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Background: Inflammation and thrombosis are involved in the development of stroke-associated pneumonia (SAP). Our aim was to evaluate the predictive value of a novel, simplified, thrombo-inflammatory prognostic score (TIPS) that combines both inflammatory and thrombus biomarkers in the early phase of ischemic stroke (IS).

Methods: The study population consisted of 897 patients with a first diagnosis of IS admitted to the emergency department of five tertiary hospitals in China. Of these, the data from 70% of patients was randomly selected to derive the model and the other 30% for model validation. A TIPS of “2” was indicative of high inflammation and thrombosis biomarkers and “1” of one biomarker, with “0” indicative of absence of biomarkers. Multivariate logistic regression analyses were used to identify the association between TIPS and SAP.

Results: The TIPS was an independent predictor of SAP and 90-day mortality, with the incidence of SAP being significantly higher for patients with a high TIPS. The TIPS provided superior predictive value for SAP than clinical scores (A2DS2) and biomarkers currently used in practice, for both the derivation and validation sets. Mediation analysis revealed that TIPS provided a predictive value than either thrombotic (NLR) and inflammatory (D-dimer) biomarkers alone.

Conclusion: The TIPS score may be a useful tool for early identification of patients at high-risk for SAP after IS.
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Introduction

Ischemic stroke (IS), which accounts for more than 2/3 of all strokes, is a life-threatening emergency associated with high-risk for morbidity and mortality, worldwide (Badve et al., 2019). Among individuals who sustain an acute IS, 7–38% develop stroke-associated pneumonia (SAP), a major adverse clinical complication (Kumar et al., 2010; Nam et al., 2018). SAP is associated with a higher incidence of severe disability, mortality, prolonged hospital stay, and increased financial burden (Katzan et al., 2007; Bruening and Al-Khaled, 2015; Elkind et al., 2020). With regard to prevention of SAP, there has been marked improvement. Specifically, while use of preventive antibiotics was not found to reduce the incidence of SAP (Kalra et al., 2015), despite success in animal studies (Walter et al., 2007; Vermeij et al., 2018), early enteral nutritional support and the use of probiotics have been found to improve immune function and decrease the incidence of stroke-associated infection (Chen et al., 2022). In this regard, a multidisciplinary team approach to improve swallowing function can also lower the risk of SAP occurrence, independent of the severity of IS on admission (Aoki et al., 2016). Consequently, early identification of patients with IS who are at high-risk of SAP and administration of preventive therapy can be crucial in reducing the occurrence of SAP.

Several risk indicators for the development of SAP have been identified: age, dysphagia, atrial fibrillation, stroke severity, and stroke induced immunological suppression (Bruening and Al-Khaled, 2015; Yue et al., 2016; Zhang et al., 2021). Based on these indicators, predictive scoring systems for SAP have been developed, such as the Friedant Pneumonia Predict Score, A2DS2 Score, Kwon Pneumonia Score, PASS Pneumonia Rule, and ISAN Score (Gong et al., 2016; Ramirez-Moreno et al., 2019; Hotter et al., 2021). These risk indicators and scoring systems, however, reflect the clinical background of patients who are at high-risk for SAP after IS and, thus, are not suitable to assess the risk for SAP. Accordingly, there is a need to develop a novel and reproducible technique to predict for SAP for the rapid identification of patients who are at high-risk for SAP development.

During an IS, activation of the coagulation system and injury to the immune response are main factors of SAP development (Meisel et al., 2005; Zhang et al., 2021). Previous research has shown that some inflammatory markers, including C-reactive protein, procalcitonin (PCT), neutrophil-to-lymphocyte ratio (NLR), and the monocyte-to-lymphocyte ratio, also provide additional predictive information for SAP events in patients with IS (Fluri et al., 2012; Kwan et al., 2013; Salat et al., 2013; Bustamante et al., 2014; Nam et al., 2018; Hotter et al., 2020). In addition, thrombus biomarkers, such as D-dimer and fibrinogen, also serve as SAP predictors (Mele and Turc, 2018; Lin et al., 2022). However, in those studies, the relationship between identified biomarkers and SAP risk in IS was not defined (Hoffmann et al., 2017; Qiu et al., 2022). Therefore, these biomarkers may not fully reflect the severity of different pathological processes involved in SAP due to effects of time-dependent changes and dose–response curves. To date, no single biomarker or dynamic pattern has achieved sufficient accuracy and reliability for clinical application to predict SAP post-IS (Hoffmann et al., 2017; Li et al., 2017b).

Inflammation causes the initiation and spread of coagulation activity, as well as exerting a significant effect on disease conditions, and cardiovascular disease in particular, through the synergistic effects of neutrophils, leukocytes, and platelets (Levi and van der Poll, 2010; Nagareddy and Smyth, 2013). The cellular and molecular link between thrombosis and inflammation supports the thrombus-inflammation state theory, which is related to the severity and complications of IS (Nagareddy and Smyth, 2013). Therefore, a multi-biomarker strategy, which connects the inflammatory state with thrombus biomarkers, could provide incremental predictive information on the risk for SAP, compared to using a single thrombus or inflammatory biomarker.

In previous research, we showed that the thrombo-inflammatory scoring system, which integrates basic thrombus and inflammatory indicators, contributed to the risk classification for aortic dissection, sepsis, and pancreatitis (Li et al., 2015, 2017a, 2018, 2020; Han et al., 2022a,b). In this multicenter retrospective cohort research of patients from the Retrospective Multicenter Study for Ischemic Stroke Evaluation (REMISE) study, we evaluated the hypothesis that a novel thrombo-inflammatory predictive scoring system (TIPS), consisting of a thrombotic and an inflammatory biomarker, could stratify patients with IS on their risk for SAP at the time of admission.



Materials and methods


Statement of ethics

Our REMISE study was registered at www.chictr.org.cn (ID: ChiCTR2100052025). The methods of the REMISE study were conducted following the tenets of the Declaration of Helsinki and were approved by the institutional review boards of Sichuan University West China Hospital and other participating hospitals.



Study population

We designed and validated a novel TIPS system to identify patients at high-risk for SAP after an IS early in the stroke center of emergency department (ED). Our study population included patients with acute IS admitted to the stroke centers of five tertiary hospitals in China, from January 2020 to December 2020. Eligible patients were those with a first diagnosis of IS, according to the 2019 American Heart Association Stroke guideline (Powers et al., 2019). The inclusion criteria were as follows: age > 18 years; first-time diagnosis of IS; and delay from symptom onset to hospitalization of <6 h. The exclusion criteria were: presence of mechanical ventilation within 7 days of the stroke onset; subarachnoid hemorrhage or transient ischemic attack; malignant tumors; severe liver or kidney dysfunction; history of and clinical signs of infection on admission or within 30 days prior to IS onset; and history of surgery within 90 days prior to IS onset.



Data collection

Demographic and clinical patient data during hospitalization were retrieved from the REMISE study database by trained physicians, using standard case report forms. The following data were extracted: age, sex, vital signs, laboratory test results, body mass index, medical history, arterial blood gas analysis, imaging results, adverse outcomes, and therapies received in the hospital. All laboratory tests and imaging examinations were performed using the standard procedures of Sichuan University West China Hospital.

Stroke-related neurological deficits, at the time of admission, were assessed using the National Institutes of Health Stroke Scale (NIHSS) (Powers et al., 2019), with higher NIHSS scores indicative of more severe neurological impairments. The A2DS2 score is a validated screening tool for SAP, which includes the predictive factors of age, dysphagia, male sex, atrial fibrillation, and stroke severity, with a higher score being predictive of a higher risk for SAP (Hoffmann et al., 2012). The pneumonia severity index (PSI) is a scoring system to assess the severity of SAP, calculated based on the following factors: age, sex, nursing home residence, comorbidity, physical examination findings, and laboratory and radiographic findings (Aujesky and Fine, 2008).



Outcome and follow-up

The primary outcome was SAP, diagnosed according to the Centers for Disease Control and Prevention standards of the Outcome Evaluation Committee. The occurrence of SAP was identified based on the electronic medical records of the REMISE study.



Thrombo-inflammatory prognostic score

The TIPS used in our study was calculated based on inflammatory [WBC, PCT, interleukin-6 (IL-6), C-reaction protein (CRP), neutrophil count, lymphocyte count, and NLR] and thrombotic [PLT, D-dimer, international normalized ratio (INR), activated partial thromboplastin time (APTT), fibrinogen] biomarkers measured at the time of admission. The presence of high inflammation and thrombosis biomarkers was indicative of high-risk for SAP, quantified by a TIPS score of 2. The presence of only one or absence of inflammation or thrombosis biomarkers was assigned a TIPS of “1” and “0,” respectively.



Statistical analysis

Of the patients included, the data from 70% were randomly used to derive the model (derivation set), with the other 30% used to validate the model (validation set). Classification variables were calculated as a frequency and percentage, with continuous variables calculated as the mean ± standard deviation or median and interquartile range (IQR). An analysis of variance was used to compare parametric patient characteristics and the Kruskal–Wallis H test to compare non-parametric patient characteristics between the SAP and non-SAP groups. The chi-squared (χ2) test or Fisher’s exact test was used for between-group comparison of categorical data.

Cut-off values for the different inflammatory (WBC, PCT, IL-6, CRP, neutrophil count, lymphocyte count, and NLR) and thrombotic (PLT, D-dimer, INR, APTT, fibrinogen) biomarkers, used to calculate the TIPS, were evaluated using receiver operating characteristic (ROC) analysis and determined by the maximal corresponding values of Youden’s index. To evaluate the predictive value of TIPS for SAP, the area under the ROC curve (AUC), integrated discrimination improvement (IDI), and net reclassification index (NRI) were calculated for both the derivation and validation sets to identify discrimination (Pencina et al., 2011). Spearman’s correlation analysis was used to determine the relationships between TIPS and other SAP factors. Decision curve analysis was also conducted to evaluate the net benefits of TIPS, decision curve analysis (DCA) was conducted. To explore the indirect effect of TIPS by the A2DS2 score on SAP, a mediation analysis was performed (Fitzgerald et al., 2015). For all analyses, a two-tailed value of p <0.05 was considered statistically significant. All analyses were performed using SPSS Statistics (version 25.0, SPSS, Chicago, IL, United States) and R Studio (version 4.1.3, Vienna, Austria).




Results


Baseline characteristics

In total, 897 patients with IS met our criteria for inclusion, with a mean age of 66 ± 13 years and 63.1% of the study sample being men. There were no differences in the demographic and clinical characteristics between patients in the model validation (n = 246) and derivation (n = 651) sets and the mean A2DS2 score was 4 (IQR: 2–6) for both the derivation and validation sets. A total of 238 (36.5%) and 81 (32.9%) patients had SAP after IS in the derivation and validation sets, respectively.



Calculation of TIPS

The AUC for the prediction of SAP using NLR and D-dimer were larger than those for other inflammatory biomarkers (WBC, PCT, IL-6, CRP, neutrophil count, lymphocyte count, and NLR) or thrombotic biomarkers (PLT, D-dimer, INR, APTT, and fibrinogen) in both the derivation and validation sets (Supplementary Table 1). Thus, NLR (cut-off, 3.70) and D-dimer (cut-off, 0.65 mg/L) were used to calculate the optimal TIPS cut-off, based on the maximum Youden’s index (Supplementary Table 2).

The demographic and clinical characteristics of the derivation set according to the TIPS are shown in Table 1. The following patient and clinical variables increased as a function of increasing TIPS: age, WBC, albumin, fibrinogen, cTnT, CK-MB, BNP, and NIHSS score. By contrast, HGB and TG levels decreased with decreasing TIPS. Supplementary Table 3 shows the clinical characteristics according to TIPS in the validation set.



TABLE 1 Relationships between clinical characteristics and the thrombo-inflammatory prognostic score (TIPS) in patients with stroke-associated pneumonia in derivation set.
[image: Table1]



TIPS and SAP risk

The incidence rate of SAP increased as a function of an increasing TIPS. The incidence rate of SAP was 2- to 4-fold higher for patients with a TIPS of 1 or 2, compared to patients with a TIPS of 0. Univariate logistic regression models, shown in Table 2, revealed an association between the TIPS and the incidence of SAP and patient mortality, in both the derivation and validation sets. An increase in TIPS was also independently associated to SAP incidence, after adjusting for latent variables in the multivariate logistic regression analysis, for both the derivation set (TIPS 1 vs. 0: odds ratio (OR): 1.857, 95% confidence interval (95%CI): 1.12–3.081, p = 0.016 and TIPS 2 vs. 0: OR: 7.494, 95%CI: 4.402–12.757, p < 0.001) and the validation set (TIPS 1 vs. 0: OR: 3.107, 95%CI: 1.139–8.475, p = 0.027 and TIPS 2 vs. 0: OR: 13.192, 95%CI: 4.674–37.212, p < 0.001) (Table 2).



TABLE 2 Logistic regression analysis regarding correlations between TIPS and clinical outcomes in both the derivation set and the validation set.
[image: Table2]



Comparison between TIPS and other prognostic scores

Spearman’s correlation analysis showed that the TIPS was associated with the NIHSS score, PSI, and A2DS2 (Supplementary Figures 1, 2). Additionally, the A2DS2 score was higher for patients with a higher TIPS compared to those with a lower TIPS (Figure 1).

[image: Figure 1]

FIGURE 1
 A2DS2 score in different TIPS scores in the derivation set (A), and validation set (B). A2DS2, National Institutes of Health Stroke Scale; TIPS, the thrombo-inflammatory prognostic score.




Effect on discrimination and reclassification of TIPS

The AUC for the prediction of SAP using TIPS was 0.762 (95%CI: 0.725–0.802), which was larger than for the A2DS2 score (0.743, 95%CI: 0.703–0.783) in the derivation set, with similar results for the validation set (Supplementary Table 4).

The IDI value of the TIPS relative to the A2DS2 score was calculated to confirm the improved discrimination of TIPS (IDI: 0.0293, p = 0.027 in the derivation set and 0.0672, p = 0.031 in the validation set; Table 3). The potential for clinical reclassification was improved using the TIPS in both the derivation set (NRI: 0.0462, p = 0.041) and the validation set (NRI: 0.0148, p = 0.047; Table 3). The DCA showed that the net return was higher for TIPS than for the A2DS2 score at all threshold probabilities in the derivation set (Supplementary Figures 3, 4).



TABLE 3 Reclassification results for stroke-associated pneumonia in both the derivation set and validation set.
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Subgroup analysis

On subgroup analysis to evaluate the effect of sex age, alcohol consumption, smoking, hypertension, diabetes, WBC, PLT, lymphocyte count, neutrophil count, DD, creatinine, and the A2DS2 score, TIPS remained an independent predictor of SAP (Supplementary Tables 5, 6).



Mediation analysis

In the mediation analysis, TIPS had a greater effect as a mediator of A2DS2 and SAP (effect ratio, 28%) than NLR (effect ratio, 14%) and D-dimer (effect ratio, 9%) in the derivation set, with similar results were observed in the validation set (Table 4).



TABLE 4 Direct and indirect effects of D-dimer, NLR and TIPS on A2DS2 and stroke-associated pneumonia in both the derivation set and validation set.
[image: Table4]




Discussion

The main finding of our study is that a higher TIPS, based on thrombo-inflammatory biomarkers, was associated with an increased risk and severity of SAP, and an elevated TIPS was identified as an independent predictor of SAP in patients with IS, after adjusting for confounding factors, irrespective of the IS severity. The discrimination and accuracy of the TIPS was superior to that of the A2DS2 score. Our analyses show than the thrombo-inflammatory status estimated by TIPS may mediate the association between the comprehensive clinical risk score (A2DS2) and SAP, with the mediating effect of thrombo-inflammatory on SAP being higher than for a single inflammatory or thrombotic state. Consequently, our results support the TIPS as a useful tool for the early identification of high-risk SAP in patients with IS at admission (Figure 2).

[image: Figure 2]

FIGURE 2
 Visual summary: thrombo-inflammatory predictive scoring system (TIPS): early recognizing the risk of stroke-associated pneumonia.


SAP is one of the conditions having the greatest impact on the outcome of stroke patients. Stroke induces an inhibition of the immune response, through activation of the autonomic nervous system via the stress axis, which significantly promotes the development of SAP (Meisel et al., 2005). Accumulating evidence has shown that biomarkers of thrombosis and inflammation have important value in the early prediction of SAP. Fluri et al. have shown that copeptin, PCT, WBC, and CRP, measured at the time of admission after an IS, are predictors of SAP within 5 days after a stroke, with the combination of biomarkers providing a better predictive accuracy for SAP than each marker independently (p = 0.0001) (Fluri et al., 2012). The NLR is higher in patients with SAP and appears to be associated with the severity of SAP (Nam et al., 2018). As important immunological mediators in post-stroke responses, cytokines have been confirmed as independent predictors of SAP, including IL-6, IL-10, and TNFα (Salat et al., 2013; Bustamante et al., 2014; Ashour et al., 2016). As an example, IL-6 is a key biomarker for SAP in the first 2 years after stroke (OR: 19.2; 95%CI: 3.68, 100; p < 0.001) (Kwan et al., 2013). The results of one study that pooled the data of two acute stroke trials (STRAWINSKI and PREDICT) showed that PCT and copeptin were independent predictors of SAP at 3 months after a stroke (Hotter et al., 2020). In our study, we identified that some biomarkers of inflammation could provide predictive information for SAP and the power of NLR was superior to that of other biomarkers, such as WBC count, neutrophil count, and lymphocyte count.

Fibrinogen, platelet count, INR, APTT, prothrombin time, and D-dimer in SAP patients were significantly higher than those in non-SAP patients. The fibrinogen-to-albumin ratio (FAR, ≥0.0977) has been reported to be an independent predictor of high-risk of SAP (OR: 2.830; 95%CI: 1.654–4.840), with both the FAR and platelet-to-lymphocyte ratio (PLR) being associated with the severity of SAP (Lin et al., 2022). Therefore, the FAR and PLR show that increased thrombotic state is associated with SAP post-stroke and thus, can be useful to identify patients at high-risk for SAP. Our data showed that D-dimer has a stronger predictive value for SAP than PLT, INR, APTT, and fibrinogen. It is important to consider the extensive interaction between the coagulation and inflammation state.

Inflammation surges immediately after an injury, leading, in the acute phase, to excessive activation of the coagulation system, with the resulting coagulation state greatly increasing the inflammatory process (Levi and van der Poll, 2010). Therefore, the cellular and molecular link between thrombosis and inflammation supports the concept of a thrombus-inflammation state being associated with the severity and complications of IS. Our previous studies have shown that a multi-biomarker strategy, which connects inflammation to thrombus biomarkers, can provide more accurate information about vascular disease and sepsis than information provided by a single thrombus or inflammatory biomarker (Li et al., 2015, 2017a,b, 2018, 2020). Combining the mean platelet volume (MPV)/PC ratio and WBC count could predict in-hospital complications at the time of admission and long-term outcomes in acute type A aortic dissection (Li et al., 2015). A combination of inflammatory (PCT) and thrombotic (DD) biomarkers is useful for risk stratification of adverse clinical outcomes in patients with sepsis (Li et al., 2018). In addition, the thrombo-inflammatory prognostic score (TIPS) we calculated, based on D-dimer and PCT levels, improved the risk stratification of patients with sepsis (Li et al., 2020). In our current study, we built on this evidence, developing a novel TIPS system, which combines thrombo-inflammatory biomarkers (NLR and DD), which provided greater predictive value for SAP. The predictive value of the TIPS was not inferior to the traditional assessment tool (A2DS2) and single biomarkers of thrombo-inflammation, irrespective of the severity of IS.

The limitations of our study need to be acknowledged. First, this was a single-center retrospective cohort study and, thus, causal effects between the TIPS, its associated thrombo-inflammatory biomarkers, and SAP cannot be inferred. Second, model derivation and validation was based on biomarkers measured in the ED at the time of admission, with changes in these biomarkers, measured at different time points, not considered. As such, the value of TIPS to predict SAP at different time points post-IS was not evaluated. Third, we did not evaluate the predictive value of TIPS in IS patients in some subgroups including different kinds of therapies, and more than 6 h of symptom onset to hospitalization, and so on. Forth, some additional inflammatory thrombus biomarkers were not used in the TIPS model derivation. Lastly, we did not evaluate the time required to complete the TIPS during admission in the ED. Therefore, further multicenter, prospective, studies are needed to confirm the predictive value of TIPS for SAP and its application in practice.

In summary, we provide findings of the predictive value of the TIPS, which is based on thrombo-inflammatory biomarkers for SAP in the early phase of IS onset. We show that an elevated TIPS was an independent predictor of SAP after an IS. In addition, the discrimination and accuracy of SAP were superior to those of the A2DS2 score. Therefore, the TIPS score is a useful scoring system to identify patients who are at high-risk for SAP after an IS and, as a supplementary tool, it could improve the predictive power of traditional SAP risk scores. Further well-designed studies are required to confirm these results.
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