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The safety and efficacy of coronavirus disease 2019 (COVID-19) vaccination in patients diagnosed

with Moyamoya disease (MMD) have not been established. Using National Health Insurance Service
data, this study analyzed the occurrence of stroke-related events and mortality following COVID-19
vaccination among patients diagnosed with MMD from 2008 to 2020. Among 10,297 MMD patients,
296 (2.9%) experienced events and 175 (1.7%) died in 2021. Significant risk factors for events included
ages 50-59 (Odds Ratio [OR] 3.29; P=0.022) and 60 or above (OR 5.20; P=0.001) (reference group:
age in 20s), low BMI (OR 2.00; P=0.011), previous stroke (OR 1.96; P <0.001), and COVID-19 infection
(OR 2.28; P=0.034). Female (OR 0.64 [95% Cl 0.50-0.82]; p=10.011), revascularization surgery (RS)
(OR 0.38[95% C1 0.21-0.70]; p < 0.001), and vaccination (OR 0.17 [95% Cl 0.13-0.22]; p < 0.001) were
associated with reduced odds of stroke-related events. For mortality, significant risks were age over
60 (OR 7.09; P=0.008), low BMI (OR 3.87; P=0.001), and prior stroke (OR 1.74; p=0.004), while
being female, RS (OR 0.41; P=0.022), and vaccination (OR 0.12; P < 0.001) were associated with a
lower frequency of mortality. mRNA vaccines were associated with a significantly lower incidence

of events, mortality, and COVID-19 infections compared to vector vaccines. COVID-19 vaccination is
linked to reduced stroke-related events and mortality in MMD patients, with mRNA vaccines showing a
significantly lower incidence compared to vector vaccines. COVID-19 infection raises the risk of events,
underscoring the benefit of vaccination.
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Numerous studies have underscored cerebral venous sinus thrombosis (CVST) due to vaccine-induced
thrombotic thrombocytopenia (VITT) as a critical, albeit rare, adverse effect of coronavirus disease 2019
(COVID-19) vaccination. It is reported that nearly half of the patients who experience strokes related to CVST
endure severe outcomes!2. Despite these concerns, the literature suggests that the benefits of proceeding with
COVID-19 vaccination outweigh the risks associated with complications from a COVID-19 infection®=.
However, there remains a pronounced scarcity of data concerning the risks tied to the adverse effects of
COVID-19 vaccination in patients with moyamoya disease (MMD) despite isolated case reports documenting
cerebral hemorrhages post-vaccination in individuals with pre-existing vascular conditions’.

MMD, a rare condition with a notably high prevalence in Korea, Japan, Taiwan, and China® !, features
bilateral constriction or closure at the bifurcation of the distal internal carotid artery, along with the emergence
of compensatory arterial collateral formations at the base of the brain'2 Initial manifestations of hemorrhagic
and ischemic strokes in MMD cohorts are quantified at 17% and 33%, respectively. Longitudinal observations
further elucidate that recurrent events escalate to 30-60% for hemorrhagic strokes and 65-82% for ischemic
strokes. Notably, even in a hemodynamically compensated state, patients with symptomatic MMD encounter
substantial risks for subsequent cerebrovascular accidents, with a 5-year and 10-year stroke risk of 15% and 40%,
respectively!>~!7. There have been reports of instances where patients diagnosed with MMD suffered cerebral
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hemorrhages subsequent to COVID-19 vaccination, resulting in either fatality or significant disability'®!°. These
incidents have highlighted the urgent need for research into the impact of vaccination on patients with MMD.

The rarity of MMD introduces challenges in the precise evaluation of stroke incidence and risk subsequent
to COVID-19 vaccination. However, the National Health Insurance Service (NHIS) in Korea, through its
comprehensive compilation of medical records covering 98% of the population and the classification of MMD
as a specially noted condition, provides a distinct and valuable dataset. This resource enables the undertaking
of extensive observational studies, thereby significantly improving the robustness and reliability of the resultant
data.

Therefore, this study is designed to examine the effects of COVID-19 vaccination on the incidence of stroke
in patients with MMD, utilizing data sourced from the NHIS and focusing on vaccinations administered during
the year 2021.

Methods

Data source

This study utilized data sourced from the NHIS, comprising medical insurance billing records. Notably,
approximately 97% of the Korean population is registered with the NHIS, enabling comprehensive documentation
of all insurance-based medical interventions. The NHIS database encompasses a wide array of records, including
hospital admissions, outpatient visits, pharmaceutical prescriptions, and national health examination outcomes.
Korean adults are mandated to partake in biannual health screenings conducted by the NHIS, which assess vital
statistics such as height, weight, and blood pressure (BP), in addition to conducting urine and blood laboratory
tests. Participants are also required to complete questionnaires detailing their medical history, familial health
background, and lifestyle habits. Significantly, the registration of serious or rare diseases within the NHIS registry
adheres to stringent criteria, rendering the database an invaluable resource for conducting epidemiological
research on large cohorts with respect to grave or uncommon ailments. The reliability of the NHIS data has
been corroborated through numerous studies, affirming its utility in the field of medical research?->. Using
the International Classification of Diseases, 10th Revision (ICD-10) diagnostic codes, we collected data from
patients with primary outcomes or medical histories.

Statement of ethics

The current study was approved by the Institutional Review Board and Ethical Committee of Seoul National
University Bundang Hospital (X-1910-572-903), and the requirement for obtaining individual patient consent
was waived owing to the retrospective nature of the study. Our research was conducted in accordance with the
ethical standards of the aforesaid ethics committee and the tenets of the 1964 Declaration of Helsinki and its
later amendments.

Study population and cohort design

To enhance the reliability of the study, data were meticulously gathered from tertiary referral general hospitals,
general hospitals, and semi-general hospitals exclusively. This research focused on patients diagnosed with
MMD for the first time between 2008 and 2020. Only those with the diagnostic code ICD-10 V128 recorded, and
who underwent a transfemoral cerebral angiograph (TFCA) at the time of diagnosis were considered definitively
diagnosed with MMD. Data from patients diagnosed with MMD in the preceding five years were excluded to
ensure the purity of the study cohort. From a pool of 16,546 individuals first diagnosed with MMD between 2008
and 2020, only those who underwent health examinations in 2020 and 2021 were selected, culminating in a final
cohort of 10,297 patients for this study.

Through the analysis of NHIS claims data, variables such as age, sex, the performance of revascularization
surgery (RS), COVID-19 vaccination status, vaccination date, and type of vaccines (Astrazeneca; Pfizer;
Moderna; Janssen; Novavax; ) were ascertained. Additionally, COVID-19 infection status was determined. The
health examination database facilitated the examination of variables including body mass index (BMI; kg/m?),
BP (mmHg), fasting blood sugar (FBS; mg/dl), and history of previous stroke, enriching the dataset with crucial
health indicators.

Primary endpoint

The primary endpoint was established as stroke-related hospital admissions, determined by the incidence of an
event. This encompasses admissions due to cerebral infarction (ICD-10 code 163) or intracranial hemorrhage
(ICD-10 code 160, 161), necessitating a hospital stay exceeding 5 days in departments of neurosurgery, neurology,
or rehabilitative medicine, or resulting in mortality within 5 days, irrespective of the duration of hospitalization
with brain computed tomography, magnetic reasonance image, or TFECA20-2%. To mitigate potential confounders,
records indicating admission for revascularization procedures, identified by the billing of RS codes (54661;
$4662), were systematically excluded. Secondary endpoints were delineated as occurrences of mortality
within the year 2021 among patients who had previously experienced the primary endpoint. For subjects who
underwent vaccination, only post-vaccination events and mortality were meticulously documented.

Statistical analysis

Data manipulation, extraction, and statistical analysis were performed using the SAS software (version 9.4; SAS
Institute Inc., Cary, NC, USA). Differences between patients with and without event or mortality were compared
by the Students t test for continuous variables and the chi-square test for categorical variables. The logistic
regression analysis was performed to test which variables were associated with event and mortality. Clinical
variables that achieved a p-value <0.05 in the univariable analysis were included in the multivariable analysis.
Backward elimination was performed, that is, multivariable logistic regression that removes the variables one
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by one in a backwards fashion. For significant variables identified through multivariable logistic regression,
retrospective statistical power analysis was additionally performed using two-sample t-test allowing unequal
variance. Data are reported as odds ratios (ORs), 95% confidence intervals (ClIs), and two-sided p-values. A
p-value <0.05 was defined as statistically significant. The interval between the date of the last vaccination before
the events and the date of the events was expressed as the mean +standard deviation (range). To categorize
events into short-term and long-term groups, K-means clustering was employed. The optimal number of clusters
was determined to be two. This determination was made by iteratively adjusting the distribution of the intervals
and validating the cut-off point through k-fold cross-validation and bootstrap sampling to ensure reliability.

Results

Baseline characteristics

Between 2008 and 2020, out of 10,297 patients diagnosed with MMD, 296 patients (2.9%) experienced an event
in 2021, and 175 patients (1.7%) died. When comparing the non-event group to the event group, the proportion
of individuals aged 60 and over was significantly higher in the event group (non-event group vs. event group,
31.1% vs. 48.0%; p<0.001), as was the proportion of males (33.4% vs. 42.2%; p=0.002). The percentage of
patients with a BMI<18.5 (2.9% vs. 6.1%; p=0.004) and those with a history of previous stroke (57.9% vs.
77.7%; p < 0.001) were also significantly higher in the event group. Conversely, the rates of undergoing RS (8.8%
vs. 3.4%; p <0.001) and receiving a COVID-19 vaccination (91.3% vs. 63.5%; p < 0.001) were significantly lower
in the event group, whereas the incidence of COVID-19 infection (1.1% vs. 2.7%; p=0.013) was significantly
higher in the event group (Table 1).

When comparing the non-mortality group to the mortality group, the proportions of individuals aged 60 and
over (32.0% vs. 58.9%; p <0.001), males (33.5% vs. 44.6%; p=0.002), those with a BMI < 18.5 (2.8% vs. 9.1%;
p<0.001), and those with a history of previous stroke (58.1% vs. 78.9%; p <0.001) were significantly higher in
the mortality group. Additionally, the incidence of COVID-19 infection was higher in the mortality group (1.2%
vs. 2.9%; p=0.037). Conversely, the rates of undergoing RS (8.8% vs. 3.4%; p=0.005) and receiving a COVID-19
vaccination (91.2% vs. 54.9%; p < 0.001) were significantly lower in the mortality group (Table 1).

Risk factors evaluation for occurrence of events

In the evaluation of risk factors for event occurrence through univariable analysis, being over the age of 40,
having a BMI below 18.5, a history of previous stroke, and COVID-19 infection were identified as significant
risk factors. Conversely, undergoing RS and receiving vaccinations emerged as significant preventive factors.
Subsequent multivariable analysis, incorporating variables significant in the univariable analysis, revealed that
ages 50-59 (OR 3.29 [95% CI 1.18-9.12]; p=0.022) and 60 or above (OR 5.20 [95% CI 1.89-14.29]; p=0.001),
a BMI below 18.5 (OR 2.00 [95% CI 1.18-3.41]; p=0.011), a history of previous stroke (OR 1.96 [95% CI
1.47-2.60]; p<0.001), and COVID-19 infection (OR 2.28 [95% CI 1.07-4.87]; p=0.034) were significant risk
factors. Being female (OR 0.64 [95% CI 0.50-0.82]; p=0.011), undergoing RS (OR 0.38 [95% CI 0.21-0.70];
P <0.001), and vaccination (OR 0.17 [95% CI 0.13-0.22]; p <0.001) were significant preventive factors against
event occurrence (Table 2).

Risk factors evaluation for occurrence of mortality

In the univariable analysis, factors identified as significant included being aged 50 or above, having a BMI
below 18.5, a FBS level of 126 or higher, a history of previous stroke, COVID-19 infection, undergoing RS,
and receiving vaccinations. The multivariable analysis further identified being aged 60 or above (OR 7.09 [95%
CI 1.69-29.81]; p=0.008), having a BMI below 18.5 (OR 3.87 [95% CI 1.79-8.38]; p=0.001), and a history of
previous stroke (OR 1.74 [95% CI 1.19-2.54]; p=0.004) as independent risk factors for mortality. Conversely,
being female (OR 0.52 [95% CI 0.38-0.72]; p <0.001), undergoing RS (OR 0.41 [95% CI 0.24-0.89]; p=0.022),
and vaccination (OR 0.12 [95% CI 0.09-0.16]; p <0.001) were independently preventive factors against the
occurrence of mortality (Table 3).

Risk and effectiveness evaluation according to types of vaccines

The impact of different vaccine types on the occurrence of events, mortality, and COVID-19 infections was
analyzed. The interval between the date of the last vaccination prior to the events and the date of the events
was 137.10+91.70 days (range: 1-312 days). Based on K-means clustering analysis, a cut-off value of 17 days
was determined. Accordingly, the subjects were divided into two groups. The short-term group consisted of
30 (0.32%) individuals of 9322 vaccinated patients with an interval of 7.23 +4.26 days (range: 1-13 days). In
contrast, the long-term group included 158 (1.69%) individuals with an interval of 161.75 +78.60 days (range:
19-312 days). It was found that the Pfizer (OR 0.42 [95% CI] 0.31-0.59]; p <0.001) and Moderna vaccines (OR
0.45 [95% CI 0.30-0.67]; p <0.001) had a significantly higher preventive effect against the occurrence of events
compared to the AstraZeneca vaccine. Similarly, for the prevention of mortality, the Pfizer (OR 0.34 [95% CI
0.22-0.52]; p<0.001) and Moderna vaccines (OR 0.30 [95% CI 0.17-0.55]; p <0.001) were significantly more
effective compared to the AstraZeneca vaccine. Likewise, regarding the prevention of COVID-19 infections, the
Pfizer (OR 0.62 [95% CI 0.41-0.96]; p=0.032) and Moderna vaccines (OR 0.33 [95% CI 0.18-0.36]; p=0.001)
were found to have significantly higher efficacy compared to the AstraZeneca vaccine (Table 4).

Discussion

Review of stroke-related adverse effects following COVID-19 vaccination

Although strokes associated with COVID-19 vaccination are extremely rare, they can be fatal if misdiagnosed or
improperly treated. Vaccine-induced thrombotic thrombocytopenia (VITT) is considered one of the significant
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n (%) Non-event group | Event group | p-value | Non-mortality group | Mortality group | p-value
Total 10,001 296 10,122 175

Age

20-29 580 (5.6) 4(1.4) 582 (5.8) 2(1.1)

30-39 1118 (10.9) 17 (5.7) 1132 (11.2) 3(1.7)

40-49 2181 (21.2) 52 (17.6) <0001 2211 (21.8) 22 (12.6) <0001
50-59 2923 (28.4) 81 (27.4) 2959 (29.2) 45 (25.7)

60 < 3199 (31.1) 142 (48.0) 3238 (32.0) 103 (58.9)

Sex

Male 3339 (33.4) 125 (42.2) 0.002 3386 (33.5) 78 (44.6) 0.002
Female 6662 (66.6) 171 (57.8) 6736 (66.6) 97 (55.4)

BMI

<185 285 (2.9) 18 (6.1) 287 (2.8) 16 (9.1)

18.5-22.9 5392 (53.9) 165 (55.7) 0.004 5459 (53.9) 98 (56.0) <0.001
23.0-24.9 3360 (33.6) 93 (31.4) 3401 (33.6) 52(29.7)

25< 964 (9.6) 20 (6.7) 975 (9.6) 9(5.1)

Blood pressure

Normal 3008 (30.1) 84 (28.4) 3040 (30.0) 52(29.7)

Elevated 1510 (15.1) 42 (2.7) 0.485 1529 (15.1) 23(13.1) 0.680
Stage 1 HTN 4377 (43.8) 129 (43.6) 4430 (43.8) 76 (43.4)

Stage 2 HTN 1106 (11.1) 41 (13.9) 1123 (11.1) 24 (13.7)

Fasting blood sugar

<100 5632 (56.3) 152 (51.4) 5696 (56.3) 88 (50.3)

100-126 3243 (32.4) 104 (35.1) 0202 3289 (32.5) 58 (33.1) 0.066
126 < 1126 (11.3) 40 (13.5) 1137 (11.2) 29 (16.6)

Previous stroke

- 4212 (42.1) 66 (22.3) <0.001 | 4241 (41.9) 37 (21.1) <0.001
+ 5789 (57.9) 230 (77.7) 5881 (58.1) 138 (78.9)
Revascularization

- 9118 (91.2) 286 (96.6) <0.001 | 9235(91.2) 169 (96.6) 0.005
+ 883 (8.8%) 10 (3.4%) 887 (8.8) 6 (3.4)

Vaccination_1

- 867 (8.7) 108 (36.5) <0.001 | 896 (8.9) 79 (45.1) <0.001
+ 9134 (91.3) 188 (63.5) 9226 (91.2) 96 (54.9)
Vaccination_2

AstraZeneca 1873 (20.5) 71 (37.8) 1924 (20.6) 43 (44.8)

Pfizer 4934 (54.0) 79 (42.0) 4975 (53.9) 38 (39.6)

Moderna 2175 (23.8) 37(19.7) <0001 2197 (23.8) 15 (15.6) <0001
Janssen 87 (1.0) 0(0) 87 (0.94) 0(0)

Novavax 65 (0.7) 1(0.5) 66 (0.7) 0(0)
COVID-19 infection

- 9888 (98.9) 288(97.3) 0.013 10,006 (98.9) 170 (97.1) 0.037
+ 113 (1.1) 8(2.7) 116 (1.2) 5(2.9)

Table 1. Baseline characteristics. BMI, body mass index; HTN, hypertension.

mechanisms behind stroke complications following COVID-19 vaccination, though its pathophysiology has
not been fully elucidated. However, VITT is highly similar to autoimmune heparin-induced thrombocytopenia
(HIT), an immune-mediated disorder triggered by Immunoglobulin G (IgG) antibodies against the platelet
factor 4 complexed with heparin. These antibodies activate platelets and create platelet microparticles by binding
to platelet FCRIIA receptors, leading to blood clot formation and consequent thrombotic thrombocytopenia due
to platelet consumption. Thrombotic thrombocytopenia post-COVID-19 vaccination occurs independently of
heparin use and can be triggered by interactions between PF4 and specific COVID-19 vaccine components,
microtrauma and microbleeding at the injection site, or vaccine-induced inflammation>?2%?’, Vaccine-induced
inflammation may cause vascular endothelial dysfunction, potentially leading to large-vessel strokes. CVST,
as one of the ischemic stroke types post-vaccination, can be more severe and have a poorer prognosis when
caused by VITT?. Such cases may lead to refractory increased intracranial pressure, cerebral infarction, and
intracerebral hemorrhage (ICH). The occurrence of ICH or subarachnoid hemorrhage following vaccination is
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Univariable analysis Multivariable analysis

OR 95% CI p-value | OR 95% CI p-value
Age
20-29 Reference Reference
30-39 221 0.74 | 6.58 |0.157 1.56 0.52 | 4.71 |0.430
40-49 3.46 1.25 | 9.61 |0.017 2.73 0.97 | 7.66 |0.057
50-59 4.02 1.47 | 11.01 | 0.007 3.29 1.18 | 9.12 | 0.022
60 < 6.44 2.38 | 17.47 | <0.001 | 5.20 1.89 | 14.29 | 0.001
Sex
Male Reference Reference
Female 0.69 [054 087 [o002 Jo64  [050 [082 [ <0.001
BMI (kg/m?)
<18.5 2.07 1.25 | 3.42 <0.001 |2.00 1.18 | 3.41 |0.011
18.5-22.9 Reference | e Referenc
23.0-24.9 0.90 0.70 | 1.17 | 0.442 0.83 0.64 | 1.09 |0.177
25< 0.68 0.43 | 1.09 |0.106 0.78 0.48 | 1.26 | 0.307
BP (mmHg)
Normal Reference
Elevated 1.00 0.68 | 1.45 |0.983
Stage 1 HTN | 1.06 0.80 | 1.40 |0.703
Stage 2 HTN | 1.33 091 [1.94 |0.144
FBS (mg/dl)
<100 Reference
100-126 1.19 092 | 1.53 |0.179
126 < 1.32 0.92 | 1.88 |0.129
Revascularization
- Reference Reference
+ 0.36 [019 [o6s [0002 038 [021 [070 [0.008
Previous stroke
- Reference Reference
+ 2.54 [192 ]335 [ <0001 [196  [147 [260 [ <0.001
Vaccination
- Reference Reference
+ 0.17 (013 [021 [ <0001 [017  [oa3 [022 [ <0.001
COVID19 infection
- Reference Reference
+ 243 (118 [502 [0017 [228  [1.07 [487 [0034

Table 2. Univariable and multivariable analysis to identify the risk factors for events. BMI, body mass index;
BP, blood pressure; CI, confidence interval; FBS, fasting blood sugar; HTN, hypertension; OR, odds ratio.

significantly influenced by primary or secondary venous thrombosis and may also be associated with vaccine-
induced hypertension. Arterial hypertension, regardless of vaccination, can itself be a cause of ICH?Z.

Impact of COVID-19 vaccination on patients with MMD

Nannoni et al. carried out a meta-analysis on strokes associated with COVID-19 infection, reporting an overall
pooled incidence of acute cerebrovascular disease (CVD) at 1.4%°. This incidence is comparable to the 1-year
incidence rates of hemorrhagic stroke (0.046%) and ischemic stroke (0.16%) in the general population according
to a nationwide study®"?%. Furthermore, the meta-analysis identified severe infection (OR 5.10 [95% CI 2.72-
9.54]) as a significant risk factor for CVD in patients with COVID-19°. In our study, COVID-19 infection was
recognized as a risk factor for stroke-related events (OR 2.28 [95% CI 1.07-4.87]; p=0.034), whereas COVID-19
vaccination was found to serve as a protective measure against both stroke-related events (OR 0.17 [95% CI
0.13-0.22]; p<0.001) and mortality (OR 0.12 [95% CI 0.09-0.16]; p <0.001). In contrast, within the vaccinated
cohort, a cut-off value of 17 days was derived based on the statistically significant difference in the mean interval
from vaccination to the occurrence of events. A total of 30 individuals (0.32%) experienced events within 17
days post-vaccination, suggesting a potential association with vaccine-related adverse effects. This observation
aligns with previous reports in the literature indicating that strokes are more likely to occur within two weeks
following vaccination?®. Nevertheless, combining these findings with several studies indicating that COVID-19
vaccination reduces infection rates and alleviates symptoms®-*!, it can be hypothesized that, although it
is difficult to prove the exact mechanism, the benefits of preventing COVID-19 infection or mitigating its
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Univariable analysis Multivariable analysis

OR | 95% CI p-value | OR | 95% CI p-value
Age
20-29 Reference Reference
30-39 0.77 1 0.13 | 463 |0.776 0.53 [0.09 | 3.24 |0.493
40-49 290 | 0.68 | 12.36 | 0.151 227 10.52 [9.89 |0.276
50-59 4.43 | 1.07 | 18.30 | 0.040 3.56 | 0.84 | 15.14 | 0.085
60 < 9.27 | 2.28 | 37.66 | 0.002 7.09 | 1.69 |29.81 | 0.008
Sex
Male Reference Reference
Female 063 [046 084 [0002 |052 [038 [072 [ <0.001
BMI (kg/m2)
<185 312 [ 181 [5.36 | <0001 [3.87 [179 [838 [0.001
18.5-22.9 Reference Reference

23.0-24.9 0.85 | 0.61 | 1.19 | 0.351 0.75 [ 0.47 | 1.21 | 0.241

25< 0.52 | 0.26 | 1.02 |0.058 1.07 | 0.50 | 2.29 | 0.858
BP (mmHg)

Normal Reference

Elevated 0.88 | 0.54 | 1.44 | 0.611

Stage 1 HTN | 1.00 | 0.70 | 1.43 | 0.986
Stage 2 HTN | 1.25 | 0.77 | 2.04 |0.373

FBS (mg/dl)

<100 Reference

100-126 1.14 | 0.82 | 1.60 | 0.434 093 [0.65 | 1.32 | 0.674
126 < 1.65 | 1.08 | 2.52 | 0.021 1.34 |1 0.85 | 2.09 | 0.207
Revascularization

- Reference Reference

+ 037 [0.16 [084 [0017 [o041 [024 [0.89 [0.022

Previous stroke

- Reference Reference

+ 2.69 ‘ 1.87 ‘3.88 ‘ <0001 | 1.74 ‘ 1.19 ‘2.54 ‘0‘004
Vaccination

- Reference Reference

+ 0.12 ‘0.09 ‘0.16 ‘ <0.001 | 0.12 ‘0.09 ‘0416 ‘ <0.001
COVID19 infection

- Reference Reference

+ 254 [ 102 [629 [0045 [227 [0.86 [6.00 [0.098

Table 3. Univariable and multivariable analysis to identify the risk factors for mortality. BMI, body mass
index; BP, blood pressure; CI, confidence interval; FBS, fasting blood sugar; HTN, hypertension; OR, odds
ratio.

symptoms through vaccination may outweigh the risks of serious adverse effects, particularly in reducing
the occurrence of strokes among patients with MMD. The precise mechanisms of acute stroke in COVID-19
patients remain largely unknown. Proposed mechanisms for acute ischemic stroke include a hypercoagulation
state promoting venous thromboembolism, a hyperinflammatory state, hypoxemia from respiratory dysfunction
leading to hypoperfusion, endothelial dysfunction resulting in vasoconstriction and increased blood-brain
barrier (BBB) permeability, and myocardial injury. Potential mechanisms for acute hemorrhagic stroke involve
a hyperinflammatory state and endothelial dysfunction leading to increased vasoconstriction, elevated BP,
enhanced BBB permeability, hypoxic microvascular injury, and consumption coagulopathy related to fibrinogen
depletion®*2. Moreover, strokes related to COVID-19 infection predominantly displayed patterns of large
vessel occlusion, thrombosis and/or thromboembolism resulting in multi-territory infarctions, with in-hospital
mortality rates reaching as high as 36.4%363,

Risk and effectiveness evaluation according to types of vaccines

Venous thrombosis, including CVST, has been reported to occur primarily following viral vector-based
vaccination, with most cases occurring after Astrazeneca (ChAdOx1 nCoV-19) vaccination and being more
common than after mRNA vaccination, where the associated mortality was also higher. In addition, ICH was
more frequently reported after Janssen vaccination, and VITT occurred more commonly following viral vector-
based vaccination than mRNA vaccination, with more severe clinical manifestations reported in the former!226:27_
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Event group* Mortality group® COVID19 group*

OR 95% CI p-value | OR 95% CI p-value | OR 95% CI p-value
Age
20-29 Reference Reference
30-39 3.19 0.71 14.37 | 0.13 1.56 0.52 471 | 043
40-49 4.52 1.08 18.93 | 0.04 2.73 0.97 7.66 |0.06
50-59 4.01 0.96 16.67 | 0.06 3.29 1.18 9.12 | 0.02
60 < 4.27 1.01 18.03 | 0.05 5.20 1.89 14.29 | <.0001
Sex
Male Reference Reference
Female 074 Jos4  Jo99 [oos [os7 [o37 [oss [ool
BMI (kg/m?)
<185 226|115 [442 oo ‘ ‘ [ <.0001
18.5-22.9 Reference Reference
23.0-24.9 0.79 0.57 1.10 |0.16 0.24
25< 0.97 0.58 1.64 |092 0.86
BP (mmHg)
Normal
Elevated
Stage 1 HTN
Stage 2 HTN
FBS (mg/dl)
<100 Reference
100-126 0.95 0.61 149 |0.82
126 < 0.81 0.42 1.58 |0.53
Revascularization
- Reference Reference
+ 058 Jo42 [o80 [<oo01 [046  [o29 [o72 | <0001
Previous stroke
+ 219 [155  [309 [<oo01 [18¢ 115 [297 [ool
COVID19 infection
- Reference Reference NA
+ 235 093 [s91 Joor [175 o4z [731 [osd
Vaccination
AstraZeneca | Reference Reference Reference
Pfizer 0.42 0.31 0.59 <0.001 |0.34 0.22 0.52 <0.001 |0.62 0.41 0.96 | 0.032
Moderna 0.45 0.30 0.67 <0.001 |0.30 0.17 0.55 <0.001 |0.33 0.18 0.63 | 0.001
Janssen <0.001 | <0.001 | NA 0.978 <0.001 | <0.001 | NA 0.984 2.01 0.60 6.66 | 0.256
Novavax 0.41 0.06 297 |0.374 <0.001 | <0.001 | NA 0.986 <0.001 | <0.001 | NA |0.979

Table 4. Subgroup analysis of multivariable risk and effectiveness evaluation by vaccine type within the
vaccinated group. BMI, body mass index; BP, blood pressure; CI, confidence interval; FBS, fasting blood sugar;
HTN, hypertension; NA, not available; OR, odds ratio. *Multivariable analysis of the risk of stroke-related
events among vaccinated patients. "Multivariable analysis of the risk of mortality among vaccinated patients.
*Multivariable analysis of the risk of COVID-19 infection among vaccinated patients.

This aligns with the findings of our study, which demonstrated that mRNA vaccines were more effective than

vector vaccines in preventing events, reducing mortality, and protecting against COVID-19 infections.
Nevertheless, it is important to recognize the potential for concurrent COVID-19 infection following

vaccination with either of the two vaccines, as it increases the risk of both ischemic and hemorrhagic strokes.

Modifiable risk factors for stroke in MMD patients

In this study, a low BMI of less than 18.5 was identified as a modifiable risk factor for stroke-related events (OR
2.00 [95% CI 1.18-3.41]) and mortality (OR 3.87 [95% CI 1.79-8.38]). Current evidence suggests a correlation
between MMD and lipid metabolism, with high BMI identified as a contributing risk factor’>->’. Though the
impact of low BMI on stroke risk in MMD patients remains unexplored, several studies on stroke unrelated to
MMD support our findings. A large-scale prospective cohort study demonstrated that low BMI was associated
with an increased risk of hemorrhagic stroke (Hazard Ratio 5.10 [95%CI, 1.80-14.50])*. Additional studies
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have similarly identified low BMI as a significant risk factor for hemorrhagic stroke, comparable to the risk
posed by obesity, though the underlying mechanisms are not yet fully understood®+*°. Despite this, the lack
of specific data on MMD-related stroke risks underscores the need for further research to clarify this potential
risk factor. Moreover, our research indicates that RS significantly reduces the risk of stroke-related events (OR
0.38 [95% CI 0.21-0.70]) and mortality (OR 0.41 [95% CI 0.24-0.89]), as numerous studies have demonstrated
that RS is beneficial in preventing strokes in patients with MMD*!~#3. These findings suggest that maintaining
a normal BMI and considering RS as a preventive measure against further stroke, irrespective of COVID-19
considerations.

Limitations

This study has several limitations inherent to the use of NHIS data. Notably, while the analysis encompassed
MMD patients vaccinated in 2021 who subsequently experienced stroke-related events within the same year, a
comprehensive longitudinal analysis was not achievable. Challenges included difficulties in accurately capturing
the number of vaccinations and accounting for repeated vaccinations after events. Moreover, inconsistent
use of diagnostic codes for post-vaccination stroke necessitated the indirect extraction of data through
operational definitions, categorizing post-vaccination strokes as admissions due to stroke-related events and
stroke-related mortality following vaccination. This approach complicates the ability to definitively ascertain
whether post-vaccination strokes are attributable to vaccination-related adverse events or a manifestation of
MMD’s progression, and whether post-vaccination deaths, though rare, are due to causes unrelated to stroke.
Additionally, due to the characteristics of the NHIS data, other stroke risk factors with many missing values, such
as smoking history, alcohol consumption, physical activity, family history, and genetic factors like RNF213, were
excluded from the analysis. This exclusion may limit the ability to assess interaction effects comprehensively.
Furthermore, we could not determine the exact mechanism of the impact of COVID-19 vaccination on
MMD patients, and the absence of a control group consisting of healthy individuals limits our ability to fully
understand MMD?’s influence on the outcomes of COVID-19 infection and vaccination side effects. Despite
these constraints, the findings significantly underscore the clinical importance, from a statistical perspective, of
the effects of COVID-19 vaccination and infection on the incidence of stroke in patients with this rare condition.

Conclusions

COVID-19 vaccination is significantly associated with a reduced occurrence of stroke-related events and
mortality among patients with MMD, while COVID-19 infection is significantly associated with an increased
risk of stroke-related events. Therefore, vaccination is beneficial for patients with MMD, with mRNA vaccines
being associated with a significantly lower incidence of these outcomes compared to vector vaccines.

Data availability
Due to the nature of NHIS data, the raw dataset cannot be disclosed publicly. However, detailed statistical results
from the analyses conducted in this study are available from the corresponding author upon reasonable request.
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