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Purpose: Acute ischemic stroke (AIS) patients with COVID-19 have severe neurological symptoms and high mortality. It remains unclear
how COVID-19 causes unfavorable outcomes. This study aimed to explore the possible mechanism focusing on inflammation and coagulation.
Patients and Methods: 109 AIS patients were recruited and followed up 3 months after stroke. We used binary logistic regression to
investigate if COVID-19 infection is an independent prognostic factor. To analyze the link between inflammation, coagulation, and
neurological outcomes, we used mediation analysis.

Results: Compared to the non-COVID-19 group, the COVID-19 group had significantly higher fibrinogen (FIB) (P < 0.001), APTT
ratio (P < 0.001), D-dimer (P < 0.001), CRP (P < 0.001). Patients with unfavorable outcomes had a higher incidence of COVID-19
infection (P = 0.002), along with elevated levels of INR (P = 0.005), D-dimer (P < 0.001), and CRP (P = 0.012). The significant
association between 3-month functional outcomes and COVID-19 tends to be insignificant (P = 0.294) after adding the covariates of
inflammation and coagulation. The mediation analyses showed the APTT ratio mediated the association between COVID-19 and the
3-month outcome (percent mediation = 56.3%). The integrated pathway analysis implicated that the path of COVID-19
infection—>CRP—APTT ratio—3-month outcome was significant (percent mediation = 18.7%).

Conclusion: AIS with COVID-19 had a poorer prognosis. We delineated a more accurate mechanism by which COVID-19 influences
functional outcomes: COVID-19 infection—inflammation—endogenous coagulation pathway—poor stroke outcome. This study
provided new insight into the pathway mechanisms of AIS with COVID-19.
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Introduction

Stroke is the leading cause of disability and death worldwide. For people over 40 years old in China, the prevalence, incidence,
and death rate of stroke in 2020 were 2.6%, 505.2 per 100,000 person-years, and 343.4 per 100,000 person-years respectively.'
The most common subtype is ischemic stroke. The potential long-term effects of ischemic events include physical disabilities,
mood disorders such as depression and anxiety, insomnia, and cognitive impairments.” Since 2019, the COVID-19 pandemic has
swept the world. As of the 22nd of November 2023, the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has
infected more than 772 million individuals worldwide and has caused over 6.9 million deaths.” Based on the COVID-19 infection
situation in China, as published by the Chinese Center for Disease Control and Prevention (CDC), the Omicron subvariants
BA.5.2 and BF.7 were primarily strains in December 2022 and it is evident that COVID-19 can result in reinfection and may not
disappear quickly.* The presence of virus mutations and evolution still poses a risk of a COVID-19 pandemic. Long COVID-19
symptoms, including cough, brain fog, loss of smell, trouble sleeping, and mood changes can last many months.” Due to
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mutations on the spike protein, Omicron was highly transmissible. Even though most affected individuals experienced only mild
symptoms, AIS patients may experience a worse outcome if infected.®

Research shows that COVID-19 patients with stroke have severe neurological symptoms, higher mortality, and higher
modified Rankin Scale (mRS) scores at discharge.”® Some of the important reasons for the aggravation of stroke severity caused
by COVID-19 are hypercoagulable state, hyperinflammatory state leading to thrombus expansion, and aggravation of local
inflammatory response. Studies have shown that in the hyperinflammatory state of COVID-19, locally activated platelets induced
the release of neutrophil extracellular traps covered with tissue factor to activate exogenous coagulation, and NETSs release histone
and DNA fragments to activate endogenous coagulation and lead to the formation of thrombin.’ Therefore, both endogenous and
exogenous coagulation pathways are activated and involved in the hypercoagulable state caused by COVID-19. Some clinical
studies have suggested that CRP, fibrinogen, and D-dimer were increased in COVID-19 patients, and platelet count, PT, and
APTT are usually normal or nearly normal. Abnormal prolongation of PT and APTT was seen in non-survivors.’

At present, there is a lack of research on the potential pathway mechanism of the poor prognosis of COVID-19 patients with
stroke. Moreover, due to the high prevalence of COVID-19, the control groups (stroke without COVID-19) were not enrolled at
the same time, which reduced the reliability of the results. Considering that inflammation and coagulation pathways play a critical
role, the present study explored the above mechanism of the unfavorable outcome of stroke caused by COVID-19.

Methods
Study Population

Our research focuses on ischemic stroke patients at the First Affiliated Hospital of Wenzhou Medical University from
December 2022 to February 2023. The inclusion standards were: (1) age >18 years old (2) CT or MRI confirmed AIS (3)
admitted within 1 week of AIS (4) obtain informed consent. The exclusion standards were: (1) had a history of mental
disorders, cancer, and other severe organic diseases (2) unconsciousness, aphasia, and cognitive dysfunction that cannot
complete scales (3) had an infection during hospitalization, except for COVID-19 (4) incomplete clinical data. The
diagnosis criteria of COVID-19 include 3 items: (1) had actual epidemiology (2) had symptoms like high fever and
cough (3) SARS-CoV-2 nucleic acid test was positive when admission or discharge within 2 weeks.

Figure 1 outlines the screening and selection process. We screened 326 AIS patients and finally, 139 patients were recruited (61
COVID-19 AIS patients, and 48 non-COVID-19 AIS patients). Figure S1 shows the time interval between COVID-19 symptoms
and stroke in AIS with COVID-19 patients, over 88.5% of patients were in the acute phase (stroke onset =7 days) of COVID-19
and stroke. We compared the basic characteristics of the lost follow-up population and the study cohort and found that there were
no significant differences in demographics, clinical data, and important blood indicators, except for NIHSS scores at admission
(Table S1).

This study was performed in line with the principles of the Declaration of Helsinki. Due to the high number of COVID-19
patients in the hospital wards and the high transmissibility of the Omicron variant during the observation period, we opted to
contact patients by phone instead of in person to reduce the risk of virus transmission to both researchers and participants.
Participants verbally consented to participate in the study, and their consent was documented through recorded phone calls. The
study and the methods employed to secure informed consent were approved by the ethics committee of the First Affiliated
Hospital of Wenzhou Medical University.

Baseline Data Collection

We collected demographic data and cerebral vascular risk factors from electronic medical records and primary nursing records.
Demographic data included age, gender, and body mass index (BMI). Vascular risk factors include smoking history, drinking
history, hypertension, and diabetes mellitus. Clinical data were collected: history of stroke, stroke severity, stroke subtyping,
hemorrhagic transformations, early neurological deterioration (END), venous thromboembolism events detected during hospi-
talization (VTE detected), anticoagulation use, and glucocorticoid use during hospitalization. In Table S2, we have added detailed
information about anticoagulation treatment, including the anticoagulant treatments, encompassing both oral and parenteral
options, along with their respective dosages and durations of treatment. Experienced neurologists assessed stroke severity using
the National Institutes of Health Stroke (NIHSS) Scale. We clarified the stroke subtyping according to the TOAST criteria, which
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3.history of severe organic diseases (n=14)
4.unconsciousness, aphasia (n=50)
5.diagnosis non-COVID-19 Infection (n=24)
6.incomplete clinical data (n=27)

[ AIS (n=169) ] K W

( N

Patients lost to 3-month follow-up were
excluded (n=60)

\\ J

Final analysis (n=109)
AIS with COVID-19 n=61 (include 4 deaths)
AIS non-COVID-19 n=48

Figure | The flow of participants.

Abbreviation: AlS, acute ischemic stroke.

were used to assign the likely stroke etiology as large-artery atherosclerosis, cardio aortic embolism, small-artery occlusion, and
other determined etiology or undetermined etiology. END was defined as an increase of >2 points in the NIHSS within the first
72 hours.

Laboratory tests included lymphocyte absolute value, platelets, LDH, CRP, serum calcium, coagulation function, and NT-
proBNP. To make the two groups maximally comparable, we chose and measured the blood samples after they had symptoms of
COVID-19 within 6 hours (COVID-19 AIS group) or in the early morning of day 2 of hospitalization (non-COVID-19 AIS
group). Since the time point of the blood sample we took might be different (the day after admission vs had symptoms of
COVID-19 within 6 hours), we explored the difference in blood draw time after stroke onset and found there was no statistical
difference between the two groups [non-COVID-19 vs COVID-19, 2 (1-4) vs 3 (1-5), P=0.478]. The coagulation analyses were
performed using an STA R Max Coagulation Analyzer (Stago). Biochemistry parameters were tested by an AU5800 (Beckman
Coulter). Blood cell counts were examined using an automated hematology analyzer (Mindray, BC-6800vet, China).

Outcome Assessment and Follow-Up

Patients were followed up 3 months after discharge by telephone interview. The mRS score was used to evaluate the functional
outcome. Patients were divided into a favorable outcome group (mRS score: 0—1 points) and an unfavorable outcome group
(mRS score > 2 points). In addition, we recorded whether patients experienced a stroke recurrence or died.

Statistical Analysis

The continuous variables of normal distribution were evaluated by Student’s ¢-test and described by mean + SD. The variables of
skewness distribution were shown as median (25-75%) and analyzed using Mann—Whitney U-tests. Categorical variables were
shown as proportions, and group differences were analyzed using the chi-square or Fisher’s exact tests. We used Binary logistic
regression analyses to investigate if COVID-19 infection is an independent prognostic factor. Variables reflecting significant
group differences (P < 0.05) or influencing the prognosis theoretically were considered confounding factors and included in the
Model. Model 1 includes age, gender, and BMI. Model 2 includes Model 1, adding hypertension, diabetes, and NIHSS score. We
sought to explore the mediate effects of inflammation and coagulation between COVID-19 and neurological outcomes. Given the
limited number of cases, and to ensure the stability of the model, we selected representative blood indicators for inclusion in
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Model 3 based on our research objectives. Lymphocyte absolute value and CRP were well-established inflammatory markers,
and so as the INR (exogenous pathway) and APTT ratio (endogenous pathway) for coagulation. We tested for multicollinearity
among these predictors, and assessed the tolerance (TOL) and variance inflation factors (VIFs). All the TOL> 0.2 and all the VIFs
<5, and thus the multicollinearity does not exist in the three models. We use INR instead of Prothrombin time (PT) to measure the
exogenous coagulation pathway, which was adjusted for variations in PT measurements. APTT ratio is the patient’s coagulation
time compared to normal, which was normalized and measures the endogenous coagulation pathway.'® Thus, Model 3 included
the above indicators representing the mechanism of inflammation and coagulation.

The associations between COVID-19 and prognosis were not a simple direct correlation, we used PROCESS V4.2 by
Andrew F. Hayes to test the significance of the mediating effect. We took COVID-19 infection as the independent
variable, and 3-month mRS as the dependent variable, to explore whether CRP, APTT ratio, and other indicators play
a mediating effect. Furthermore, we estimated the effect of a hypothesized serial, dual mediator path: COVID-19
infection—>CRP—APTT ratio—3-month mRS. The simple mediating model was tested by PROCESS model 4, and
the dual mediating model by PROCESS model 6. We adjusted age, gender, BMI, hypertension, diabetes, and NIHSS
score. All mediating models were based on a 5000-sample bootstrapping set. All data analysis was calculated by IBM
SPSS statistical software Version 26 and two-tailed P-values < 0.05 were considered statistically significant.

Results
Baseline Characteristics of AlS with or Without COVID-19

Age, gender, and NIHSS scores at admission between the two groups had no significant difference, indicating that the two groups
were comparable at the baseline. Compared to non-COVID-19, patients with COVID-19 had higher BMI (kg/m?) (25.07 + 3.38 vs
23.84 £ 2.77, P = 0.044), longer hospitalization days (8 [6.5-12] vs 6 [5-7], P < 0.001), Lower oxygen saturation during
hospitalization (94.4 [93-95] vs 96 [95-98], P < 0.001), higher prevalence of prior stroke (13 [21.3%]vs 1 [2.1%], P = 0.012),
posterior circulation (23 [37.7%] vs 12 [25%], P =0.014), and glucocorticoid use (8 [13.1%] vs 0, P=0.025). In terms of laboratory
indicators, the COVID-19 ALS group showed significantly higher values in LDH (254 [206-261] vs 187 [161-209], P<0.001), INR
(1.04 [0.98-1.1] vs 0.995 [0.95-1.06], P = 0.011), FIB (4.12 [3.42-5.11] vs 3.46 [2.83-4.05], P < 0.001), APTT ratio (1.06
[0.945-1.14] vs 0.94 [0.88-1.03], P < 0.001), D-dimer (0.88 [0.47-2.25] vs 0.41 [0.25-0.99], P < 0.001), CRP (31.67 [7.7-51] vs 3
[1.35-6.45], P <0.001), and NT-proBNP (907 [200-932.63] vs 86.6 [46.43-353.4], P <0.001), lower values in lymphocyte counts
(0.9510.63-1.43] vs 1.55[1.19-1.88], P<0.001) and serum calcium (2.191 £0.097 vs 2.242 = 0.086, P = 0.005) than the other group
(Table 1). After 3-month follow-up, the COVID-19 ALS group had poorer recovery of neurological function (mRS > 2) (42 (48.9%)
vs 18 (37.5%), P = 0.002). Among the COVID-19 group, four patients died (non-COVID-19 was zero). Figure 2 details the
distribution of 3-month mRS for the two groups. We presented a detailed analysis of the anticoagulant treatments, encompassing both
oral and parenteral options, along with their respective dosages and durations of treatment in Table S2. We found there was no
difference between COVID-19 and non-COVID-19 (all P> 0.05). Besides, overall 25 (Non-COVID-19 AIS n=10, COVID-19 AIS
n=15) were receiving anticoagulation treatment, and 33 (Non-COVID-19 AIS n=10, COVID-19 AIS n=23) were receiving

Table | Baseline Characteristics of the Samples

Variables Non-COVID-19 AIS COVID-19 AIS Statistic P-value
(n=48) (n=61)
Age (years), mean * SD 65.63110.61 67.56+11.00 —-0.925 0.357
Male, n (%) 30 (62.5%) 34 (55.7%) 0.507 0.558
BMI, mean + SD 23.84+2.77 25.0743.38 —2.041 0.044*
Smoking history, n (%) 18 (37.5%) 19 31.1%) 0.483 0.544
Drinking history, n (%) 22 (45.8%) 24 (39.3%) 0.464 0.560
Hypertension, n (%) 33 (68.8%) 46 (75.4%) 0.597 0519
Diabetes, n (%) 15 (31.3%) 25 (41.0%) 1.096 0.323
Hospitalization days, (median, IQR) 6 (5-7) 8 (6.5-12) —4.699 <0.001*
Lowest oxygen saturation (%), (median, IQR) 96 (95-98) 94.41 (93-95) —5.456 <0.001*
VTE detected, n (%) 5 (10.4%) 9 (14.8%) 0.451 0.574
(Continued)
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Table | (Continued).

Variables Non-COVID-19 AlS COVID-19 AIS Statistic P-value
(n=48) (n=61)

History of stroke, n (%) 8.988 0.012*

0 47 (97.9%) 48 (78.7%)

| | (2.1%) 9 (14.8%)

2 0 3 (4.9%)

3 0 1 (1.6%)
Hemorrhage transformation, n (%) 2 (4.2%) 5 (8.2%) 0.210 0.647
Stroke recurrence, n (%) 0 5 (8.2%) 2.463 0.117
Neurological deterioration, n (%) I (2.1%) 8 (13.1%) 2.982 0.084
NIHSS score (admission), (median, IQR) 3 (2-5) 4 (2-7) —1.600 0.110
ADL score (admission), (median, IQR) 70 (55-90) 55 (47.5-77.5) —2.542 0.011*
TOAST, n (%) 6.764 0.130

LAA 25 (52.1%) 34 (55.7%)

CE 9 (18.8%) 3 (4.9%)

NYe 10 (20.8%) 20 (32.8%)

Other determined cause 2 (4.2%) 1 (1.6%)

Undetermined cause 2 (4.2%) 3 (4.9%)
Subtype of stroke, n (%) 8.545 0.014*

Anterior circulation 35 (72.9%) 30 (49.2%)

Posterior circulation 12 (25%) 23 (37.7%)

Anterior- and posterior-circulation I (2.1%) 8 (13.1%)
Glucocorticoid use, n (%) 0 8 (13.1%) 5.002 0.025%*
Anticoagulation use, n (%) 10 (20.8%) 15 (24.6%) 0.214 0.656
White blood cells (1079/L), (median, IQR) 6.505 (5.35-8.32) 7.344 (5.19-9.11) —1.041 0.300
Lymphocyte absolute value (10A9/L), (median, IQR) 1.545 (1.19-1.88) 0.95 (0.63-1.43) —4.490 <0.001*
Platelets (1079/L), (median, IQR) 212.18 (174.25-254.75) | 208.53 (185.50-231.50) —0.638 0.526
Serum calcium (mmol/L), mean + SD 2.24+0.09 2.19£0.10 2.885 0.005*
Lactate dehydrogenase (U/L), (median, IQR) 187 (161.25-208.50) 254 (206-261) —-5.363 <0.001*
Prothrombin time (s), (median, IQR) 13.1 (12.73-13.80) 13.6 (13-14.1) -2313 0.020*
INR, (median, IQR) 1.00 (0.95-1.06) 1.04 (0.98-1.1) —2.532 0.011*
Fibrinogen (g/L), (median, IQR) 3.46 (2.83-4.05) 4.12 3.42-5.11) —3.488 <0.001*
APTT (s), (median, IQR) 33.85 (31.65-36.8) 37.79 (34.65-39.45) —3.867 <0.001*
APTT ratio, (median, IQR) 0.94 (0.88-1.03) 1.06 (0.95-1.14) -3.899 <0.001*
D-dimer (mg/L), (median, IQR) 0.41 (0.25-0.99) 0.88 (0.47-2.25) -3.922 <0.001*
CRP (mg/L), (median, IQR) 3 (1.35-6.45) 31.67 (7.7-51) -5.819 <0.001*
NT-proBNP (ng/L), (median, IQR) 86.6 (46.43-353.4) 907 (200-932.63) —4.795 <0.001*
3-month mRS, n (%) 10.671 0.002*

mRS<2 30 (62.5%) 19 (31.1%)

mRS=2 18 (37.5%) 42 (48.9%)
Deaths within the 3-month, n (%) 0 4(6.6%) 3.267 0.129

Notes: *P values considered statistically significant; *P <0.05.

Abbreviations: AlS, acute ischemic stroke; BMI, body mass index; VTE, venous thromboembolism; NIHSS, National Institute of Health stroke scale; ADL, the ability of daily
living; TOAST, the trial of ORG 10172 in acute stroke; LAA, Large artery atherosclerosis; CE, Cardioaortic embolism; SVO, Small artery occlusion; INR, international
normalized ratio; APTT, activated partial thromboplastin time; CRP, C-reactive protein; NT-proBNP, N-terminal prohormone of brain natriuretic peptide; mRS, modified
Rankin Scale; SD, standard deviation; IQR, Interquartile Range.

respiratory support. There was no difference in the anticoagulation treatment (Table S2) but a statistical difference in the respiratory
support, and the latter suggested that people with COVID-19 had a worse respiratory function and needed more respiratory support

(Table S3).
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13.1 18 37.7 131
22.9 39.6 29.2 6.3 2.1
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mRS 0 1 2 3 m4 m5 mb

COVID-19 AIS

Non-COVID-19 AIS

Figure 2 Distribution of 3-month mRS.
Abbreviations: AlS, acute ischemic stroke; mRS, modified Rankin Scale.

Baseline Characteristics of AIS with or Without Favorable Outcome

We analyzed the baseline characteristics between patients with favorable (mRS < 2) and unfavorable outcomes (mRS > 2).
The unfavorable outcome group was significantly associated with higher BMI (25.18 £ 3.15 vs 23.74 + 3.05], P = 0.018),
NIHSS scores at admission (4 [3—8] vs 3 [1.5-4], P = 0.003), longer hospitalization days (8 [6—12] vs 7 [5-8], P =0.013),
lower oxygen saturation (95 [93-96] vs 95 [95-98], P =0.01), and higher prevalence of COVID-19 (42 [70%] vs 19 [38.8%],
P =0.002) when compared to the favorable outcome group. Unfavorable outcome patients had higher LDH (242.5 [197-260]
vs 199 [163.5-234.5], P < 0.001), INR (1.05 [0.97-1.09] vs 1 [0.95-1.05], P = 0.005), D-dimer (0.85 [0.44-2.19] vs 0.44
[0.26-1.09], P < 0.001), CRP (12.5 [3.58-42.85] vs 4.9 [1.8-20.2], P = 0.012), NT-proBNP (440.5 [163-929.9] vs 126
[48.35-826], P < 0.001), and lower Lymphocyte counts (1.11 [0.71-1.52] vs 1.42 [1.04-1.93], P = 0.015), PLT (198.5
[160.8-228.8] vs 222 [183.5-267.5], P = 0.036) (Table 2). We also presented a detailed analysis of the anticoagulant
treatments in Table S2. We found there was no difference between mRS<2 and mRS>2 (all P > 0.05).

Table 2 Baseline Characteristics of Patients with Different Outcomes

Variables mRS<2 (n=49) mRS>2 (n=60) Statistic | P-value
Age (years), mean * SD 65.8+10.76 67.45+10.90 —0.793 0.430
Male, n (%) 34 (69.4%) 30 (50%) 4.183 0.051
BMI, mean = SD 23.74+3.05 25.18%3.15 —2411 0.018%*
Smoking history, n (%) 19 (38.8%) 18 (30%) 0.926 0417
Drinking history, n (%) 22 (44.9%) 24 (40%) 0.265 0.698
Hypertension, n (%) 33 (67.3%) 46 (76.7%) 1.174 0.291
Diabetes, n (%) 16 (32.7%) 24 (40%) 0.627 0.549
Hospitalization days, (median, IQR) 7 (5-8) 8 (6-12) —2.474 0.013*
Lowest oxygen saturation, (median, IQR) 95 (94.73-97.5) 95 (93-96) —2.551 0.010*
COVID-19, n (%) 19 (38.8%) 42 (70%) 10.671 0.002*
VTE detected, n (%) 3 (6.1%) 11 (18.3%) 3.593 0.084
History of stroke, n (%) 4.101 0.231

0 46 (93.9%) 49 (81.7%)

| 3 (6.1%) 7 (11.7%)

2 0 3 (5%)

3 0 I (1.7%)
Hemorrhage transformation, n (%) 2 (4.1%) 5 (8.3%) 0.258 0.611
Stroke recurrence, n (%) 4 (8.2%) I (1.7%) 1.328 0.249
Neurological deterioration, n (%) 2 (4.1%) 7 (11.7%) 1.170 0.279

(Continued)
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Table 2 (Continued).

Variables mRS<2 (n=49) mRS>2 (n=60) Statistic | P-value
TOAST, n (%) 2.691 0.638

LAA 28 (57.1%) 31 (51.7%)

CE 7 (14.3%) 5 (8.3%)

SVO 12 (24.5%) 18 (30%)

Other determined cause 1 (2%) 2 (3.3%)

Undetermined cause 1 (2%) 4 (6.7%)
Subtype of stroke, n (%) 2.368 0.305

Anterior circulation 29 (59.2%) 36 (60%)

Posterior circulation 18 (36.7%) 17 (28.3%)

Anterior-and posterior-circulation 2 (4.1%) 7 (11.7%)
NIHSS score (admission), (median, IQR) 3 (1.54) 4 (3-8) -2.970 0.003*
ADL score (admission), (median, IQR) 80 (55-90) 55 (45-73.75) —3.640 <0.001*
Glucocorticoid use, n (%) 1 (2%) 7 (11.7%) 2.396 0.122
Anticoagulation use, n (%) 7 (14.3%) 18 (30%) 3.768 0.068
White blood cells (10A9/L), (median, IQR) 6.84 (5.29-8.15) 7.34 (5.34-9.28) —0.874 0.384
Lymphocyte absolute value (109/L), (median, IQR) 1.42 (1.04-1.93) .11 (0.71-1.52) —2.419 0.015%
Platelets (1079/L), (median, IQR) 222 (183.5-267.5) | 198.5 (160.75-228.75) | —2.093 0.036*
Serum calcium (mmol/L), mean + SD 2.23+0.09 2.2+0.10 1.619 0.108
Lactate dehydrogenase (U/L), (median, IQR) 199 (163.5-234.5) 242.5 (197-260.21) —3415 <0.001*
Prothrombin time (s), (median, IQR) 13.1 (12.7-13.65) 13.65 (12.93-14.13) —2.814 0.005*
INR, (median, IQR) I (0.95-1.05) 1.05 (0.97-1.09) —2.796 0.005*
Fibrinogen (g/L), (median, IQR) 3.53 (3.074.37) 3.96 (3.17-4.98) -1.209 0.228
APTT (s), (median, IQR) 35 (31.95-38.13) 36.9 (32.78-38.64) —-1.636 0.102
APTT ratio, (median, IQR) 0.97 (0.89-1.07) 1.01 (0.91-1.11) —-1.938 0.053
D-dimer (mg/L), (median, IQR) 0.44 (0.26-1.09) 0.85 (0.44-2.19) -3.165 0.001*
CRP (mg/L), (median, IQR) 4.9 (1.8-20.2) 12.5 (3.58-42.85) —2.489 0.012%
NT-proBNP (ng/L), (median, IQR) 126 (48.35-826) 440.5 (163-929.89) —3.262 <0.001*

Notes: *P values considered statistically significant; *P <0.05.

Abbreviations: mRS, modified Rankin Scale; BMI, body mass index; VTE, venous thromboembolism; TOAST, trial of ORG 10172 in acute stroke;
LAA, Large artery atherosclerosis; CE, Cardioaortic embolism; SVO, Small artery occlusion; NIHSS, National Institute of Health stroke scale;
ADL, ability of daily living; INR, international normalized ratio; APTT, activated partial thromboplastin time; CRP, C-reactive protein; NT-proBNP,
N-terminal prohormone of brain natriuretic peptide; SD, standard deviation; IQR, Interquartile Range.

Table 3 Binary Logistic Regression Analysis
for the Association Between COVID-19 and

3-Month mRS
3-month mRS
OR (95% Cl) | P-value
Unadjusted Model | 3.68 (1.66-8.17) 0.001
Model | 3.1 (1.35-7.18) 0.008
Model 2 2.69 (1.13-6.40) 0.025
Model 3 1.78 (0.61-5.22) 0.294

Notes: Take non-COVID-19 as the referent category. Model |
included age, gender, and BMI. Model 2 included model | and
NIHSS, hypertension, and diabetes. Model 3 included model 2
and lymphocyte absolute value, INR, APTT ratio, and CRP.
Abbreviations: mRS, modified Rankin Scale; OR, odds
ratios; Cl, confidence intervals.

Association Between COVID-19 and 3-Month mRS

Table 3 displays binary logistic regression results analyzing COVID-19 association with 3-month mRS. The prevalence of
unfavorable outcomes was significantly higher in the ALS patients who had COVID-19 compared to those who did not have
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COVID-19 in an unadjusted model (OR: 3.68; 95% CI: 1.66-8.17, P = 0.001). In Model 1, after adjustment for age, gender,
and BMI, COVID-19 was independently related to the prevalence of unfavorable outcomes (OR: 3.11; 95% CI: 1.35-7.18,
P =0.008). In Model 2, we added hypertension and diabetes as confounding factors, COVID-19 was still significant, with an
odds ratio (OR) of 2.69 (95% CI: 1.13—6.40). When adding inflammatory indicators (lymphocyte absolute value and CRP),
and coagulation indicators (INR and APTT ratio) as covariates (Model 3), the association became weak and insignificant
(P = 0.294), which indicates the factors above potentially mediate the effect of COVID-19 on 3-month prognosis.

Inflammation and Coagulation Mediating the Association of COVID-19 and 3-Month mRS
Binary logistic regression shows that the association between COVID-19 and unfavorable outcomes in 3 months may be
mediated by inflammation factors (lymphocyte absolute value, CRP) and coagulation factors (INR, APTT ratio). To explore
which factors were critical, we analyzed the mediation effect of lymphocyte absolute value, CRP, INR, and APTT ratio in the
association between COVID-19 and 3-month mRS. The total effect (95% confidence interval) of COVID-19 to 3-month mRS
was 0.604 (0.104, 1.104), P = 0.018. The indirect effect (Figure 3D) was significant [0.34 (0.115, 0.610)], suggesting that the
APTT ratio specifically mediates the association between COVID-19 and 3 months outcome (accounting for 56.3% of the total
effect) after adjustment for age, gender, BMI, NIHSS, hypertension, and diabetes. The mediation effects of other models
(lymphocyte, CRP, and INR) were not significant (Figure 3). These results suggest that COVID-19 might have a specific
impact on neurological outcomes through endogenous coagulation processes.

Inflammation and coagulation might be interconnected to mediate the association
between COVID-19 and 3-month mRS

Studies on COVID-19-associated coagulopathy suggest that when under high inflammatory conditions, locally activated
platelets can induce the release of neutrophil extracellular traps, thereby activating endogenous and exogenous
coagulation.” CRP is an acute phase reactant and an inflammatory marker. To confirm the link between inflammation
and coagulation in stroke people, we further performed an integrated mediation analysis to estimate the effect of the
hypothesized path of COVID-19 infection—>CRP1—APTT ratio]—3-month mRSt (Figure 4). After adjusting age,
gender, BMI, NIHSS, hypertension, and diabetes, the path was significant [mediate effect (95% CI) = 0.113 (0.029,

c¢'=0.574, P=0.027 ¢'=0.263, P=0.313

3-month mRS

3-month mRS COVID-19

COVID-19

Indirect effect: ab=0.03, 95%CI [-0.034, 0.178] Indirect effect: ab=0.340, 95%CI [0.115, 0.610]

Figure 3 The flow of mediating effect of laboratory indicators between COVID-19 and 3-month mRS.
Notes: Indirect effect of lymphocyte absolute num (A), CRP (B), INR (C), APTT ratio (D) between COVID-19 and 3 months outcome. The total effect size of COVID-19
on 3-month mRS is 0.604, P = 0.018. Adjusting for age, gender, BMI, NIHSS, hypertension, and diabetes. a: the effect size of COVID-19 on laboratory indicators; b: the effect
size of laboratory indicators on 3-month mRS; ¢’: the direct effect size of COVID-19 on 3-month mRS.
Abbreviations: mRS, modified Rankin Scale; CRP, C-reactive protein; INR, international normalized ratio; APTT, activated partial thromboplastin time; Cl, Confidence interval.
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=0.002, P<0.001 ( .
[ CRP = SO APTT ratio ]
6«
_QQ[" 7\0,007

c'=0.258, P=0.329

A

[ COVID-19 } :3-month mRs]

Figure 4 Mediation analysis for the hypothesized pathway from COVID-19 to 3-month mRS.

Notes: The total effect size of COVID-19 on 3-month mRS is 0.604, P = 0.018. Adjusting for age, gender; BMI, NIHSS, hypertension and diabetes. a;: the effect size of
COVID-19 on CRP; ay: the effect size of COVID-19 on APTT ratio; as3: the effect size of CRP on APTT ratio; b;: the effect size of CRP on 3-month mRS; b,: the effect size of
APTT ratio on 3-month mRS; ¢’: the direct effect size of COVID-19 on 3-month mRS.

Abbreviations: CRP, C-reactive protein; APTT, activated partial thromboplastin time; mRS, modified Rankin Scale.

0.270), percent mediation% = 18.7%, Table 4]. These results indicated that the high inflammation reactions triggered by
COVID-19 could affect the prognosis of stroke through endogenous coagulation pathways.

Discussion

This study is the first to explore the pathway mechanism between COVID-19 infection and stroke mid-term functional
outcomes. Firstly, we found that stroke patients with COVID-19 had worse neurological functional outcomes 3 months
after stroke. Secondly, we found that COVID-19 might affect the mid-term functional outcomes by specifically impacting
the endogenous coagulation pathway. Thirdly, there might be complex interactions between inflammation and coagula-
tion pathways after COVID-19 infection. The systemic inflammatory response triggered by COVID-19 might also
contribute to poor outcomes by affecting the endogenous coagulation pathway.

Most of the existing studies suggest that COVID-19 patients with stroke have more severe neurological symptoms,
longer hospitalization time, higher in-hospital mortality rates, and higher disability rates at discharge. In these studies, the
research period was in an acute stroke phase.””'""'? However, there is limited follow-up research on the outcomes,
especially during the omicron period, and the pathway mechanism was scarce to explore. Research conducted before the
omicron period suggests that among COVID-19 patients, the proportion of disabled individuals in the stroke population
is higher compared to other neurological disorders at a 6-month prognosis.'* However, the time between COVID-19 and
the onset of stroke is unclear. Another multicenter study found that COVID-19 patients with ischemic stroke have
a higher mortality rate and fewer good functional outcomes at 3 months, and the COVID-19 patients in this study were in
serious condition.'* These findings are similar to our conclusion. Differently, patients in our study were in the acute phase
of COVID-19 infection and stroke, and the prevalent strain was omicron, which exhibited so milder COVID-19
symptoms that might easily be overlooked.

The spike protein of the COVID-19 virus triggers innate immune cells to express proinflammatory acute-response
cytokines (tumor necrosis factor [TNF] and IL-1B) and chemotactic cytokines (IL-8 and monocyte chemoattractant

Table 4 Mediation Analysis for the Hypothesized Pathway from COVID-19
to 3-Month mRS

Path Effect 95% CI Percentage
COVID—CRP—mRS 0.014 | —0.234, 0.256 2.3%
COVID—APTT ratio—mRS 0.220 0.042, 0.432 36.4%
COVID—CRP—APTT ratio—»mRS | 0.113 0.029, 0.270 18.7%
Total mediated effect 0.347 0.072,0.670 57.4%

Notes: Adjusting for age, gender, BMI, NIHSS, hypertension and diabetes.
Abbreviations: CRP, C-reactive protein; APTT, activated partial thromboplastin time; mRS,
modified Rankin Scale; Cl, Confidence interval.
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protein-1 [MCP-1]) through TLR2-dependent activation of the NF-kB pathway, which promotes the continuous increase
of IL-6 and triggers cytokine storm.”'> Compared to patients with either COVID-19 or stroke alone, COVID-19 with
ALS patients demonstrate excessive activation of systemic inflammation, suggesting a synergistic effect between
COVID-19 infection and ischemic stroke.'®

The activation of inflammation affects the coagulation function through the following five aspects. First, a large number of
neutrophil extracellular traps (NETs) are formed. NETs are formed around active neutrophils, which can activate both intrinsic
and extrinsic coagulation pathways through the expression of functional tissue factor (TF), capture platelets, and release of
histones and DNA fragments.”!” Second, cytokines play a role in this process. Cytokines IL-6 and CRP can trigger the
expression of TF in monocytes. IL-6 can also stimulate the production of CRP, fibrinogen, and coagulation factors. TNF-a can
promote the expression of TF in platelet and macrophage.”'® Third, CRP, cytokines, complement, endothelial cells, and
neutrophils activate platelets. Activated platelets release intracellular granule constituents and expose membrane phosphati-
dylserine which can promote the formation of thrombosis, triggering immune thrombosis formation.'” Fourth, inflammation
stimulates endothelial cells to express procoagulant molecules, which puts the body in a hypercoagulable state. Fifth, the
activation of complements promotes the release of procoagulant extracellular vesicles containing TF and other coagulation
factors. C3a and C5a activate platelets and endothelial cells, and increase the expression of TF, von Willebrand factor
(VWF).'7!® Thus, the activation of inflammation contributes to a hypercoagulable state.

Existing research suggests that the exogenous coagulation pathway is the dominant one in COVID-19-related coagulation
disease, which is mainly driven by the expression of TF. A study has indicated that the increase of plasma kallikrein at least
partially drives the hypercoagulable state in COVID-19, which means the endogenous coagulation pathway also plays an
important role.'® In COVID-19-infected patients, the activation of the exogenous coagulation system is observed in the early
stage, characterized by decreased prothrombin time (PT) and a hypercoagulable state. SARS-CoV2 infection induces
hyperfibrinolysis, and the more severe the condition, the more severe the hyperfibrinolysis. With the progress of the disease,
especially when patients develop disseminated intravascular coagulation (DIC), there is a significant prolong in PT and APTT,
which is associated with poor outcomes. The prolongation of APTT is correlated with the mortality rate in COVID-19.2* %

The coagulation disorder after COVID-19 infection may impact the functional prognosis of stroke patients through
the following three aspects. Firstly, during the initial stage of infection, patients are in a hypercoagulable state, which
makes thrombosis extend.>* Additionally, the occurrence of VET events increases and impacts the recovery outcome of
stroke patients. Secondly, due to the consumption and insufficient production of coagulation factors, activation of the
anticoagulation system, production of antiphospholipid antibodies, and damage of endothelial cells, there is
a prolongation of INR and APTT, indicating a risk of bleeding transformation, which worsens the severity of stroke
and deteriorates functional outcomes.?” 2’ Thirdly, the activation of plasmin results in increased infectivity and virulence

of the COVID-19 virus by facilitating virus entry into cells, leading to aggravating the COVID-19 infection.?**°

Limitation

This study has several limitations. First, we did not compare the COVID-19 infection with other pathogen infections (eg,
bacterial pneumonia). It was also an important question that is the impact on the endogenous coagulation pathway
specific to COVID-19 or just the general reaction of infection? Second, blood samples were only collected during
hospitalization, and there was no data available during follow-up. Therefore, we cannot know the dynamic changes in
coagulation function over time. Third, because the control group did not undergo nucleic acid testing, there may be
asymptomatic COVID-19 patients. Fourth, this is a single-center study, and it needs to be further validated by a large
multi-center sample. Fifth, although the study was conducted during the omicron variant pandemic, the COVID-19 virus
strain could not be identified because it was not sequenced. Lastly, this is a preliminary, retrospective study, thus we can
not make a causal inference. The mediation we identified should be further corroborated by longitudinal studies.

Conclusions

In summary, we found endogenous coagulation pathway mediate the association between COVID-19 and 3-month outcome
after stroke during the Omicron wave. The systemic inflammatory response triggered by COVID-19 might also contribute to
poor outcomes by affecting the endogenous coagulation pathway. The current study delineated a more accurate mechanism by
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which COVID-19 influences functional outcomes: COVID-19 infection—inflammation—endogenous coagulation path-
way— poor stroke outcome. Since anti-inflammation methods such as the cortisol hormones have side effects and might
aggravate COVID-19 infection, we proposed the endogenous coagulation pathway might be the optimal target for stroke
patients with COVID-19. This study found the specific pathway mechanism and provided new insights and ideas for
secondary prevention for stroke patients with COVID-19 infection. Patients would benefit from the early use of tailored anti-
coagulant strategies (targeting the endogenous coagulation pathway, which reduces the risk of bleeding complications).
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