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Background and purpose: Data on adhesion molecule levels in patients treated with mechanical thrombectomy (MT) are scarce. We aimed to evaluate the association among adhesion molecule levels, symptomatic intracranial hemorrhage (sICH), and clinical outcome and to determine whether the sICH influences the association of adhesion molecules with functional outcome.

Methods: Patients with large artery occlusion in the anterior circulation and treated with MT were prospectively recruited. Adhesion molecules, such as soluble intercellular adhesion molecule-1, soluble vascular cell adhesion molecule-1 (sVCAM-1), and soluble E-selectin (sE-selectin) were tested. An unfavorable outcome was defined as a 90-day modified Rankin Scale (mRS) score of 3–6. The sICH was diagnosed according to the Heidelberg Bleeding Classification within 72 h of endovascular treatment (EVT).

Results: Of the 310 enrolled patients (mean age, 68.5 years; 198 men), 46 (14.8%) experienced sICH and 173 (55.8%) experienced an unfavorable outcome at 90 days. After adjusting for potential confounders, patients with higher sVCAM-1 and sE-selectin levels had an increasing trend of sICH [4th quartile vs. 1st quartile for sVCAM-1; odds ratio (OR), 2.766, p = 0.085; sE-selectin; OR, 2.422, p = 0.086] and poor outcome (4th quartile vs. 1st quartile for sVCAM-1; OR, 2.614, p = 0.025; sE-selectin; OR, 2.325, p = 0.046). Furthermore, the sICH might partially mediate the worse functional outcome in patients with higher adhesion molecules levels (Sobel test, p < 0.001 for sVCAM-1 and p = 0.007 for sE-selectin).

Conclusions: There were significant relationships between levels of adhesion molecules and a 90-day poor outcome in patients with ischemic stroke treated with MT, which was partially mediated by sICH.
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Introduction

Multiple meta-analyses and randomized studies have supported mechanical thrombectomy (MT) as the standard of care for acute large vessel occlusive stroke in anterior circulation (1, 2). One of the main reasons for the success of MT in treating ischemic stroke is the high rate of revascularization (3). However, despite the successful revascularization of large vessel occlusive stroke, nearly half of patients might experience an unfavorable functional outcome (1, 4–7). Therefore, determining the predictive factors for clinical outcomes is of vital importance for illustrating the mechanisms of ischemia-reperfusion injury and continuously improving the prognosis of patients with ischemic stroke after MT.

The overexpression of adhesion molecules plays an important role in the model of cerebral ischemia-reperfusion injury, including the activation of endothelial cells, disruption of the blood-brain barrier, and transendothelial migration of leukocytes into the brain tissues (8–11). Several studies have evaluated the prognostic value of adhesion molecule concentrations in patients with ischemic stroke, but the results were inconsistent (12–15). Recently, data from the BACTRAC program demonstrated that the intracranial vascular cell adhesion molecule-1 (VCAM1) was positively related to infarct volume, edema volume, and stroke severity in patients receiving MT treatment (16). Symptomatic intracranial hemorrhage (sICH) is a feared procedural complication of MT, which was reported as high as 13.8% in the real-world study (4, 17). Interestingly, it has also been postulated that increasing adhesion molecules may induce endothelial dysfunction and further exacerbate the hemorrhage transformation after stroke (18). Therefore, it is possible that sICH may facilitate the presence of worse functional outcomes via altered adhesion molecule levels. However, to date, no study has been conducted to examine the associations of circulating adhesion molecules concentrations with sICH and 90-day functional outcomes in patients with large vessel occlusive stroke after MT.

This prospective study aimed to evaluate (1) the cross-sectional association of adhesion molecules with sICH and a 90-day poor outcome among patients treated by MT; and (2) the mediating effect of sICH on the association between adhesion molecules and functional outcomes.



Materials and methods


Study population

During September 2019 and July 2021, patients with acute ischemic stroke undergoing MT for large vessel occlusion were prospectively recruited from Jinling Hospital and Nanjing First Hospital. Patients were included if they: (1) were aged ≥18 years; (2) had a pre-stroke modified Rankin scale (mRS) score < 2; (3) had large artery occlusion in the internal carotid artery or M1/M2 segment of the middle cerebral artery; and (4) were treated with a stent-like retriever and/or an aspiration system. The exclusion criteria for this study were the following: (1) patients who had received intra-arterial thrombolysis alone; and (2) patients who were diagnosed with a concomitant aneurysm, arteriovenous malformation, moyamoya disease, or hematological system diseases. The study was approved by the ethics committee of Jinling Hospital and Nanjing First Hospital, and written informed consents were obtained from all patients.



Clinical data collection

The following baseline clinical variables, angiographic characteristics, and procedural data were included in this analysis: age, gender, traditional vascular risk factors, blood pressure, baseline blood glucose on admission, baseline stroke severity, pre-treatment infarct volume, cause of stroke, occlusion site, collateral status, procedural modes, and passes of stent retriever device. The baseline neurological deficits were evaluated by the National Institutes of Health Stroke Scale [NIHSS] (19). The Alberta Stroke Program Early Computerized Tomography Score [ASPECTS] was used to detect the infarct volume before MT (20). Stroke etiology was classified according to the criteria of the Trial of Org 10172 in Acute Stroke Treatment (TOAST) (21). The collateral circulation extent was assessed by the American Society of Interventional and Therapeutic Neuroradiology/Society of Interventional Radiology grading system (22), and divided into poor (grades 0–1) or good (grades 2–4). The successful reperfusion was defined as a modified Thrombolysis in Cerebral Infarction score of 2b−3 (4, 6).



Measurement of adhesion molecules

Venous blood was drawn within 24 h from admission. Serum biomarkers of adhesion molecules, such as soluble intercellular adhesion molecule-1 [sICAM-1], soluble vascular cell adhesion molecule-1 [sVCAM-1], and soluble E-selectin [sE-selectin] were assessed using commercially sandwich immunoassay kits (23). In this study, intra- and inter-assay coefficients of variation were, respectively, 6.0 and 7.0% for sICAM-1, 1.4 and 5.2% for sVCAM-1, and < 10.0 and < 10.0% for sE-selectin.



Assessment of outcomes

A computed tomography (CT) scan was performed at 24–72 h after endovascular treatment (EVT) or whenever the clinical symptom deteriorations. According to the Heidelberg Bleeding Classification (24), sICH was diagnosed if the new observed intracranial hemorrhage was correlated to any of the following conditions: (1) the NIHSS score increased by more than 4 points compared with the score immediately before worsening; (2) the NIHSS score increased by more than 2 points in 1 category; and (3) deterioration led to intubation, hemicraniectomy, external ventricular drain placement, or any other major interventions. Furthermore, symptom deteriorations could not be explained by causes other than the observed intracranial hemorrhage. Patients were followed up 90 days after stroke onset at the outpatient stroke clinic or via telephone by neurologists who were blind to the clinical data. Poor outcome was defined as an mRS score of 3–6 (5, 6).



Statistical analysis

Analyses were conducted using the statistical software SPSS version 24.0 (IBM, New York, NY) and R version 4.0.0. Continuous variables are presented as means ± SD (normal distribution) and as median with interquartile range [IQR] (skewed distribution). Categorical variables are presented as percentages. We used the chi-square test (or the Fisher exact test when appropriate) and the t-test (or the Mann–Whitney U-test when appropriate) for categorical and quantitative variables comparisons, respectively. Multiple imputations with chain equations were performed to account for missing values. A binary logistic regression analysis was conducted to evaluate the relationships between adhesion molecules and outcomes after adjusting for demographic characteristics and variables with a p-value < 0.1 in the univariate analysis. A sensitivity analysis was also performed to test the robustness of our findings after excluding patients who were lost to follow-up at 90 days. The calculation of odds ratio (OR) with 95% confidence intervals (CIs) was assessed in all tests. We further explored the pattern and magnitude of the association of adhesion molecules with poor outcomes using the restricted cubic splines with three knots (at 5th, 50th, and 95th percentiles) (25, 26).

In addition, we utilized the mediation analysis to determine whether the sICH influences the association between adhesion molecules and the mRS score (27). The Sobel test was used to determine the statistical significance of the mediation effect (28). All statistical tests were two-sided, and a p-value < 0.05 was considered statistically significant.




Results

A total of 310 patients were included in the study. The mean age was 68.5 ± 12.4 years, and 63.9% (198/310) of patients were men. The median baseline NIHSS score was 13.0 and the median of ASPECTS was 9.0. The median time from a puncture to recanalization was 360.0 min. Using the TOAST criteria and post-procedural images, 47.7% (148/310) of patients with large artery occlusion were diagnosed with the atherosclerotic disease. In total, 95 patients (30.6%) received a combination with rescue therapy.

Using the last observation carried forward, 14 (4.5%) patients' mRS at discharge was recorded as 90 days follow-up. The proportion of patients with mRS of 3–6 at 90 days was 55.8% (173/310). Table 1 presents the baseline characteristics of these patients stratified by the clinical outcome. On univariate analysis, patients with poor outcomes were older than patients without it (71.2 ± 11.9 vs. 65.2 ± 12.4 years; p < 0.0001). Poor collateral status (56.6 vs. 41.6%; p = 0.009) and sICH (25.7 vs. 1.5%; p < 0.001) were more common in patients with a 90-day unfavorable outcome than in patients without it. The successful reperfusion ratio in patients with poor outcomes was lower than in patients without poor outcomes (80.3 vs. 94.9%; p < 0.001). Patients with poor outcomes had lower baseline ASPECT scores (median, 8.0 vs 9.0 score; p < 0.001) and higher baseline NIHSS scores (median, 15.0 vs. 11.0 score; p < 0.001). Baseline blood glucose levels (8.2 ± 3.3 vs. 6.6 ± 2.8 mmol/L; p < 0.001) and passes with retriever (median 2.0 vs. 1.0; p < 0.001) were higher in patients with poor outcomes than in patients without it. As for adhesion molecules, there were significantly higher values of sVCAM-1 (median 6.4 vs. 5.6 pg/ml; p = 0.002) and sE-selectin (median 8.0 vs. 6.3 pg/ml; p < 0.001) in the poor outcome group. However, the difference in sICAM-1 (median 1.6 vs. 1.4 pg/ml; p = 0.439) between patients with and without poor outcomes did not achieve statistical significance.


TABLE 1 Comparison of baseline data according to patients with and without a 90-day poor outcome.
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Table 2 summarizes the results of the multivariate regression analysis and the sensitivity analysis for the association between adhesion molecules and clinical outcome. The multivariable logistic regression model suggested that increasing levels of sVCAM-1 (per 1-SD increase; OR, 1.308; 95% CI: 1.113–1.739, p = 0.045) and sE-selectin (per 1-SD increase; OR, 1.509; 95% CI: 1.079–2.110, p = 0.016) were significantly associated with a higher risk of 90-day poor outcome. Similar results were found when the adhesion molecules were analyzed as a categorical variable. In addition, the sensitivity analysis confirmed the robustness of relationships between adhesion molecules and clinical outcomes after excluding the patients without a 90-day mRS. As illustrated in Figure 1, the multiple-adjusted spline regression model further confirmed the dose-response associations of sVCAM-1 (p = 0.093 for linearity) and sE-selectin (p = 0.039 for linearity) with a 90-day unfavorable outcome.


TABLE 2 The multivariate regression analysis for the associations of adhesion molecule markers with a 90-day poor outcome.
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FIGURE 1
 Association of sVCAM-1 (A) and sE-selectin (B) with the risk of poor outcome after acute ischemic stroke treated by endovascular treatment. Association was fitted with restricted cubic spline with 3 knots (at 5th, 50th, and 95th percentiles) adjusting for covariates with a p-value < 0.1 in the univariate analysis. The midpoint of sVCAM-1 and sE-selectin levels were set as the reference point. The solid line represents the odds ratio (OR) and the dashed lines represent the 95% confidence interval (CI). sE-selectin, soluble E-selectin; and sVCAM-1, soluble vascular cell adhesion molecule-1.


The sICH was diagnosed in 46 patients (14.8%) within 72 h after MT according to the Heidelberg Bleeding Classification. The results of the comparison of patients with and without sICH are shown in Supplementary Table S1. Patients with sICH had a higher trend of sVCAM-1 (median, 8.1 vs. 7.4 pg/ml, p = 0.073) and sE-selectin levels (median, 6.8 vs. 5.9 pg/ml, p = 0.025). In the multivariate analysis after adjusting for potential confounders, patients with higher levels of sVCAM-1 (4th quartile vs. 1st quartile; OR, 2.766; 95% CI: 0.869–8.803, p = 0.085) and sE-selectin (4th quartile vs. 1st quartile; OR, 2.422; 95% CI: 0.822–6.648, p = 0.086) had an increasing trend of sICH (Supplementary Table S2).

We then utilized the mediation analysis to evaluate whether sICH is partially responsible for the worse functional outcome in patients with higher levels of adhesion molecules. The results of the mediation analysis are demonstrated in Figure 2. We found that sICH mediates the association of sVCAM-1 (p-value < 0.001 for the Sobel test) and sE-selectin (p-value = 0.007 for the Sobel test) with an mRS score at 90 days. After adding the sICH as an independent variable, the regression coefficient of sVCAM-1 with an mRS score was changed by 25.0% (from 0.280 to 0.210), and the regression coefficient of sE-selectin with an mRS score was changed by 25.5% (from 0.444 to 0.331).
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FIGURE 2
 Mediation analysis by sICH on the association of sVCAM-1 (A) and sE-selectin (B) with functional outcome. a is the regression coefficient of the correlation between adhesion molecules levels and sICH; b is the regression coefficient of the correlation between the sICH and mRS score, using adhesion molecules levels and sICH as independent variables; c is the regression coefficient of the correlation between adhesion molecules levels and mRS score; c′ is the regression coefficient of the correlation between adhesion molecules levels and mRS score, using adhesion molecules levels sICH as independent variables. Abbreviations: mRS, modified Rankin scale; sICH, symptomatic intracranial hemorrhage; and sVCAM-1, soluble vascular cell adhesion molecule-1.




Discussion

In this sample of patients with stroke who underwent MT, we found that higher levels of sVCAM-1 and sE-selectin were related to an increasing trend of 90-day functional independence and sICH. Moreover, worse functional outcomes associated with the higher adhesion molecules concentrations could be explained partially by post-MT sICH.

To date, the key adhesion molecules, such as ICAM-1, VCAM-1, and E-selectin, have merited special interest in ischemic injury. Soluble isoforms of these molecules are recognized to be shed from the surfaces of activated endothelial cells and leukocytes after ischemic stroke, which can be quantified in cerebrospinal fluid and peripheral blood (29). Previously, several clinical studies have investigated the relationship between levels of adhesion molecules and clinical outcomes in patients with ischemic stroke but yielded contradictory results (12–15). The Chongqing Stroke Study including 238 patients with ischemic stroke indicated that higher levels of sICAM-1, but not of sVCAM-1 and sE-selectin, were associated with early neurological deterioration (12). Furthermore, Rallidis et al. found that increased soluble intercellular adhesion molecule-1 levels are associated with the poor short-term prognosis in middle-aged patients with acute ischemic stroke (15). However, other reports confirmed the value of sE-selectin and sVCAM-1, but not sICAM-1, in predicting the 3-month outcome after cerebrovascular diseases (14). This discrepancy is probably due to the difference in study design, time of assessing adhesion molecules, and definition of outcome. Recently, the BACTRAC program showed that intracranial VCAM1 at the time of endovascular treatment could predict the ischemic stroke severity (16). Our data further demonstrated that patients after MT with higher levels of sVCAM-1 and sE-selectin, seem to have an increasing trend of sICH and worse outcomes. These findings had important clinical implications for early prevention and intervention in patients following reperfusion treatment.

The mechanisms by which adhesion molecules affect clinical outcomes and post-MT complications remain elusive, but several potential pathophysiological pathways have been explored. The dysfunction of the blood-brain barrier may have played a pivotal and initiating role in linking these conditions. ICAM-1, VCAM-1, and E-selectin are prominently expressed on cytokine-activated endothelium and function as cell adhesion molecules (10, 11). Increasing expression of adhesion molecules may mediate the neutrophil recruitment and induce the release of proinflammatory cytokines, which in turn promote the leukocyte-endothelium interaction and damage the endothelial function (10, 30). It is possible that endothelial dysfunction and neurovascular unit injury can contribute to intracerebral hemorrhage and parenchymal damage (18, 31). Other possible pathways include activating microglial cells and leukocyte extravasation, inducing oxidative stress, and promoting a local procoagulant state (18, 32, 33). Further studies are needed to elucidate the underlying biological mechanism.

Despite the accumulating evidence from animal studies that have confirmed the adverse impact of adhesion molecules on ischemic stroke, several large recent trials of treatment aimed at inhibition of neutrophils and anti-adhesion therapy, have been unsuccessful (34, 35). In particular, injection of anti-ICAM-1 is not an effective treatment for ischemic stroke, indeed, may significantly worsen the stroke outcome (34). However, most of the patients in these clinical trials did not receive endovascular treatment, which means that the administration of the drug could not reach the ischemic tissue and perform its pharmacological effects. Taken together our findings, whether the anti-adhesion therapy of VCAM-1 and E-selectin in ischemic stroke after MT is a possible future area of inquiry.

The proportion of patients with rescue therapy in this study, including balloon angioplasty, permanent implantation of a stent, intraarterial thrombolysis, or intraarterial tirofiban infusion, was relatively higher (30.6 vs. 25.7% in the NASA Registry) (36). Due to the fact that more prevalent intracranial atherosclerosis is recognized in Asians, the probability of rescue therapy during EVT may be increased (37).

Our study had several limitations that should be addressed. First, this study enrolled a relatively small sample of Chinese patients, and therefore it was impossible to evaluate whether the results generalize to patients of other ethnicities. Second, several outcome-related variables were not included for mediation analysis, such as infarct volume and malignant cerebral edema. Third, the measurement of adhesion molecules was conducted only once within 24 h after admission. There is a possibility that EVT treatment may have changed the serum levels of these biomarkers. It might be more meaningful to assess the dynamic fluctuation of adhesion molecules after stroke. Finally, it is likely that another adhesion molecule (such as, P-selectin) was related to cardiovascular diseases. However, our study only measured three typical adhesion molecules, such as sICAM-1, sVCAM-1, and sE-selectin, limiting a comprehensive assessment of the associations of adhesion molecules with clinical outcomes in patients after MT. Therefore, our findings should be interpreted with caution.

In summary, adhesion molecules, as measured by sVCAM-1 and sE-selectin, seem to be associated with an increased trend of worse outcomes in patients with ischemic stroke undergoing MT. The association could be partially mediated by the presence of sICH. Further mechanistic research and cohort studies with larger sample sizes are needed to determine the elusive mechanism and confirm these preliminary results.
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