovascular therapy, n (%)
IV thrombolysis, n (%)

Favorable outcome (mRS 0-2)

955
66 (58-74)

682 (71.4)
273(28.6)
236 (24.7)

650 (68.1)
248 (26.0)
29(3.0)
100 (10.5)
75(7.9)
123 (12.9)
13(1.4)

394 (41.3)
129 (135)
432 (45.2)

525 (55.0)
8488
346 (36.2)

0(0-0)
3(2-5)
24.38 (22.38-26.64)
76 (70-80)
140 (130-160)
84(80-94)
195 (150-234)
5.23 (4.4-6.34)
71 (59-89)
5.08 (4.50-6.21)
4.41(3.76-5.16)
1.31 (0.96-1.86)
271 (2.18-3.31)
1.05 (0.9-1.29)
72(75)
208 (21.8)

Unfavorable outcome (MRS 3-6)

433
77 (68-83)

254 (58.7)
179 (41.3)
127 (20.3)

317 (732)
143 (33.0)
6(1.9)
77(17.8)
95(21.9)
102 (23.6)
8(18)

255 (68.9)
66 (15.2)
112(25.9)

307 (70.9)
47 (10.9)
79(18.2)

0(0-2)
10 (6-16)
24,03 (21.60-26.37)
76 (70-84)

142 (130-160)
83 (78-95)

188 (150-238)
6.12 (4.71-7.75)
76 (62-97)
6.40 (5.05-7.99)
4.41(364-5.18)
1.18 (0.84-1.59)
2.76 (1.96-3.27)
1.08 (0.9-1.26)
55 (12.7)
119(27.5)

P-value

<0.0001#*
< 0.0001*

0.070%

0.053*
0.007*
0.069%
< 0.0001*
< 0.0001*
< 0.0001*
0.492
<0.0001*

< 0.0001*

< 0.0001#*

< 0.0001#*
0.046 #*
0.005 #*
0.350#
0.533#
0.159#

<0.0001#*

< 0.0001#*

<0.0001#*
0.574#

< 0.0001#*
0.470#
0.165#
0.002*
0.020%

mRS, modified Rankin Scale; IQR, interquartile range; NIHSS, National Institute of Health stroke scale; BMI, body mass index; BP, blood pressure; FBG, fasting blood glucose; TC, total

cholesterol; TG, trigiycerice; LDL, low-density lipoprotein; HDL, high-density lipoprotein; IV, intravenous.

#calculated using Mann-Whitney U-test.

“included into the multiple logistic regression models (P < 0.1).
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Models Training set (95% Cl) Inner validation set (95% CI)

LR 0.867 (0.847-0.888) 0.862 (0812-0.911)
SVM 0874 (0.855-0.894) 0.871(0.840-0.901)
RFC 0897 (0.880-0.915) 0866 (0.831-0.902)
XGBoost 0.890 (0.872-0.908) 0.867 (0.833-0.901)
DNN 0877 (0.858-0.897) 0.860 (0.825-0.896)
LR 0874 (0.853-0.894) 0.865 (0.833-0.897)
RFC* 0899 (0.881-0.917) 0.865 (0.835-0.804)

LR, logistic regression; SVM, support vector machine; RFC, random forest classifier;
XGBoost, extreme gradient boosting; DNN, fully-connected deep neural network,
“indicates model developed with 21 variables.
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Unfavorable discharge In-hospital death

OR(95%Cl)  P-value  OR (95% Cl)

Hemorrhage
NO 1.00 1.00
YES 31.40(5.13-192.59) <0.0001 26.33 (2.23-311.69)
Infarction
NO 1.00 1.00

YES 11.43 (1.78-73.30) 0.01 10.13 (0.83-123.75)

P-value

0.009

0.07
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P-value <120 mmHg <120 mmHg vs.

vs.120-130  >130 mmHg

mmHg
IcH 0604 <0.0001
Unfavorable discharge 1 0.003
In-hospital death NA 0002

ICH, Intracranial Hemorrhage; NA, Not Applicable.

120 mm—130 mmHg
vs. >130 mmHg

<0.0001
0.007
0.026
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OR (95% Cl) P-value

24hBP >130mmHg  87.67 (6.79-209.01)  <0.0001
(Reference is <130 mmHg)

Baseline BP 0.977 (0.91-1.05) 0516
Age 0933(0.86-1.02)  0.130
Grade of hypertension 1.12 (0569-2.12) 0.740
Bilat lesions Yes 1.67 (0.30-9.29) 0560
(Reference is No)

Stenosis (NASCET) 1.194(1.063-1342)  0.003
Preoperative NIHSS score 054 (0.18-1.66) 0.282

NIHSS, The National Institutes of Health Stroke Scale; NASCET, North American
Symptomatic Carotid Endarterectomy Trial.
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Characteristics Training dataset  Validation dataset  P-value

(=65 (=27
hemispheres) hemispheres)
Age, years 380(285-460)  37.0(34.0-45.0) 0725
Sex, male, n (%) 30 (46.2) 12 (44.4) 0.881
Clinical history, n (%)
Hypertension 15 (23.1) 6(222) 0929
Diabetes 4(62) 2(7.4) 0825
Hyperiipidemia 5(1.7) 1@7) 0809
Smoking 5(7.7) 2(7.4) 0508
Drinking 5(7.7) 2(7.4) 0.508
Stroke, n (%) 25(38.5) 1140.7) 0833
Suzuki stage, n (%) 0.877
1 5(7.7) 3(11.1)
1 15 (23.1) 6(222)
[ 21(323) 8(206)
% 12 (18.5) 5(18.5)
v 11(16.9) 4(14.8)
i 1(1.5) 1@8.7)
Colateral circulation, n 0241
(%)
Grade | 13(20) 3(11.1)
Grade I 44 (67.7) 19 (70.4)
Grade i 8(12.3) 5(18.5)
Ultrasound parameters
EICARy (m/min)
<50 15 (23.1) 6(22.2) 0772
50-99 15 (28.1) 6(222)
100-149 14(215) 9(333)
150-199 12 (18.5) 3(11.1)
>200 9(13.8) 3(11.1)
PCApsy (cmvs) 0862
<50 7(10.8) 13.7)
50-99 19 (29.2) 9(333)
100-149 22(33.8) 11(40.7)
150-199 11(16.9) 4(14.8)
>200 6(9.2) 2(7.4)
SThesy (emvs) 0871
<50 13 (20) 5(18.5)
50-99 52 (80) 22 (81.4)
MAosy (cvs) 0359
<50 17 (26.1) 6(222)
50-99 42 (64.6) 16 (59.3)
100-149 6(92) 5(18.5)

EICAgy, flow volume of extracranial internal carotid artery; PCApsy, peak systolic velocity
of posterior cerebral artery; STApsv, peak systolic velocity of superficial temporal artery;
MApsy, peak systolic velocity of maxillary artery.
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Mismatch

PIM-DT
Yes
Yes

No
No

PIM-Tmax
Yes
Yes

No
No

PIM-MTT
Yes
Yes

CcCM-DT
Yes
Yes

No
No

CCM-Tmax
Yes
Yes

No
No

CCM-MTT

Yes
Yes

No

Recanalization

EVT

mRS0-2 (%)

54.4%
13.9
<0.0001
423
20.0
0.197

58.2%
188
<0.0001
40.4"
74
0.016

83.7*
143
<0.0001
48.8"
16.7
0.018

495"
105
0.001
56.7"
185
0.001

446
1.4
0.055
57.7
16.2
<0.0001

375
20.0
0.404
58.8"
146
<0.0001

IVT-LVO

mRS0-2 (%)

2.7
17.9
<0.0001
51.7%
77
<0.0001

727"
199
<0.0001
65.4"
9.4
<0.0001

726"
182
<0.0001
60.9"
89
<0.0001

75.4"
237
<0.0001
64.5"
93
<0.0001

745"
23.7
<0.0001
66.9"
108
<0.0001

70.1*
136
<0.0001
70.4"
19.3
<0.0001

IVT-nonLVO

mRS0-2 (%)

76.7
571
0.061
775"
273
0.001

78.4"
313
<0.0001
75.0
625
0.232

779"
46.2
0.001
727
50.0
0.267

75
363
0.003
783
60.0
0.107

73.1%
333
0.005
789
58.8
0.085

726"
333
0.014
785"
56
0.025

EVT, endovasculer Thrombectomy; IVT-LVO, Intravenous Thrombolysis patients with
Large Vessel Occlusion; IVT-nonlVO, Intravenous Thrombolysis patients without Large
Vessel Occlusion; PIM, Perfusion Imeging Mismatch; CCM, Clinical Core Mismatch.
“Denote a significant difference present when compered with patients with the same
mismatch profile, but without recanalization.
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EVT

Mismatch RECAN mRS 0-1 (%) Mortality rate (%)

PIM-DT
Yes
Yes

No
No

PIM-Tmax
Yes
Yes

No
No

PIM-MTT

Yes

Yes

No

cCM-DT

Yes

Yes

No

CCM-Tmax

Yes

Yes

No

CCM-MTT

Yes
Yes

No

Yes
No

Yes

No

Yes

No

Yes

No

Yes

Yes
No
P

43.4°
139

0.001
26.9
20.0

0.514

46.5"
188
0.005
289
71
0.085

422
14.3
0.004
36.6
16.7
0.109

35.8"
10.6
0.031
46.3"
185
0.018

308
111
0209
47.4*
162
0001

229
20.0
0.685
483"
14.6

<0.0001

96"
30.6
0.003
26.9
50.0
0.178

82"
28.1
0.006
21.2"
50.0
0.045

10.7*
32.1
0.008
171
38.9
0.072

10.5
263
0075
14.9°
40.7
0.012

123
333
0.125
12.4°
35.1
0.005

146
40.0
0.196
1.4
342
0.003

SICH (%) mRS 0-1 (%)

37
56
0.451
15

0.364

36
62
0.408
7.7

0.376

41
71
0.391
73

0.328

43
53
0.605
6.0
37
0.553

46
114
0.412
52
T
0.270

24
0
0.906
6.1
49
0.559

58.2*
=T
<0.0001
31.0°
31
<0.0001

57.8"
73
<0.0001
4.2
52
<0.0001

58.1*
8.4
<0.0001
413"
26
<0.0001

61.9
97
<0.0001
487"
43
<0.0001

62.2"
105
<0.0001
48.8"
4.5
<0.0001

57.8"
10.5
<0.0001
533"
5.1
<0.0001

IVT-LVO

IVT-nonLVO

Mortality rate (%) SICH (%) mRS 0-1(%) Mortality rate (%) SICH (%)

3.21*
215
<0.0001
11.4°
342
<0.0001

3.7
206
<0.0001
8.3"
305
<0.0001

33"
182
<0.0001
98"
400
<0.0001

36"
14.7
<0.0001
6.7"
35.1
<0.0001

32"
17.7
0.002
6.4"
315
<0.0001

29"
213
<0.0001
59"
28.8
<0.0001

1.0"
fird
0.006
7.7
58
0.701

23
7.4
0.148
38
6.9
0.371

41
¥ o g
0.254

6.2
0.101

4.2
3.1
0.734
1.5
98
0.03

38
39
0971
23
86
0.065

35
5.1
0.697
28
r g
0.101

63.3"
286
0.019
-5 b
222
0.002

61.1
39.4
0.184
3.1
191
<0.0001

85.1*
29.2
0.001
53.4*
125
0.045

53.6
17.6
0.008
67.4%
333
0.009

52.2*
20.0
0.043
67.4"
29.4
0.002

529"
16.7
0.028
85.6"
30.0
0.002

1.1
0.0
0.952
48
16.7
0.088

0.0
9.1
0.169
44
95
0.28

35
42
0.918
24
250
0.063

6.6
17
0.608
15
8.7
0.268

59
13.3
0.301
20
59
0.357

39
83
0.476
31
10.0
0471

14
0.0
0.946
24
6.7
0.393

27
59
0.433

16
38
0.336
33

0.981

29
83
0.366

28
71
0.383

0
0
1
25
6.2
0.402

RECEN, recanalization; sICH, symptometic intracerebral haemorrhagic; EVT, endovasculer Thrombectomy; IVT-LVO, Intravenous Thrombolysis patients with Large Vessel Occlusion;
IVT-nonLVO, Intravenous Thrombolysis patients without Large Vessel Occlusion; PIM, Perfusion Imaging Mismatch; CCM, Clinical Core Mismatch. *Denote a significant difference
present when compared with patients with the same mismatch profile, but without recanalization.
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EVT
Mismatch Adjusted OR (95%Cl)
PIM-DT

Yes 6.69 (2.42, 18.50)
No 1.88(0.29, 12.12)
PIM-Tmax

Yes 590 (2.17, 16.04)
No 6.12(0.69, 54.13)
PIM-MTT

Yes 7.47 (227, 22.69)
No 4.10(0.94, 17.98)
ccm-DT

Yes 9.10(1.96, 42.25)
No 3.86(1.20, 12.39)
CCM-Tmax

Yes 8.67 (0.94, 80.06)
No 6.05 (2.19, 16.68)
CCM-MTT

Yes 273(0.27,27,99)
No 7.31(2.79,19.11)

<0.0001
0.503

<0.0001
0.103

0.001
0.061

0.005
0.023

0.057
0.001

0.39%
<0.0001

IVT-LVO

Adjusted OR (95%Cl)

12.67 (7.41, 21.67)
5.15(1.41,18.79)

11.15 (6.34, 19.58)
13.48 (5.30, 34.25)

12.04 (7.00, 20.69)
12.78 (4.60, 85.49)

10.72 (5.46, 21.03)
11.87 (5.71,24.67)

9.96 (4.83,20.52)
13.68 (7.11,26.32)

10.62 (4.48, 25.14)
13.14 (7.39, 23.39)

<0.0001
<0.0001

<0.0001
<0.0001

<0.0001
<0.0001

<0.0001
<0.0001

<0.0001
<0.0001

<0.0001
<0.0001

IVT-nonLVO

Adjusted OR (95%Cl)

2.60(0.93,7.79)
6.99 (154, 31.61)

2,04 (0.63, 6.66)
7.48 (229, 24.38)

4.47 (1.86,10.76)
2.72 (0.40, 18.37)

7.28(2.14,24.72)
1.47 (0.42,5.16)

7.18(1.94, 26.58)
2.13(0.71,6.4)

7.80 (1.72, 35.4)
2.99(1.12,7.99)

0.067
0.012

0.234
0.001

0.001
0.303

0.001
0.546

0.003
0.175

0.008
0.029

mRS 0-2, modified Rankin Score 0, 1, 2 at 90-days; EVT, endovascular Thrombectomy; IVT-LVO, Intravenous Thrombolysis patients with Large Vessel Occlusion; VT-nonLVO, Intravenous
Thrombolysis patients without Large Vessel Occlusion; PIM, Perfusion Imaging Mismatch; CCM, Clinical Core Mismatch.
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Demographic characteristics

Age, years, median (IQR)
Male sex, n (%)

Systolic blood pressure, median (IQR)
Clinical characteristics

History of diabetes melitus, n (%)

History of smoking, n (%)

History of alcohol intake, n (%)

Antiplatelet, n (%)

Anticoagulant, 1 (%)

Platelet count, x 10%ul, median (QR)
Location

Lobar, n (%)

Deep, n (%)

Brain stem, n (%)

Cerebellum, n (%)

GCS score, median (IQR)

Time from onset to first CT (h), median (QR)
Time from the first to the follow-up CT (h), median (QR)
Discharge GOS <4, n (%)

Baseline volume, median (QR)

Presence of IVH, n (%)

Black hole sign, n (%)

Blend sign, n (%)

Satellite sign, n (%)

Island sign, n (%)

Total (n = 1,111)

609 (51-70)
739 (66.5)
161 (144-177)

140 (12.7)
350 (31.8)
348 (31.6)

19(1.7)
8(0.7)
2025 (165-242)

82(7.4)
951 (85.6)
49 (4.4)
29(2.6)

13 (10-15)
3(2-4)
195 (12-29.5)
748 (67.3)
16.4 (89-27.1)
386 (34.7)
173(15.6)
169 (15.2)
420 (37.8)
230 (20.7)

Continuous variables are presented as median (IQR); categorical variables are expressed

inn (%),

CT, computed tomography; GCS, Glasgow Coma Scale; GOS, Glasgow Outcome Scale;

JQR, interquartile range; IVH, intraventricular hemorrhage.
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Predictors

Sex, male
Age

Systolic blood pressure
Medical history

History of diabetes melitus
History of smoking

History of alcohol intake
Antiplatelet

Anticoagulant

Platelet count

Time from onset to first CT

Time from the first to the
follow-up CT

Location of hemorrhage

Baseline hematoma
volume

Presence of IVH
Baseline GCS score
Black hole sign
Blend sign

Satelite sign

Island sign

B

1.923
-0.011
—-0.036

0.210
0.805
0.805
—2.628
23.039
-0.010
—0.679
-0.127

-0.993
0.148

0515
—0.671
4617
6.969
1.924
2.696

0.084
-0.012
-0.087

0.008
0.035
0.032
-0.031
0.180
~0.067
-0.000
-0.183

-0.06
0.201

0.023
-0.203
0.151
0.231
0.086
0.101

95% Cl of B

0.676-3.271
—0.062-0.041
0.061 to —0.011

—1.715-2.134
-1.571-2.181
—-0.766-2.375
—7.552-2.296
16.608-30.470
—0.019-0.001
1.123 to —0.235
0.167 to —0.087

—0.968-0.018
0.105 t0 0.019

—0.826-1.856

0.863 to —0.479
2.777-6.268
5.240-8.699
0.612-3.236
1.126-4.267

0.831
0215
0315
0.295
<0.001
0.026
0.003
<0.001

0.046
<0.001

0.451
<0.001
<0.001
<0.001

0.004

0.001

B, unstandardized coefficients; B, standardized coefficients; 95% CI, 95% confidence
interval for B; CT, computed tomography; GCS, Glasgow Coma Scale; IVH,

intraventricular hemorrhage.
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Time from onset-ED 3-45h >45h

Door-to-call time B (95% Cl) 26 21
(-22.11027.2) (7.8t034.1)
p 0838 0,002
Callto-decision time B (95% C) —-8.1(~19.1108.0) 5.24(~0.6t0 11.1)
p 0.15 008

Decision-to-needle B (95% C) -52(-19.91095) 2.7 (-68t0 12.1)
time

p 0.485 0573
Door-to-Image time B (95% Cl) 6.39 (—18.81081.6)  22.1 (8.7 to 65.5)
p 0618 0,001

All estimates are relative to patients presenting within 3 h of symptom onset.
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Time from onset-ED 3-45h >45h

Door-to-calltime B(95% Cl) —13.8(-43.41014.8) 27.4(1301041.7)
p 0343 <0.001
Calito-decision time (95% Cl) —145 69(0.41013.4)
(27510 -15)
p 0,029 0038
Decision-to-needle time B (95% C)) —~0.4 (~185t017.8) —1.4 (~18.1 t0 10.2)
p 0967 0809
Door-to-lmage time B (95% Cl) —13.7 (~42.810 15.4) 29.1 (14.5t0 43.6)
p 0356 <0.001

Al estimates are relative to patients presenting within 3 h of symptom onset.





OPS/images/fneur-11-593238/fneur-11-593238-g003.gif
05

25
‘Bacotions





OPS/images/fneur-11-00130/fneur-11-00130-t005.jpg
Door-to-call time Call-to-decision Decision-to- Door-to-imaging

time needle
time
Hospital B [} 258 134 102 334
(95% Cl) (6.9-44.7) (6.0-21.8) (2.2-18.3) (14.1-52.8)
P 0.008" 0.002* 0014" 0.001*
Hospital C B 29 23 6.1 02
(95% Cl) (-26.6101.3) (~10.4to 15.1) (-9.01021.2) (~28.91029.3)
P 0.844 0.719 0.424 0.99
Hospital D B -16 -03 125 -178
(95% Cl) (~18.710 16.5) (~791t07.4) (451020.4) (—35.1 to —0.4)
P 0.856 094 0.003" 0.045*
Hospital E B 170 13 102 188
(95% CJ) 0210339 (-621088) (81017.0) (161035.9)

P 0.048* 0.733 0.003* 0.032*
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Patient Characteristics

Age, median (IGR)

Female, n (%)

PSC Hospitals

Distance in km, median (IQR)

Baseline Parameters

NIHSS o/a, median (IQR)

pmRS, median (QR)

ASPECTS at PSC, median (IQR)

Stroke time metrics and management
i.v. Thrombolysis, 1 (%)
Onset-to-thrombolysis, median (IQR)
Symptom-onset-to-CT in min, median (IQR)
CTA within 15min, n (%)

PSC-GT-to-ITl in min, median (QR)

ITI between 8a.m. and 8 p.m., n (%)
Baseline CT imaging

Extracranial Stenosis NASCET above 70%, n (%)
Extracranial Oclusion, 1 (%)

Intracranial Occlusion, n (%)

Cenvical ICA Occlusion, (%)

Intracranial ICA Occlusion with Carotid-T, n (%)
Intracranial ICA Occlusion without Carotich-T, n (%)
Tandem occlusion ICA/MCA, n (%)
Proximal M1 Occlusion, 1 (%)

Distal M1 Occlusion, n (%)

M2 Occlusion, n (%)

Extracranial VA Occlusion, n (%)

BA Occlusion, n (%)

PCA Occlusion, n (%)

Infratentorial Occlusion, n (%)

Vessel Tortuosity, n (%)

$Mann-Whitney U tests.
#Chi-Square tests.
*Denotes significance p < 0.05.

Al (0 = 154)

77 (66-84)
84 (54.5)

47 (18-61)

11 (5-16)
0002
10 (10-10)

84(54.5)
98 (72-133)
69 (54-118)
106 (68.8)
37 (28-55)
65 (42.2)

10(6.5)
18(11.7)
19 (77.3)
19 (12.3)
7(45)
4(26)
149.1)
55 (35.7)
24 (15.6)
31(20.1)
1(0.6)
9(58)
10(65)
12(7.8)
39(25.3)

Non-transferred (n = 63)

80 (64-86)
35(55.6)

47 (18-61)

9(3-15)
2(1-9)
10 (10-10)

21(333)
85 (73-131)
72 (57-128)
43(68.3)
43 (29-56)
25(39.7)

2@82)
6(9.5)
36(57.1)
5(7.9
1(1.6)
0(0)
1(1.6)
3(4.8)
9(14.8)
18 (28.6)
00
1(1.6)
10(15.9)
1(1.6)
18(28.6)

Transferred (n = 91)

75 (66-89)
49(53.8)

47 (18-61)

13 (5-17)
0(0-1)
10 (10-10)

63(69.2)
100 (71-135)
67 (52-91)
63(69.2)
29 (15-66)
40 (44)

8(88)
12(132)
83(91.2)
14 (15.4)
6(6.6)
4(4.4)
13 (14.8)
52(57.1)
15 (16.5)
13 (14.3)
1(1.1)
8(8:8)
0(0)
11 (12.1)
21(23.1)

p-Values

0.199%
0.834%

0.182%

0.074%
<0001
0.378¢

<0.001**
0.790%
0.115%
0.950"
0.020%¢
0.893"

0.164"
0.487"
<0.001°*
0.167*
0.148"
0.092*
0.007+*
<0.001
0.712"
0.030"*
0.404"
0.061"
<0.001
0017
0.441%

IQR, interquartile range; PSC, Primary stroke center; NIHSS, National Institutes of Health Stroke Scale; pmRS, premorbid modified Rankin scale score; ASPECTS, Alberta stroke program

early CT score; ITl, interhospital transfer inquir

ICA, internal carotid artery; MCA, middle cerebral artery; VA, vertebral artery; BA, basilar artery; PCA, posterior cerebral artery.
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Patient characteristics

Age, median (IGR)
Female, n (%)

PSC Hospitals

Distance in km, median (IQR)
Airtransportation, n (%)

Baseline Parameters

NIHSS at CSC, median (IQR)

pMRS, median (IGR)

ASPECTS at CSC, median (IQR)

Stroke time metrics and management

i.v. Thrombolysis, n (%)

Onset-to-thrombolysis, median (IQR)
Symptom-onset-to-CT in min, median (IQR)
CTA within 15 min, n (%)

PSC-CT-to-ITl in min, median (QR)
PSC-CT-o-CSC-CT in min, median (QR)

CT Imaging at CSC

CTP Mismatch, n (%)

Extracranial Stenosis NASCET above 70%, n (%)
Extracranial Oclusion, 1 (%)

Intracranial Ocolusion, n (%)

Cervical ICA Occlusion, (%)

Intracranial ICA Occlusion with Carotid-T, n (%)
Intracranial ICA Occlusion without CarotichT, 1 (%)
Tandem Occlusion ICA/MCA, n (%)

Proximal M1 Occlusion, n (%)

Distal M1 Occlusion, (%)

M2 Occlusion, 1 (%)

Extracranial VA Occlusion, n (%)

BA Occlusion, n (%)

PCA Occlusion, 1 (%)

Infratentorial Occlusion, n (%)

Vessel Tortuosity, n (%)

All (0 =91)

75 (66-89)
49(53.8)

47 (18-61)
16.(17.6)

5(1-13)
0(0-1)
9(7-10)

63(69.2)
100 (71-135)
67 (52-91)
63(69.2)
43 (24-65)
125 (97-159)

56 (61.5)
8(8.9)
12(132)
83(912)
14.(15.4)
6(66)
4(4.4)
13 (14.3)
52(57.1)
15 (16.5)
13 (14.3)
101.1)
8(88)
00
11 (12.1)
21(23.1)

§ Mann-Whitney U tests; * Chi-Square tests, "denotes significance p<0.05.
IQR, interquartile range; PSC, Primary stroke center; NIHSS, National Institutes of Health Stroke Scale; CSC, Comprehensive stroke center; pmRS, premorbid modified Rankin scale
score; ASPECTS, Alberta stroke program early CT score; ITl, interhospital transfer inquiry; CTFP, CT perfusion; ICA, internal carotid artery; MCA, middle cerebral artery; VA, vertebral

artery; BA, basilar artery; PCA, posterior cerebral artery.

No-EVT (n = 47)

74 (66-82)
26(55.3)

47 (33-61)
8(17.0

6(1-16)
0(0-1)
7(5-10)

31(66.0)
100 (75-130)
70 (54-83)
32 (68.1)
43 (30-86)
125 (96-161)

18 (27.7)
3(64)
9(19.1)

39(83.0)
11(23.4)
5(10.6)

0

8(17.0

27 (57.4)
5(10.6)
9(19.1)
121
5(10.6)

0

8(17.0

16 (34.0)

EVT (0 = 44)

76 (66-89)
23(52.9)

47 (18-61)
8(182)

5(2-11)
0(0-0)
10 (9-10)

32 (72.7)
90 (60-149)
67 (46-143)
31 (705)
41 (19-59)
125 (96-160)

4397.7)
5(11.4)
368
44 (100)
368
129
401
5(11.4)
25 (56.8)
10 (22.7)
401
00
368
00O
368
5(11.4)

p-values

08128
o.771*

07528
0.884"

0.659%
0.071%
0.001*%

0.484"
05778
0.625%
0.679"
0.001*%
07048

<0.001*
0.402"
0.082"
0.0047*
0,028
0.108"
0,035
0.441"
0.952"
0.120"
0.471"
0.331"
0.520%
0.136*
0,010
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Models ~ AUC (95% Cl)  Specificity Sensitivity Precision Accuracy

LR 0.857 (0.814-0.900)  0.912 0.620 0.761 0.821
SW 0.866(0.823-0.907)  0.912 0.602 0.756 0.816
RFC 0.862 (0.820-0.904)  0.883 0.657 0.717 0813
XGBoost 0.858 (0.815-0.901)  0.896 0.630 0.731 0.813
DNN 0.867 (0.827-0.908)  0.891 0.556 0.811 0.821
LR* 0.866 (0.825-0.907)  0.921 0.593 0.780 0.821
RFC* 0.874(0.835-0.912)  0.950 0.500 0.818 0.810

AUC, the area under the curve; LR, logistic regression; SVM, support vector machine;
RFC, random forest classifier; XGBoost, extreme gradient boosting; DN, fully-connected
deep neural network.

“indicates model developed with 21 variables.
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NO. LR* RFC*

1 NIHSS at admission NIHSS at admission

2 Premorbid mRS Age

3 Age Premorbid mRS

4 Fasting blood glucose Fasting blood glucose
5 Creatinine Urea nitrogen

6 Sex Creatinine

LR, logistic regression; RFC, random forest classifier; NIHSS, National Institute of Health
stroke scale; mRS, modified Rankin Scale.
*indicates model developed with 21 variables.
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Age, median (IQR)

Female sex, n (%)

Race

White

Affican American

Hispanic

Asian

Other/Unknown
Cardiovascular comorbidities
Hypertension, n (%)

Diabetes, 1 (%)
Hypercholesterolemia, n (%)
Current smoking, n (%)

CHF, n (%)

Afib, n (%)

Coronary artery disease, 1 (%)
Prior Stroke or TIA, n (%)
CKD, 1 (%)

Laboratory values
Hemoglobin A1C, median (IQR)
Total Cholesterol, mean (:SD)
Triglycerides, mean (+:5D)
HDL, mean (+5D)

LDL, mean (+SD)

Stroke subtypes

Large artery atheroscleross, 1 (%)
Cardioembolic, n (%)

Small vessel/lacunar

ESUS

Other defined causes
Medications

Anticoagulation on presentation, n (%)

Antiplatelets on presentation, n (%)
Statins on presentation, n (%)
Antihypertensives, n (%)

Acute treatment

tPAgiven, n (%)

Mechanical thrombectomy, n (%)

No additional workup Subsequent workup

441 (91.5%)

72 (615-81)
220 (50)

284 (64)
65 (15)
16 (4)
10()

66 (15)

331 (75)
142 (32)
240 (54)
73(17)
399
89 (20)
84(19)
68 (15)
44.(10)

57 (53-6.7)
161 (132-198)
115 (84-154)
45 (37-66)
90 (63-116)

112 (25)
164 (37)
63 (14)
66 (15)
376

69(16)
227 (51)
234 (53.06)
310 (70)

85 (19)
4@Q

“Outcome of interest: Need for subsequent workup.
aMultivariable mode! including variables that reached statistical significance (o-value < 0.05) in univariable analyses excluding stroke subtype.
bVariables included in model 1 plus stroke subtypes (if they reached statistical significance in univariable comparisons).

41(85%)

58 (50-65)
17 (41)

22 (54)
10 (24)
30
0
6(15)

21 (51)
13(32)
17 (41)
6(15)
1@
3(7)
3
4(10)
3

56(5.4-6.9)
172 (140.5-208)
110 (83.5-159.5)
46 (37-60)
985 (70-125.75)

2(5)
16(39)
6(15)
12 (29)
5(12)

4(10)
12 (29)
16 (39)
21 (51)

8(20)
3(7)

p-value

<0.0001
03
027

0.001
0.96
0.1

0.1
0.045
0.09
0.49
0.58

0.78
03
0.76
0.66
0.18
0.02
0.002
0.87

0.025
038

03
0.008
0.09
0.02

0.96

Multivariable logistic
regression model* 1°

OR(95%Cl) p-value  OR (95% CI)
094(092-097) <0.0001 0.95 (0.92-0.97)
059(0.20-122)  0.16  0.63(0.3-1.82)
0.69 (0.16-2.14 0.28 0.6(0.13-1.94)
0.17 (0.08-0.59)
1.31(0.59-2.83)

Multivariable logistic
regression model* 2>

p-value

<0.0001

0.22

0.42

0.003

0.49
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Predictive accuracy metric RF

Automated variable selection

Sensitivity 0.70 (0.64-0.76)
Specificity 0.71(0.65-0.77)
AUC 0.70 (0.66-0.75)
Mcc 0.41(0.28-0.59)
Brier score 032 (0.28-0.41)
Clinical expert knowledge

Sensitivity 067 (0.61-0.73)
Specifcity 0.71(0.65-0.76)
AUC 0.66 (0.58-0.79)
Mcc 038 (0.22-0.55)
Brier score. 0.31(0.25-0.37)

svM

065 (0.59-0.71)
077 0.71-082)
0.71(0.65-0.75)
0.42(0.29-053)
032 (0.20-0.42)

067 (0.61-0.73)
0.72(0.66-0.78)
067 (0.65-0.74)
0.39(0.27-0.55)
0.26 (0.22-0.38)

c5.0

0.76 (0.70-081)
058 (0.51-0.65)
0.66 (0.63-0.72)
0.34(0.15-0.44)
032 (0.28-0.41)

067 (0.60-0.73)
0.75 (0.69-0.80)
063 (0.58-0.67)
0.42(0.28-051)
0.35 (0.27-0.36)

ABM

068 (0.61-0.74)
0.70 (0.60-0.79)
067 (0.65-0.79)
0.38 (0.16-0.43)
032 (0.20-0.42)

0.56 (0.49-0.62)
078 (0.73-0.83)
068 (0.63-0.72)
0.35 (0.21-0.53)
0.25 (0.21-0.32)

CART

0.77 0.71-0.82)
060 (0.54-0.67)
0,69 (0.64-0.73)
0.38(0.14-0.41)
0.33(0.30-0.43)

0.66 (0.60-0.72)
069 (0.62-0.75)
0.67 (0.63-0.72)
035 (0.21-0.54)
0.25 (0.21-0.38)

LR

0.83(0.78-0.88)
056 (0.49-0.62)
0.69(0.65-0.73)
0.40(0.29-0.52)
030 (0.27-0.39)

0.81(0.75-0.85)
060 (0.54-0.66)
068 (0.65-0.72)
0.41(0.20-0.55)
0.27(0.25-0.36)

LASSO

0.71(0.60-0.79)
067 (061-0.79)
0.67 (0.60-0.79)
039 (0.20-0.50)
0.30 (0.27-0.39)

0.71(0.65-0.77)
0.69(0.63-0.75)
0.69(0.65-0.79)
0.40 (0.20-0.53)
0.27(0.24-0.35)

95%Cl, 95% Confidence Interval; AUC, Area under the receiver operating characteristic curve; RF, Random Forest; SVM, Support Vector Machine; C5.0, C5.0 Decision Tree;
ABM, Adaptive Boost Machine; CART, Classification and Regression Tree; LR, Logistic Regression; LASSO, Least Absolute Shrinkage and Selection Operation; MCC, Matthews

Correlation Coefficient.
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Age, median (IQR)

Female sex, n (%)

Race

White

Affican American

Hispanic

Asian

Other/Unknown
Cardiovascular comorbidities
Hypertension, n (%)

Diabetes, 1 (%)
Hypercholesterolemia, n (%)
Current smoking, n (%)

CHF, n (%)

Afib, n (%)

CAD, 1 (%)

Prior stroke or TIA

CKD, n (%)

Laboratory values
Hemoglobin A1C, median (IQR)
Total Cholesterol, mean (:SD)
Triglycerides, mean (+:5D)
HDL, mean (+5D)

LDL, mean (+SD)

Stroke subtypes

Large artery atheroscleross, 1 (%)
Cardioembolic, n (%)

Small vessel/lacunar

ESUS

Other defined causes
Medications

Anticoagulation on presentation, n (%)

Antiplatelets on presentation, n (%)
Statins on presentation, n (%)
Antihypertensives, n (%)

Acute treatment

tPAgiven, n (%)

Mechanical thrombectomy, n (%)

*Outcome of interest: Treatment change.

No treatment change
458 (95%)

71(60-80)
230 (50)

290 (69)
70(15)
19 (4)
10(2)
69 (15)

336 (79)
142 (31)
245 (59)
76(17)
38(8)
91(20)
80(17)
68 (15)
45(10)

5.7(5.3-6.6)
113 (84-154)
115 (84-154)
45 (37-67)
91 (63-119)

114 (25)
164 (36)
69(15)
72(16)
40(9)

71(16)
227 (50)
236 (51)
314 (69)

83(19)
42(9)

Treatment change
24 (5%)

58 (49-69)
729

16(67)
5(@1)
0O
0O
3(12)

16 (67)
13 (54)
12 (50)
3(12)
2(8)
14
7 (29)
4017
2(8)

62(5.6-9.2)
144 (88.5-162)
110 (83.5-159.5)
41 (37.5-61)
795 (61-125.5)

0
16(67)
0
6(25)
2(8)

2

12(50)
14.(68)
17 (71)

5@1)
2(8)

p-value

0.0003
0.04
071

0.48
0.02
0.75
0.78
0.99
0.05
017

0.8
0.81

0.007
0.25
0.76
023
0.81

0.002

0.002

0.004
0.04
025

033
0.97
051
0.81

0.84

Multivariable logistic Multivariable logistic
regression model* 1% regression model* 2°
OR(95%Cl)  p-value OR(95%Cl)  p-value
095(092-098) 0004  095(0.92-098) 0003
1.89(0.78-6.1) 053  189(0.74-527) 0.9
27(114-654) 09  333(133-862) 001
0.29 (0.016-1.54) 0.54 0.12 (0.006-0.66) 0.01
Unstableterm 0,003
3.14(1.19-897) 002
Unstabletern 0,01

Multivariable model including variables that reached statistical significance (p-value < 0.05) in univariable analyses excluding stroke subtype.
bVariables included in model 1 plus stroke subtypes (if they reached statistical significance in univariable comparisons).
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Clinicodemographic

characteristics
Age, median (IQR)
Female sex, n (%)
Race

White

African American
Hispanic

Asian
Other/Unknown

Cardiovascular comorbidities
Hypertension, n (%)

Diabetes, 1 (%)
Hypercholesterolemia, n (%)
Current smoking, 1 (%)

CHF, n (%)

Afib, n (%)

Coronary artery disease, 1 (%)
Prior Stroke or TIA, n (%)

CKD, 1 (%)

Laboratory values

Hemogiobin A1C, median (IQR)
Total Cholesterol, mean (:5D)
Triglycerides, mean (+:8D)

HDL, mean (+SD)

LDL, mean (+SD)

Stroke subtypes

Large artery atherosclerosis, 1 (%)
Cardioembolic, n (%)

Small vessel/lacunar

ESUS

Other defined causes/crytptogenic
Medications

Anticoagulation on presentation, 1 (%)
Antiplatelets on presentation, n (%)
Statins on presentation, n (%)
Antihypertensives, n (%)

Acute treatment

tPAgiven, n (%)

Mechanical thrombectomy, n (%)

Entire cohort, No TTE
N=548 65 (11.9%)
71 (69-81) 77 (64-86.5)
273 (49.8) 37 (57)
357 (66) 51(78)
79 (14) 46
2@ 40)
122 203
78 (14) 6@
401 (73.1) 49 (75)
174 (31.7) 19 (29)
289 (62.7) 32 (49)
90(16.5) 11(172)
4582 5@

112 (20.4) 20 (31)
97 (17.7) 10(15.4)
77 (14) 5@
57(10.4) 10 (15)
5.7(53-6.7) 58(5.45-6.3)

161 (133.6-197.5) 158 (138-184)
115 (84-155.5) 116 (84.5-159)
45 (37-57) 445 (34.75-61)
90 (63.5-117) 85 (68-101.5)
127 (23.2) 13 (20)
200 (36.5) 20 (31)
79 (14.4) 10 (15)
91(16.6) 13 (20)
51(9.3) 9(14)
90(16.4) 17 (26)
266 (48.5) 27 (42)
283 (61.6) 33(51)
378 (68.9) 47(72)
98(17.8) 5@
4582 1(1.5)

TTE
483 (88.1%)

70 (59-80)
237 (49)

306 (63.5)
75 (15.5)
19(4)
10(2)
72(15)

352 (78)
155 (32)
257 (59)
79(16.5)
40(8)
92(19)
87(18)
72(15)
47(10)

57 (6.3-6.7)
163 (133-198.75)
115 (84-154
45 (37-56)
905 (63-119)

114 (24)
180 (37)
69 (14)
78(16)
42(9)

73(15)
239 (50)
250 (52)
331 (69)

93 (19)
449

p-value

0.02
0.23
0.09

0.76
0.67
0.64
0.88
0.87
0.03
0.73
0.13
0.16

0.32
0.55
0.76
0.74
056

053
0.64
0.39
0.85
0.48
0.18

0.03
0.4
0.89
0.66

0.02
0.03
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Variables

Age, median (IQR)
Female sex, n (%)

Race

White

African American

Hispanic

Asian

Other/Unknown

Cardiovascular comorbidities
Hypertension, n (%)

Diabetes, n (%)
Hypercholesterolemia, n (%)
Current smoking, 1 (%)

CHF, n (%)

Afib, n (%)

Coronary artery disease, 1 (%)
Prior Stroke or TIA, n (%)

CKD, n (%)

Laboratory values

Hemoglobin A1C, median (IQR)
Total Cholesterol, mean (:SD)
Triglycerides, mean (D)

HDL, mean (+:SD)

LDL, mean (+SD)

Stroke subtypes

Large artery atherosclerosis, 1 (%)
Cardioembolic, n (%)

Small vessel/lacunar

ESUS

Other defined causes
Medications

Anticoagulation on presentation, 1 (%)
Antiplatelets on presentation, n (%)
Statins on presentation, n (%)
Antihypertensives, n (%)

Acute treatment

tPAgiven, n (%)

Mechanical thrombectomy, n (%)

No relevant findings
299 (62%)

71(60-80)
159 (53)

185 (62)
52(17)
11 (4)
8@
43(14)

213(71)
92 (31)
156 (52)
45(15)
22(7)
52(17)
41(14)
50(17)
22(7)

5.7 (6.3-6.7)
167 (186-202.5)
115 (83-154)
465 (37-58)
92 (66-121)

83(29)
90(30)
47(16)
52(17)
22(7)

37(12)
157 (53)
152 (51)
204 (68)

62(21)
27(9)

Relevant findings
183 (38%)

70 (59-80)
78(42)

121 (66)
23(13)
8(4)
2(1)
29(16)

139 (76)
63 (34)
101 (65)
34(19)
18(10)
40 (22)
46 (25)
22(12)
25 (14)

5.7(53-69)

158 (128-196)
113 (86-156)
43 (35-54)
83(60-115)

26(14)
90 (49)
22(12)
26 (14)
20(11)

36/(20)
82 (45)
98(53)
127 (69)

31(17)
17.9)

p-value

091
0.02
0.44

03
0.43
0.56
0.37
035
0.28

0.002
0.19
0.02

0.67
0.061
091
0.03
0.09
<0.0001
0.0001
<0.0001
0.29
037
0.19

0.03
0.08
0.63
0.89

03
1

Multivariable logistic
regression model 1°

OR (95% Cl)

0.7 (0.48-1.02)

1.95 (1.21-3.15)

1.95 (1.05-3.63)

1.69 (1.01-2.82)

p-value

0.07

0.008

0.03

*Muttivariable model including variables that reached statistical significance (o-valuie < 0.05) in univariable analyses excluding stroke subtype.
bVariables included in model 1 plus stroke subtypes (if they reached statistical significance in univariable comparisons).

Multivariable logistic
regression model 2°

OR(95%Cl)  p-value

067 (45-098)  0.04

19(1.17-3.11) 001

1.79(095-341) 007

0.48(0.27-081)  0.007
152(098-2.36)  0.06

0.2
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Total number of patients (%, male)
Age (Mean, range)
NIHSS (Median-IQR)

In-hours patients

256 (58%)
69 (29-96)
4(2-8)

Out-of-hours
patients

283 (59%)
70 (23-95)
5(2-10)

Patients receiving acute
reperfusion therapy

122 (62%)
69 (29-92)
10 (6-17)

Patients not receiving acute
reperfusion therapy

401 (57%)
70 (23-96)
3(1-7)

Al patients

539 (59%)
70 (28-96)
4(2-9)
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Participants’ characteristics PROVE-IT INTERRSeCT  P-value

(Ny = 614) (N2 = 507)
Age (median, IOR) 73 (63-80) 71(63-79) 068
Sex (n, % Male) 322(62.4%)  264(62.1%) 048
Diastolic biood pressure 82 (74-99) 80 (71-90) 062

(median, IQR)

Systolic blood pressure (median, 150 (185-170) 147 (131-169)  0.45
1aR)

Blood glucose (median, IQR) 64(56-7.8)  65(5879 039
NIHSS (median, IQR) 13 (6-19) 14(8-19) 0.46
Treatment (1, % Intervention) 291(47.3%)  192(37.9%) 056
History of atial fibrilation (n, % 184(20.9%)  161(31.8%) 027
Yes)

Diabetes (n, % No) 511 (83.2%) 421 (83.0%) 0.34
Hypertension (n, % Yes) 422(68.7%)  302(69.6%) 035
International normalize ratio 1(1-1.2) 1(1-1.1) 0.60
(median, IQR)

Creatinine (median, IQR) 81 (67.8-96) 78 (66-93.4) 0.97
Platelet count (median, IQR) 207 (171-258) 195 (57-137) 067
Hematocrit (median, IOR) 0.43(0.39-047) 041(0.38-044) 092

IQR, Interquartile range; NIHSS, National Institute of Stroke Severity Scale; mRS, modified
Rankin Scale.
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Total number of
patients
Confirmed stroke
Treated with
reperfusion
therapy

90-day mRS = 2

In-hours

N (% of in-hours

calls)

256

171 (67.6%)
58 (22.7%)

30 (34.8%)

Out-of-hours  Total N (% of
N (% of out-of-hours  all calls)

calls)
283 539
197 (69.6%) 370 (68.6%)
64 (22.6%) 122 (22.6%)
95 (33.6%) 184 (34.1%)





OPS/images/fneur-11-00889/fneur-11-00889-t002.jpg
Participants’ characteristics MRS > 2 mRS<2  P-value
(Ny=249) (N =365)

Age(median, IQR) 77 (69-89) 70(59-77) <001
Sex (n, % Male) 127 (51%)  195(58.4%) 056
Diastolic blood pressure (median, 85 (77-95) 80(72-92)  0.09
1OR)

Systolic blood pressure (median, 154 (140-172) 150 (180-170) ~ 0.08
10R)

Blood glucose (median, IQR) 68(58-8.1) 62(56-75 <001
NIHSS (median, IQR) 17 (11-22) 9(5-15) <001
Treatment (n, % Intervention) 128 (51.1%) 163(44.7%) 0.1
History of atrial fbrilation (n, % Yes) 92 (36.9%)  92(25.2%)  0.002
Diabetes (0, % No) 202(81.1%)  300(847%) 025
Hypertension (n, % Yes) 190(763%) 232 (63.5%) < 0.01
International normalized ratio 1.09 (1.0-1.20) 1.0(1.0-1.1) <0.01
(median, IQR)

Creatinine (median, IQR) 83(65-101)  80(69-91) 023
Platelet count (median, IQR) 210(169-257) 206 (172-249)  0.83
Hematocrit (median, IOR) 0.42 (0.38-0.47) 043 (0.41-0.48)  0.03

IQR, Interquartile Range; NIHSS, National Institute of Health Stroke Severity Scale; mRS,
Modified Rankin scale.
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Type of treatment change

Initiation of anticoagulation
Initiation of cardiac meds
PFO closure

Cardiac surgical procedure

No. (%)

22(4.5)
0
2(0.4)
2(0.4)
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Participants’ characteristics mRS > 2 mRS<2  P-value
(Ny=239)  (N;=268)

Age (median, IQR) 77 (68-89) 68(59-75) <001
Sex (n, %Male) 112(468%)  152(86.7%)  0.03
Diastolic blood pressure (median, 80 (70-90) 81(72-90) 071
1OR)

Systolic blood pressure (median, 150 (184-171)  145(130-162)  0.02
10R)

Blood glucose (median, IQR) 66(69-8.1) 6.4(580-7.55 007
NIHSS (median, IQR) 17 (12-20) 10(6-17) <001
Treatment (1, % Intervention) 86 (35.9%) 106(39.5) 040
History of atral fbrilation (n, % Yes) ~ 88(36.8%)  73(27.2%)  0.02
Diabetes (0, % No) 192(80.3%)  220(85.4%)  0.12
Hypertension (n, % Yes) 154(64.4%) ~ 148(55%) 004
Creatinine (median, IQR) 78 (65-96) 78 (66-91.1) 0.72
International normalized ratio 1.02(10-1.10) 10(1.0-1.10)  0.09
(median, IQR)

Platelet Count (median, IQR) 93(57-142) 97 (65.8-130.3) 0.8
Hematocrit (mediian, IGR) 0.4(0.37-0.43) 0.42(0.39-0.44) <001

IQR, Interquartile Range; NIHSS, National Institute of Health Stroke Severity Scale; mRS,
Modified Rankin scale.
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Predictive accuracy metric RF

Automated variable selection

Sensitivity 0.67 (0.57-0.77)
Specificity 058 (0.47-0.68)
AUC 0.63 (0.56-0.70)
Mcc 0.26(0.11-0.39)
Brier score 0.34 (0.30-0.45)
Clinical expert knowledge

Sensitivity 064 (0.55-0.72)
Specifcity 0.70 (0.60-0.79)
AUC 0.67(0.61-0.73)
Mcc 0.34 (0.22-0.46)
Brier score 0.33(0.27-0.39)

SVM

062 (0.51-0.72)
0.63(0.52-0.73)
0,62 (0.55-0.70)
0.25(0.11-037)
034 (0.30-0.45)

0.61(0.51-0.71)
0.7 (0.67-0.84)
0.69(0.63-0.75)
0.38 (0.26-0.50)
0.31(0.26-0.38)

C5.0

066 (0.56-0.76)
0.71(0.61-0.80)
069 (0.62-0.76)
0.38(0.24-051)
028 (0.25-0.38)

068 (0.59-0.76)
069 (0.59-0.78)
069 (0.63-0.75)
0.37 (0.24-0.49)
0.31(0.25-0.37)

ABM

074 (0.64-0.83)
0.60 (0.50-0.71)
0.67 (0.60-0.74)
035 (0.21-0.49)
030 (0.21-0.48)

066 (0.57-0.75)
0.74 (0.64-0.82)
0.70 (0.64-0.76)
0.40 (0.28-0.52)
030 (0.24-0.36)

CART

076 (0.66-0.84)
0.54 (0.43-0.64)
0.65 (0.58-0.72)
031 (0.16-0.44)
0.32 (0.28-0.42)

062 (0.53-0.71)
0.71(0.69-0.79)
067 (0.61-0.73)
033 (0.21-0.47)
0.34 (0.28-0.39)

LR

073 (0.63-0.83)
0.70 (0.60-0.79)
0.72 (0.65-0.78)
0.43 (0.30-0.56)
0.26 (0.21-0.35)

062 (0.53-0.71)
0.80 (0.72-0.87)
0.71(0.66-0.77)
0.43 (0.32-0.56)
0.29 (0.24-0.35)

LASSO

073 (0.63-0.82)
0.70 (0.60-0.79)
0.72(0.65-0.79)
0.43 (0.30-0.56)
0.26 (0.21-0.35)

062 (0.53-0.71)
0.80(0.72-0.87)
0.71(0.66-0.77)
0.43 (0.32-0.55)
0.29(0.24-0.35)

95%Cl, 95% Confidence Interval; AUC, Area under the receiver operating characteristic curve; RF, Random Forest; SVM, Support Vector Machine; C5.0, C5.0 Decision Tree;
ABM, Adaptive Boost Machine; CART, Classification and Regression Tree; LR, Logistic Regression; LASSO, Least Absolute Shrinkage and Selection Operation; MCC, Matthews

Correlation Coefficient.
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Baseline BP a
ICH
24hBP a
ICH
Unfavorable discharge

In-hospital death

Cl, Cerebral Infarction; ICH, Intracranial Hemorrhage.

<120 mmHg

0% (0/24)
4.2% (1/24)
3.5% (4/115)
2.6% (3/115)
1.7% (2/115)
0% (0/115)

120-130 mmHg

7.9% (6/76)
7.9% (6/76)
7.5% (3/40)
5.0% (2/40)
0% (0/40)
0% (0/40)

>130 mmHg

4.1% (3/73)
9.6% (7/73)
11.1% (2/18)

50% (9/18)
22.2% (4/18)
16.7% (3/18)

P-value

0.410
0.803
0.174
<0.0001
0.002
0.001
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FSRS > China-PAR (Downward)
FSRS < China-PAR (Upward)
Overall

NRI

Total NRI (95%Cl)

DI (95%Ci)

R-FSRS > Recalibrated R-FSRS (Downward)

FSRS < Recalibrated FSRS (Upward)
Overall

NRI

Total NRI (95%Cl)

DI (95%C)

China-PAR > Recalbrated China-PAR (Downward)
China-PAR < Recalibrated China-PAR (Upward)

Overall
NRI

Total NRI (95%Cl)
DI (95%Cl)

Recalibrated FSRS > Recalibrated China-PAR (Downward)
Recalibrated FSRS < Recalibrated China-PAR (Upward)

Overall
NRI

Total NRI (95%Cl)
DI (95%C)

Event Nonevent
o 1
50 486
50 487
1 -0.996

0.004 (~0.004-0.012)
0018 (0.0020-0.033)

1 17
49 466
50 483

0.960 -0.922

0,038 (~0.047-0.12)
0.027 (0.007-0.048)

17 312

33 167

50 479
0.320 0.297

0.617 (0.342-0.894)
0.056 (0.023-0.090)

2 61
48 421
50 482

0.920 -0.739

0.175 (0.051-0.298)
0.074 (0.040-0.108)

Women
Event Nonevent
o 2
56 608
56 610
1 -0.993

0007 (~0.003-0.016)
0.014(0.001-0.027)

2 3
54 606
56 609

0.928 -0.989

—0.058 (-0.156-0.040)
0.008 (0.001-0.016)

23 433

33 167

56 610
0.179 0.436

0.611(0.344-0.879)
0.092 (0.064-0.130)

16 331

40 276

56 610
0.429 0.090

0517 (0.268-0.767)
0.008 (0.169-0.137)

IDI, integrated discrimination index; NRI, net reclassification improvement; R-FSRS, revised Framingham Stroke Risk Scores; China-PAR, Prediction for ASCVD Risk in China.
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Characteristics Total

Gender (female) 33/178
Age (years)

Grade of hypertension
Diabetes melitus.
Coronary artery disease
Hyperlipidemia

Alcoholic

Smoking

Bilat lesions

Stenosis (NASCET, %)
Preoperative NIHSS score
Postoperative MRI

Spotty infarction

<120 mmHg

17.4% (20/115)
62987
2(0-8)
20.0% (23/115)
13.0% (15/115)
27.0% (31/115)
22.6% (26/115)
48.7% (56/115)
9.6% (11/115)
79.4 £8.1%
0(0-0)
47.0% (54/115)
79.6% (43/54)

120-130 mmHg

15.0% (6/40)
632490
3(2-9)
17.5% (7/40)
12.5% (6/40)
32.5% (13/40)
25.0% (10/40)
45.0% (18/40)
17.5% (7/40)
81.4+7.9%
0(0-1)
55.0% (22/40)
72.9% (16/22)

>130 mmHg

38.9% (7/18)
66.2+ 111
25(2-9)
38.9% (7/18)
11.1% (2/18)
38.9% (7/18)
22.2% (4/18)
33.3% (6/18)
22.2% (4/18)
85.4.+8.8%
0(0-2.25)
27.8% (5/18)
40.0% (2/5)

NIHSS, National Institutes of Health Stroke Scale; MRI, Magnetic Resonance Imaging; NASCET, North American Symptomatic Carotid Endarterectomy Trial.

P-value

0.097
0.749
0.154
0.179

0.502
0.96
0.501
0.159
0.006
0.426
0.161
0.129
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Characteristics

Age, mean (SD), year

Age = 65, (%)

SBP, mean (SD), mmHg

Waist circumference, mean(SD), om
Total cholesterol, mean(SD), mg/di
HDL-C, mean (SD), mg/dl

Utban, n (%)

Antihypertensive treatment, n (%)
Diabetes, n (%)

DM if <65 year, 1 (%)

DM if =65 year, n (%)

Smoking, n (%)

History of CVD, n (%)

SBR systolic blood pressure; HDL-C, high-density lipoprotein cholesterol; DM, diabetes mellitus; CVD, cardiovascular disease.

Total

68.63(7.62)
795 (66.1)
138.7 (19.99)
90.8(10.67)
207.45 (44.12)
47.38 (10.60)
800 (66.5)
464 (38.6)
194 (16.1)
54(4.5)
140 (11.6)
296 (24.6)
187 (15.6)

Men (n = 537)

69.21(7.73)
366 (68.2)
138.18 (19.58)
88.94(9.79)
214.48 (39.01)
46.72 (10.99)
362 (67.4)
171(31.8)
73(13.6)
18 (3.4)
55(10.2)
246 (45.8)
77(14.9)

Women (n = 666)

68.15 (7.49)
429 (64.4)
139.17 (20.31)
91.08(10.69)
237.91 (45.24)
47.90 (10.24)
433 (65.8)
293 (44.0)
121 (18.2)
36(5.4)
85(12.8)
50 (7.5)
110 (16.5)

P-value

0.016
0.102
0.392
0.307
<0.001
0.054
058
<0.001
0.033
0.004
0.205
<0.001
0.337
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Models Kaplan-Meier adjusted  Predicted Events (n) Calibration x2 P-value Discrimination C

events (n) values statistic (95%Cl)
RFSRS 548 203 144.166 <0.001 0568 (0.524-0.610)
Adjusted R-FSRS 548 742 39.493 <0001 0.568 (0.524-0.610)
Recalbrated R-FSRS 548 49.7 16.481 0,036 0.648 (0.606-0.689)
China-PAR 548 433 10.405 0.238 0.603 (0.560-0.644)
Adjusted China-PAR 548 492 9375 0312 0.603 (0.560-0.644)
Recalibrated China-PAR 548 60.87 6334 0610 0.748 (0.709-0.784)

WoMEN
RFSRS 59.9 136 280,054 <0.001 0575 (0.537-0.613)
Adjusted R-FSRS 59.9 5598 31.743 <0.001 0575 (0.537-0.613)
Recalbrated R-FSRS 59.9 4336 11926 0.155 0.621 (0.583-0.658)
China-PAR 59.9 69.7 12.524 0.129 0.602 (0.564-0.639)
Adjusted China-PAR 59.9 4456 16.047 0,042 0.604 (0.566-0.642)
Recalibrated China-PAR 599 60.3 9.796 0.280 0.761 (0.727-0.793)

R-FSRS, revised Framingham Stroke Risk Scores; China-PAR, Prediction for ASCVD Risk in China.
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Variables

Age, mean = SD, year

Male, n (%)

Risk factors

Hypertension, n (%)
Hyperiipidemia, n (%)

Diabetes, n (%)

Smoking, n (%)

History of ischermic stroke, n (%)
Blood pressure at admission
SBP, mean & SD, mmHg

DBP, median (IQR), mmHg

Baseline blood glucose, median
(IQR), mmol/L.

Onset-to-needle time, median (IQR),
hours

Baseline NIHSS score, median (IQR)

NIHSS score at discharge, median
(QR)

Hospital stay, median (QR), days
Infarct site

The lenticulostriate artery, n (%)

The paramedian pontine artery, n (%)
Dual antiplatelet treatment, n (%)

Unmatched Cohort

Alteplase Group Control Group
n=>51) (n=84)
59.1+ 122 64.2£125
32 (62.7) 60 (71.4)
34(66.7) 51(60.7)
25 (49.0) 36 (42.9)
11(21.6) 26(31.0)
17 (33.3) 22(26.2)
3(5.9) 15 (17.9)
152.2 +21.1 164.1£23.4
88(76,99) 85 (76, 99)
5.4(50,63) 58(51,7.0)
36,4 3(2,4)
76,9 4(3,6)
2(0,8) 4(2,6)
96,12 11(9, 14)
37 (72.5) 59 (70.2)
14(275) 25 (29.8)
48(94.1) 79(94.0)

P-value

0.834
0.294

0.487
0.485
0.236
0375
0.047

0.371
0.414
0.370

0.648

<0.001
0.009

0.005

0.774
0.774
0.987

Matched Cohort
Alteplase Group Control Group
(n=42) (=42
503+ 119 637 % 14.7
25 (59.5) 32(76.2)
27 (64.3) 26(61.9)
22 (52.4) 17 (40.5)
11 (262) 14.(333)
11 (262) 9(1.4)
3(7.1) 5(11.9)
150 (138, 166) 155 (126, 180)
8976, 95) 89(76, 104)
5.4(5.0,63) 59(63,73)
32,4 302,49
5(4,8) 5(,7)
2(0,4) 4(3,8)
96, 1) 129, 15)
30 (71.4) 30 (71.4)
12 (286) 12 (28.6)
39 (929) 41(97.6)

8D, standard deviation; IQR, interquartile range; NIHSS, National Institutes of Health Stroke Scale; SBR, systolic blood pressure; DBP, diastolic blood pressure.

P-value

0.168
0.102

0.821
0.274
0.474
0.606
0.713

0213
0.629
0.181

0.790

0.664
<0.001

0.001

1.000
1.000
0616
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Outcomes Alteplase Group Control Group Binary Logistic Regression Analysis

Unmatched cohort (n=51) (n=84) Adjusted OR (95% CI) P-value
Primary outcomes.

mAS < 1 at 3 months, n (%)" 28(54.9) 40 (47.6) 0.30(0.12,0.74) 0.009
Early neurological deterioration, n (%) 8(15.7) 27 (32.1) 2.55(1.05, 6.16) 0038
Secondary and safety outcomes

MRS = 2 at 3 months, n (%)" 40 (78.4) 62(73.8) 0.43(0.16, 1.12) 0.084
MRS = 4 at 3 months, n (%)* 5(9.8) 13(15.5) 3.14(0.90, 10.91) 0072
Intracranial hemorthage, n (%) 2.9 0 - -
Death, n (%) 0 1(20) - -
Matched cohort (n=42) (n=42) Unadjusted OR (95% CI) P-value

Primary outcomes.

MRS < 1at3 months, n (%) 28(66.7) 14.(33.3) 0.25(0.10,0.62) 0,003
Early neurological deterioration, n (%) 5(11.9) 13(31.0) 3.32(1.06, 10.37) 0039
Secondary and safety outcomes.

MRS < 2 at 3 months, n (%) 35(833) 26(61.9) 0.33(0.12,0.90) 0081
MRS 2 4 at 3 months, n (%) 3(7.1) 10 (23.8) 4.06(1.03, 16.02) 0.045
Intracranial hemorrhage, n (%) 260" o - -
Death, n (%) 0 1(25) - -

mRS, modified Rankin scale score; OR, odds ratio.

¥ These models were adjusted for baseline NIHSS score and history of ischemic stroke.

*Univariate logistic regression analysis was performed dlue to the failure of ftling @ multivariate model adjusted for baseline NIHSS score and history of ischemic stroke.

*There were two cases (3.9%) of parenchymal hemorhage type 2 according to the criteria of ECASS Il in the alteplase group, one of the two cases had symptomatic intracranal
hemorrhage in the infarcted region and left severe disability.
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Total patients with BAD during this study period (n=G18)

Exclusion citeria (1=473)
Patienis who were trated beyond 4.5 hours afer symplom onset

13

Patients who were treated within 4.5 hours after symptom onset (=]

45)

Exclusion criteria (n=10)

1 Paticnts who received intravenous urokinasc (n=1)

2.Patients who didn’t complete follow-up at 3 months (n=4)

|1 3.Paticnts who failed to complete magnetic resonance.
or had poor imaging quality (n=5)

ing

Inclusion criteria (n=135)

1.Patients who were over 18 years old
2 Paticnts who received intravenous alteplase or/and antiplatelet therapy
3.Patients who completed follow-up process at 3 months

4.BAD was diagnoscd by diffusion-weighted inx

ng
alieplase group control group
=) (1=84)
propensity score matching (1:1) l

alteplase group control group
0=42)
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OR
Age 1.050
NIHSS score on admission  1.172
Creatinine 1.011
FBG 1411
sBP 2375

Error

0.011
0.024
0.004
0.045
0.881

Wald

4.88
782
3.02
262
233

P value

P = 0.000"
=0.000"
P =0.003"
P =0.009"
P =0.020"

95% Cl

1.080-1.071
1.125-1.221
1.004-1.017
1.027-1.202
1.148-4.912

NIHSS, indicates National Institutes of Health Stroke Scale; FBG, fasting blood glucose;
SBR, systolic blood pressure; OR, odds ratio; Cl, confidence interval.

*p < 0.05 was considered as significant in the multivariate logistic model.
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Hospital Distance to Road Air Total
John Hunter  transfers transfers transfers
Hospital (km)

Taree 167 19 1 20
Tamworth 219 0 8 8
Armidale 267 0 12 12
Port Macquarie 198 1 10 11
Coffs Harbour 319 0 10 10
Moree 423 0 1 1
More experienced group 20 23 43
(>10 transfers)

Less experienced group o 19 19

(<10 transfers)
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Variable DIDO coefficient
(min)
(95% Cl) P
Experience (>10 82
patients (~39.11055.6)
transferred) P=073
A transport 635
(20.810106.2)
P =0004
Intubated 2423
Note N = 4, all (165.010319.7)
transported by air P <0.001
Thrombolyzed 110
(-26210 48.2)
Adjusted R2

P overall model

DI-Decision
coefficient (min)
(95% CI) P

09
(-29.710315)
P=095
-16.7
(~433 10 12.0)
P=026
229.2
(179210279.3)
P <0.001
-263
(-50.4 10 ~2.3)

Decision-DO
coefficient (min)
(95% CI) P

17.0
(~16.110502)
P=031
87.4
(86310 118.5)
P <0.001
146
(-42.110712)
P=061
338
(7.110605)
P=0014
0.4313

<0.001

DIDO, door-in-door-out; DI-Decision, door-in-to-decision; Decision-DO, decision-to-door-

out.
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Site of Lesion Total patients Hemianopia Quadrantanopia Altitudinal VF: MD + SD HCVA:mean+ VA noise: mean

(n=26) (=14 (=4 defect (@B) SD (snellen), = SD (snellen),
(n=1) (mean: log MAR)  (mean: log MAR)
Multiterritorial: n = 3
Frontal Lobe: n = 4
o Riside 2 1 0 0 ~061+1.32  0.10+0006/75 0.15+021605
o Lside 2 o 1 0 —279+361  0.10£2206/75 0.10+267,6/75
Parietal Lobe:
o Rside 1 1 0 0 —723 010675  0.306/12
o Lside 2 2 0 0 ~691+653  0.10+0006/75 0.30:+0.406/12
Occipital Lobe:
o Rside 6 5 1 0 -505+1019 010000675 052+031,6/15
o Lside 3 2 1 0 —659+381  0.10£00675 0.40+0266/15
Pre Frontal Lobe: n =1,R 1 0 0 0 -0.42 0.10,6/7.5 0.30, 6/12
side
Corona Radiata:n =1, L 1 0 0 0 -0.07 0.20,6/9.5 0.50,6/18
side
Internal Capsule:n =1, L 1 o 0 0 -024 000, 6/6 0.64,6/24
side
Pons: n = 2, R side 2 0 0 0 —2.67+3.71 0.05+0.07,6/7.5 0.25+0.07,6/9.5
Basal ganglia: n = 2,L side 2 2 0 0 ~591+653  0.10£000,6/7.5 0.30+0.40,6/12

Multiterritorial (R & L): n = 3 3 1 1 1 —610£870  0.10£0.17,6/7.5 057 £032,6/24
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Number (No.) of patients
Age, mean [SD], years
Sex
Men, No. (%)
Woren, No. (%)
Medical history, No. (%)
Hypertension
Hypercholesterolernia
Diabetes mellitus
Prior stroke/TIA
Atrial fibrillation
Ischemic heart disease
Smoker
Prestroke mRS, No. (%)
02
3-4
NIHSS score, median [IQR]
Intubated, No. (%)
Thrombolyzed, No. (%)
Ocolusion location, No. (%)
ICA
M1 MCA
M2 MCA
Basilar

All transfers Road transfers Air transfers P

62
66 (14)

34 (55%)
28 (45%)

28 (45%)
10/(16%)
8(13%)
8(13%)
13(21%)
9(15%)
10 (16%)

61(98%)
1(2%)
13 (8-18)
4(6%)
25 (40%)

4(6%)

37 (60%)
7(11%)
5(8%)

20
69 (1)

11 (65%)
9 (45%)

10 (50%)
1(5%)
3(15%)
3(15%)
2(10%)
4(20%)
6(30%)

20 (100%)
0(0%)
9(6-16)
0(0%)
5 (25%)

1(6%)
13 (65%)
4(20%)

1(5%)

42
65(15)

23 (55%)
19 (45%)

18 (43%)
9@1%)
5(12%)
5(12%)
11 (26%)
5(12%)
4(10%)

41 (98%)
1(2%)
14 (10-18)
4(10%)
20 (48%)

3(7%)
24 (57%)
3(7%)
4(10%)

027

0.99

0.60
0.10
0.25
073
0.14
0.40
0.04

0.49

0.25
0.15
0.09

0.75
0.55
0.14
0.54

IGA, interal carotid artery; IQR, interquartie range; MCA, middle erebral artery; mRS,
mocified Renkin Scale; NIHSS, Nationel Institutes of Health Stroke Scale; SD, standard
deviation; TIA, transient ischemic attack.
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Site of Lesion Total patients
=14 (n=34)

R side:
L side: n = 20

Middle Cerebral Artery: n = 15
o Rside
o Lside

Posterior Cerebral Artery: n = 6
oRside
o Lside

Cerebellar Artery: n = 10
o Rside
o Lside

Anterior Cerebral Artery: n = 2
Rside
o L side

Internal Carotid Artery:
o Rside

(Based on CT/MR.

Quadrantanopia Altitudinal

defect
(=3

VF: MD + SD
(dB)

—6.61+7.29
—3.71+£494

-2043 £0.77
-11.66 £9.97

—201+193
-1.62+3.28

—4.23
0.23

-5.83

HC VA: mean &
SD (snellen),
(mean: log MAR)

0.10+ 0.00,6/7.5
0.10 £ 0.00,6/7.5

0.10 £ 0.00,6/7.5
010+ 7.79,6/7.56

0.10+ 0.00,6/7.5
0.10 £ 0.00,6/7.5

0.00,6/6
0.00,6/6

0.00,6/6

VA noise: mean
£ SD (snellen),
(mean: log MAR)

0.34+0.18,6/12
0.33 £0.15,6/12

0.80 £ 0.00,6/48
0.30 £ 0.22,6/12

0.23+0.20,6/9.5
0.21£0.15,6/9.5

0.10,6/7.5
0.30,6/12

0.10,6/7.5
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Mismatch (+), n (%)

EVT (n = 208)
PIM-DT 172 82.7)
PIM-Tmax 142 (68.3)
PIM-MTT 149 (71.6)
CCM-DT 114 (54.8)
COM-Tmax 74(35.6)
ceM-MTT 53(25.5)
IVT-LVO (n = 458)

PIM-DT 364 (79.5)
PIM-Tmax 310(67.7)
PIM-MTT 383 (72.7)
coM-DT 211 (46.1)
COM-Tmax 174.(38.0)
coMMTT 128 27.9)
IVT-nonlVO (n = 328)

PIM-DT 152 (46.3)
PIM-Tmax 120 (36.6)
PIM-MTT 249 (75.9)
com-oT 117 85.7)
COM-Tmax 105 (32.0)
coM-MTT 82(25.0)

P-value

<0.0001
0.0023
<0.0001
<0.0001
<0.0001

<0.0001
0.0003
<0.0001
<0.0001
<0.0001

<0.0001
<0.0001
<0.0001
<0.0001
<0.0001

Large core

24 11.5)
42 (202)
58 (27.9)

49 (10.7)
76 (16.6)
118 (25.8)

10.3)
5(1.5)
12@3.7)

Number of patients were excluded by each reason, n (%)

Small penumbra

12(58)
18(8.7)
1(0.5)

5(1.1)
45(9.8)
5(1.1)

173 (52.7)
191 (68.2)
61(18.3)

Mismatch ratio < 1.8

00
00
00

1(02)
27 (69)
1(002)

2(06)
12(3.7)
6(18)

Agelcore cut off

66(31.7)
106 (51.0)
127 (61.1)

162 (35.4)
200 (43.7)
246 (53.7)

1133)
23(7.0)
46 (1.4)

Low NIHSS

28 (13.5)
28 (13.5)
28 (13.5)

84(18.3)
84(18.3)
84 (183)

200 (61.0)
200 (61.0)
200 (61.0)

EVT, endovascular Thrombectomy; IVT-LVO, Intravenous Thrombolysis patients with Large Vessel Occlusion; IVT-nonLVO, Intravenous Thrombolysis patients without Large Vessel
Ocelusion; PIM, Perfusion Imaging Mismatch; CCM, Clinical Core Mismatch; Significant level was set at P < 0.05, when the proportion of each mismatch criteria compared with the
mismatch criteria had the highest proportion in each patient cohort, separately.
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Parameter EVT (0 = 208) IVT-LVO (n = 458) IVT-non-LVO (n = 328)

Age, median (IQR) 70 (69, 78) 73 (64,81) 71(60,82)
Sex (male %) 59 53 60
Baseline NIHSS median (IQR) 15(11-19) 15 (12-18) 8(6-12)
24h NIHSS median (IQR) 10 (3-17) 116-7) 3(1-6)
Median 90-days mRS (IQR) 3(1-4) 3(1-5) 10,1)
mRS 0-1 at 90-days, (%) 35 30 61
mRS 0-2 at 90-days, (%) 44 42 74
Median baseline ischemic core (fCBF <30% within DT >3s) (IQR), mL 20(9, 42) 20 (7, 40) 3(1-40)
Median baseline perfusion deficit volume (DT >35) (IQR), mL 109 (66,154) 95 (55, 144) 175, 44)
Median 24 h infarct volume (IQR), mL. 39 (14, 94) 35 (12, 107) 3(1-12)
Median onset to lysis time (QR), minutes 148 (95, 265) 153 (82, 316) 155 (96,206)
Onset to recanalization time (EVT patients) 271 (109, 645) - -
Ocelusion location

ICA (%) 32 28 -

M1 (%) 57 72 -

M2 (%) 1" - 42
M3 (%) - - 15
ACA (%) - - 5

No visible occlusion (%) - - 38
Recanalization rate (%) 78 a7 87
mRS 0-1 in patient with recanalization, (%) 57 55 67
mRS O-1in patient without recanalization, (%) 15 6 3
SICH (%) 5 4 1

EVT, endovascular Thrombectomy; IVT-LVO, Intravenous Thrombolysis patients with Large Vessel Occlusion; IVT-nonLVO, Intravenous Thrombolysis patients without Large Vessel
Occlusion; IQR, interquartile range; NIHSS, Netional Institutes of Health Stroke Score; mRS, modified Rankin Scale; rOBF, relative cerebral blood flow; DT, delay time; M1, Misegment
of middle cerebral artery; M2, M2 segment of middle cerebral artery; ICA, intemal carotid artery: sICH, symptomatic intracranial hemorrhage.
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YLL
YLD
DALY

YLL, years of life lost;

Unadjusted

INSPIRE between-group p-value
difference

~0.63 (95% Cl: ~1.12, ~0.15) 0011

~0.27 (95% Cl: ~0.56, 0.01) 0063

~0.97 (95% Cl: ~1.60, ~0.34) 0002

YLD, years lived with a disability: DALY, disability-adjusted life year.

Adjusted

INSPIRE between-group
difference

—0.36 (95% ClI: —0.66, —0.06)
—0.16 (95% ClI: —0.32, —0.00)
—0.55 (95% CI: —0.88, —0.23)

p-value

0.018
0.046
0.001
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Age
category

<50

50-60

60-70

70-80

>80

EVT, endovascular thrombectomy; DALY, disabilit

EVT_INSPIRE

19.66
(17.81,21.51)
17.54
(1591, 19.17)
12.64
(11.73, 13.54)
958
8.95,10.21)
594
(5.54,6.33)

No EVT_INSPIRE

2156
(19.68, 23.44)
19.23
(17.71,20.76)
13.86
(13.06, 14.65)
1050
(10.00, 11.01)
651
(6.19,6.89)

Between-group
difference (DALY saved)

~1.90
(~8.15, -0.65)
-1.70
(~2.80, ~0.60)
—1.22
(-2.02, -0.43)
-0.93
(153, -0.33)
—057
(095, ~0.20)

-adjusted life year.
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INSPIRE EXTEND-IA RCT

YLL YLD DALY DALY

Unadjusted  Adjusted Unadjusted  Adjusted Unadjusted  Adjusted Unadjusted  Adjusted
Evr 877 261 266 1.74 11.04 396 55 20

(8.35,9.20) (2.36,2.86) (2.14,3.18) (186,213  (10.45,11.62)  (3.64,4.27) 8.2,87) (0.94,3.6)
No EVT 9.45 2.98 313 210 12.13 459 89 35

(90.19,972)  (282,3.14)  (267,360)  (1.72,247)  (11.75,1251)  (4.87,4.81) (4.7,138) (16,5.8)
Between-group -0.68 —037 -047 -035 ~1.00 -063 —272 —t27
difference (~1.18,-0.18) (-0.67,-0.07) (098,003 (-0.70, ~0.01) (~1.76,-0.43) (~0.99, ~0.27) (NA) (NA)

EVT, endovascular thrombectomy; YLL, years of fe lost; YLD, years lived with a disabilty; DALY, disabilty-adjusted lie year; N.A., not available.
“Not statistically significant (p = 0.074).
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INSPIRE EXTEND-IA RCT

EVT No EVT EVT No EVT
N=178 (V=584) (N=35  (N=35)

Age (mean, SD) 69.7 (14.76) 71.9(13.62) 686(123) 70.2(11.8)
Male gender (N, %)  95(53.4%)  301(51.5%) 17 (49%) 17 (49%)

Baseline NIHSS 16(11-21)  15(10-18) 17(13-20)  13(2-19)
(median, IQR)

Baseline core 18(7-36)  18(7-40)  12(4-32)  18(4-29)
volume (median,

IQR)

Perfusionlesion 112 (74-151) 83 (49-133) 106 (76-137) 115 (72-158)
volume (median,

1aR)

Treatment type (N, %)

EVT + tPA 86 (48.3%) 0 35 (100%)" 0
EVT only 92 (51.7%) 0 0 0

tPA only 0 346 (59.3%) 0 35(100%)
Target mismatch 156 (87.6%) 452 (77.4%) 100% 100%
Core volume =70l 11(62%) 68 (11.6%) 0% 0%

Median time fom 95 (43-148) 112 (53-171) 78 (54-112) 80 (56-115)
onset to hospital
arival

Median time from 156 (120-187) 171 (127-211) 127 (93-162) 145 (105-180)
onset to tPA

Successful 90 (74.4%)" 242 (53.7%)"  35(100%) 13 (37%)
reperfusion (N, %)
Occlusion site (N, %)

IcA 53(208%) 151(259%) 11(31%)  11(31%)
M1 115(64.6%) 310(53.1%) 20(657%)  18(51%)
M2 10(6.6%) 123(21.0%) 4 (11%) 6(17%)
Three-month mRS

mRS 0 27(16.2%)  93(15.9%) 9 (26%) 6(17%)
mRS 1 39(219%)  96(16.4%) 9 (26%) 4(119%)
mRS 2 19(10.7%) 68 (11.6%) 7 (20%) 4(11%)
mRS 3 41(280%) 76 (18.0%)  6(17%) 4(11%)
mRS 4 15(8.4%)  85(14.6%)  1(3%) 6(17%)
mRS 5 8(45%)  60(103%)  0(0%) 4(11%)
mRS 6 29(163%) 106(182%)  3(9%) 7 (20%)

Age, gender, baseline NIHSS, volumes of infarct core and perfusion lesion, and occlusion
locations are not significantly different for patients who received EVT between INSPIRE
and EXTEND-IA participants.

“On the basis of intention-to-treat principle; “57 patients in the EVT and 133 patients
in the no EVT group did not have the 24-h TICI outcome. The proportion of successful
repertusion was significantly different between the EVT and no EVT groups within INSPIRE
{p < 0.0007).

Baseline core volume, perfusion lesion volume, and penumbra volume are expressed
inm.

EVT, endovascular thrombectomy; IQR, interquartile range; SD, standard deviation; ICA,
internal carotid artery; tPA, tissue plasminogen activator.
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Age (Mean)

Door to needle (min)
Male

HTN

DM

Smoker
Dysiipidemia
AF/arrythmias

IHD

Hgic transformation
Dyas90mRS (0-3)
Dichotomized ASPECTS =6

WhatsApp
(n=286)
group 2

58294
523+ 16.0
46 (53.4%)
36 (41.9%)
32 (37.2%)
11(12.8%)
9(10.5%)
14 (16.3%)
30 (34.9%)
18 (20.9%)
35 (40.7%)
34 (04.4%)

RAPIDsoftware
(n=36)
group 1

609+ 105
368+ 11.8
13(36.3%)
20 (55.6%)
12 (33.3%)
9(25%)
4(11.1%)
9(25%)
12 (33.3%)
2(5.6%)
23(63.9%)
75 (87.2%)

P

0.172
0.001
0.080
0.166
0.684
0.097
0.916
0.261
0.869
0.036
0.030
03
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Predictors

Sex, male
Systolic blood pressure
Antiplatelet

Anticoagulant

Time from onset to first CT

Time from the first to the
follow-up CT

Location of hemorrhage
Baseline hematoma volume
Baseline GCS score

Black hole sign

Blend sign

Satelite sign

Istand sign

B

1.729
-0.023
—-0.406
22,851
-0.608
—-0.067

—0.439
-0.001
-0.528
2.524
5.658
0.247
1.916

B

0.078
—0.056
—0.006

0.188
-0.083
—-0.101

—-0.035
—0.001
—-0.162
0.087
0.195
0011
0.074

95% Cl

0.466-2.993
—0.046-0.001
—4.784-3.971
16.924-29.378
-1.0181t0 -0.199
—0.105 to —0.023

—1.132-0.255
-0.062-0.050
—0.722 to —0.333
0.861-4.188
3.958-7.358
-1.325-1.819
—0.022-3.852

P-value

0.007
0.047
0.8556
<0.001
0.004
0.001

0.855
0.976
<0.001
0.003
<0.001
0.758
0.053

Adjustment by sex, baseline volume, location of hemorrhage, time from onset to
baseline CT, time from baseline CT to follow-up CT, systolic blood pressure, antiplatelet,
anticoagulant, baseline GCS score.
B, unstandardized cosfiicients; , stendardized coefficients; 95% Ci, 95% confidence
interval for B; CT, computed tomography; GCS, Glasgow Coma Scale; IVH,

intraventricular hemorrhage.
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Variable Adjusted OR 95% Cl P-value

Sex, male 0.898 0.663-1.215 0.486
Age, year 1.016 1.004-1.029 0,009
Systolic blood pressure, mmHg 1.003 0.997-1.009 0296
Time from onset to first CT, h 0.963 0.870-1.065 0.461
Time from the first to the 0995 0.986-1.004 0252
folow-up CT, h

Location of hemorrhage

Deep 1 [Reference] 1 [Reference] 1 [Reference]
Lobar 0.221 0.125-0388  <0.001
Brain stem 0.108 0048-0240  <0.001
Cerebellum 0.340 0.143-0809 0015
Presence of IVH 1.191 0.867-1.635 0281
Baseline hematoma volume, ml 1.044 1.029-1.059 <0.001
Baseline GCS score (<8) 2771 1616-4.752 <0001
Extent of hematoma expansion

No growth (ni) 1 [Reference] 1 [Reference] 1 [Reference]
Minimal change (<5 mi) 1.080 0.679-1.565 0.888
Moderate change (5.1-12.5m) 2227 1.222-4.060 0.009
Massive change (> 12.5m) 2534 1.206-4.955 0.007

OR, odds ratios; 95% CI, 95% confidence interval; CT, computed tomography; GCS,
Glasgow Coma Scale; IVH, intraventricular hemorrhage.
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Mismatch

PIM-DT

PIM-MTT
Yes

No
CCM-DT
Yes

No
CCM-Tmax
Yes

No
CCM-MTT
Yes

No

EVT

Adjusted OR (95%Cl)

427 (158, 11.91)
1.01(0.14,7.13)

4.37 (1.8, 12.12)
3.25(0.34, 31.07)

5.66 (1.75, 18.26)
199 (0.41, 9.65)

5.74 (122, 27.02)
3.78(1.28, 11.19)

6.24(0.62, 62.89)
3.73(1.34,10.38)

4.56 (1.75, 11.94)
5.43 (2.12, 13.93)

0.005
0.992

0.025
0.306

0.004
0.394

0.027
0.016

0.120
0.012

0310
0.460

IVT-LVO

Adjusted OR (95%Cl)

.77 (4.83, 19.78)
9.32 (2,87, 35.90)

14,39 (5.32, 38.93)
899 (4.02, 20.10)

9.93 (4.96, 19.86)
22,03 (4.78, 101.45)

11.16 (4.95, 15.23)
7.96 (3.06, 20.71)

11.17 (4.62, 26.99)
10.35 (4.34, 24.68)

9.73(3.49, 27.14)
11.99 (5.65, 25.90)

<0.0001
0.001

<0.0001
<0.0001

<0.0001
<0.0001

<0.0001
<0.0001

<0.0001
<0.0001

<0.0001
<0.0001

IVT-nonLVO

Adjusted OR (95%Cl)

4.91(1.34,17.97)
4.79(1.38, 16.65)

4.75(1.03,21.84)
752 (2.32,24.29)

5.01(1.93, 13.03)
7.64 (082, 70.52)

6.15(1.56, 24.24)
3.12(0.94, 10.40)

5.69 (1.36, 23.94)
4.37 (1.42, 13.580)

6.86 (1.25,37.38)
4.74(1.67, 13.41)

0016
0.014

0.045
0.001

0.001
0.043

0.009
0.044

0018
0.011

0.026
0.003

mRS 0-1, modified Rankin Score 0-1 at 90-days; EVT, endovascular Thrombectomy; IVT-LVO, Intravenous Thrombolysis patients with Large Vessel Occlusion; IVT-nonLVO, Intravenous
Thrombolysis patients without Large Vessel Occlusion; PIM, Perfusion Imaging Mismatch; CCM, Clinical Core Mismatch.
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Favorable Unfavorable  P-value
outcome outcome
(mRS 0-2) (MRS 3-6)
Patients, n 545 262
Age, years, median (IOR) 67 (59-75) 76(67-82) P =0.000*
Sex, n (%) P =0000"
Male 398 (73.0) 159 (60.7)
Female 147 27.0) 103 (39.9)
Medical history, n (%)
Hypertension 387 (71.0) 194(740)  P=0368
Hyperlipidemia 26(4.8) 9(3.4)
Atrial fibrillation 48 (8.8) 56 (21.4) P =0.000"
Valvular heart disease 6(1.1) 6(23) P=0.191
Peripheral vascular disease 102 2(0.8) P=0516
Transient ischemic attack 4(07) 0(0) P=0310
Previous cerebral infarction 105 (19.3) 60(22.9)
Provious cerebral 9(1.7) 3(1.1) P =0806
hemorrhage
Previous carotid 2(0.4) 3(1.1) P =0.401
endovascular treatment or
endarterectomy
Drinking, n (%) P =0359
Never drinker 423 (77.6) 210(80.2)
Former drinker 25 (4.6) 15(5.7)
Current drinker 97 (17.8) 37 (14.1)
Smoking, n (%) P=0008"
Never smoker 376 (69.0) 191 (72.9)
Former smoker 27(5.0) 25(9.5)
Current smoker 142 (26.1) 46(17.6)
Baseline data
NIHSS score on admission, 3(1-5) 8(3-14)  P=0000"
median (IGR)
SBP, n (%) P =0006"
>100 and <180 mmHg 511(93.8) 231 (88.2)
<100 or 2180 mmHg 34(6.2) 31(11.8)
DBP, mmHg, median (QR) 84 (80-91) 82(78-92)  P=0576"
Platelet count, 109/L, 186 (156-223) 188 (148-228) P =0.660"
median (IQR)
INR, median (IQR) 098 (0.94-1.04) 1.01(0.97-1.07) P =0.000*
Creatinine, umol/L, median 73.30 80.60 P =0.000"
(IaR) (61.00-86.00)  (65.00-101.00)
FBG, mmol/L, median (QR) 523 (4.68-6.44) 6.06 (5.00-8.23) P = 0.000"
TC, mmol/L, median (IQR) ~ 4.20 (3.61-4.89) 4.17 (3.45-4.98) P = 0.494%
TG, mmol/L, median (IQR)  1.36 (0.97-1.92) 1.14 (0.83-1.62) P = 0.0001*
LDL, mmol/, median (QR) ~ 2.64 (2.10-8.23) 2.59 (2.04-3.09) P =0.191"
HoAlc, %, median (QR) 5.8 (5.50-6.70) 6.10 (5.60-7.10) P=0.017"*
Endovascular therapy, n (%) 56(10.3) 44(168) P =0.007"
intravenous thrombolysis, n (%) 112 (20.6) 83(317) P =0000"

mRS, indicates modiffied Renkin Scale; IQR, interquartie range; NIHSS, Netional Institutes
of Health Stroke Scale; SBF, systolic blood pressure; DBF, diastolic blood pressure; INR,
international normalized ratios; FBG, fasting blood glucose; TC, total cholesterol; TG,
triglyceride; LDL, low density lipoprotein; HbATc, Glycated hemoglobin.
T Calculated using Mann-Whitney U-test.

*included into the multiple logistic regression models.
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Motivational strategy

Active listening
Allowing the patient to use a newly acquired skil

Applying patient preferences to practice and exercise tasks
Control of task difficulty

Explaining the necessity of a practice

Goal-oriented practice

Goal setting

Group rehabiltation

Engaging in enjoyable communication with the patient
Providing the patient positive evaluation and encouragerment

Proposing conditions for exchange (e.g., promising to undertake the patient's favorite practice after achieving
his/her least favorite practice)

Providing a suitable rehabilitation environment
Providing exercise and practice with game properties.

Providing medical information

Providing opportunities for the patient to identify possible treatments

Providing practice tasks relating to the patient’'s experience and lifestyle

Providing variations of rehabilitation programs to sustain interest

Recommending the presence of a family member during rehabilitation

Respect for self-determination

Sharing the criteria for evaluation

Specifying the amount of practice and exercise that will be required

Using tools such as a diary or graph that enables the patient to track his/her progress

Motivational strategies are arranged in alphabetical order.

Representation in the manuscript

Active listening

Allowing the patient to use a newly acquired skill
Application of patient's preferences

Control of task difficulty

Explaining the necessity of a practice
Goal-oriented practice

Goal setting

Group rehabiltation

Enjoyable communication

Praise

Proposing conditions for exchange

Providing a suitable rehabilitation environment
Practice with game properties
Providing medical information

Providing opportunities to identify possible treatments

Practice related to patient's experience
Providing variations of the program

Famiy member present

Respect for self-determination

Sharing the criteria for evaluation
Specifying the amount of practice required
Using progress-confirming tools
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Information

Cognitive function (e.g., higher brain dysfunction and dementia)
Comorbidities (e.g., psychological disorder, diabetes melitus, and infection)
Demographic characteristics such as age and sex

Diagnosis (e.g., ischemic or hemorrhagic, lesion site, and recurrence)
Human environment (e.g., key person and family)

Patient’s reaction to a presented motivational strategy

Personality

Physical function (e.g., muscle weakness, limited range of motion, and sensory
dysfunction)

Severity of activity limitations

Severity of participation restrictions

Social environment (e.g., economic condition and employment status)

Information arranged in alphabetical order.
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Variable

Professional category
Physical therapist
Nurse
Occupational therapist
Speech-language-hearing therapist
Physician

Years of experience in stroke rehabilitation
Less than 5 years
5-9 years
10-14 years
15-19 years
20 years or more

Sox
Female
Male

Primary affiiation
Hospital
Geriatric health services facilty or nursing home
Others

Phase of stroke recovery of the patients
Subacute
Chronic
Acute
Others

Values are presented as number (%).

Value

185 (51.1)

82 (22.7)
74 (20.4)
13(3.6)
8(22)

131(36.2)
90 (24.8)
7921.8)
31(86)

31(86)

192 (53.0)
170 (47.0)

333 @2.0)
16 (4.4)
18(36)

258 (71.2)
46 (12.7)
44 (12:2)
14.39)
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