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Leveraging Genetic Data to Elucidate 
the Relationship Between COVID- 19 and 
Ischemic Stroke
Verena Zuber , PhD*; Alan Cameron , MBChB, PhD*; Evangelos P. Myserlis , MD; Leonardo Bottolo , PhD; 
Israel Fernandez- Cadenas , PhD; Stephen Burgess , PhD; Christopher D. Anderson , MD, MMSc;   
Jesse Dawson, MD, MBChB; Dipender Gill , BMBCh, PhD

BACKGROUND: The relationship between COVID- 19 and ischemic stroke is poorly understood due to potential unmeasured 
confounding and reverse causation. We aimed to leverage genetic data to triangulate reported associations.

METHODS AND RESULTS: Analyses primarily focused on critical COVID- 19, defined as hospitalization with COVID- 19 requiring 
respiratory support or resulting in death. Cross- trait linkage disequilibrium score regression was used to estimate genetic 
correlations of critical COVID- 19 with ischemic stroke, other related cardiovascular outcomes, and risk factors common to 
both COVID- 19 and cardiovascular disease (body mass index, smoking and chronic inflammation, estimated using C- reactive 
protein). Mendelian randomization analysis was performed to investigate whether liability to critical COVID- 19 was associ-
ated with increased risk of any cardiovascular outcome for which genetic correlation was identified. There was evidence of 
genetic correlation between critical COVID- 19 and ischemic stroke (rg=0.29, false discovery rate [FDR]=0.012), body mass 
index (rg=0.21, FDR=0.00002), and C- reactive protein (rg=0.20, FDR=0.00035), but no other trait investigated. In Mendelian 
randomization, liability to critical COVID- 19 was associated with increased risk of ischemic stroke (odds ratio [OR] per logOR 
increase in genetically predicted critical COVID- 19 liability 1.03, 95% CI 1.00– 1.06, P- value=0.03). Similar estimates were ob-
tained for ischemic stroke subtypes. Consistent estimates were also obtained when performing statistical sensitivity analyses 
more robust to the inclusion of pleiotropic variants, including multivariable Mendelian randomization analyses adjusting for 
potential genetic confounding through body mass index, smoking, and chronic inflammation. There was no evidence to sug-
gest that genetic liability to ischemic stroke increased the risk of critical COVID- 19.

CONCLUSIONS: These data support that liability to critical COVID- 19 is associated with an increased risk of ischemic stroke. 
The host response predisposing to severe COVID- 19 is likely to increase the risk of ischemic stroke, independent of other 
potentially mitigating risk factors.

Key Words: COVID- 19 ■ cross- trait linkage disequilibrium score regression ■ ischemic stroke ■ Mendelian randomization

SARS- CoV- 2 infection is the cause of the COVID- 19 
pandemic that has resulted in a health crisis of 
unprecedented magnitude.1,2 While much of the 

disease burden relates to respiratory failure and sep-
sis, some studies suggest an increased risk of ischemic 
stroke.3– 6 This has been estimated to be seven times 

greater than in influenza infection,3 with up to 5% of 
people with severe COVID- 19 suffering stroke.5 Strokes 
that occur in individuals with COVID- 19 are more se-
vere, have poorer outcomes, and higher mortality rates 
than in those without COVID- 19, despite similar acute 
management.6,7 Indeed, almost two- fifths of people 
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with COVID- 19 who develop stroke consequently die.8 
However, some studies do not support an increased 
risk of stroke in individuals with COVID- 19.9,10 Obtaining 
unbiased estimates for the risk of stroke in people with 
COVID- 19 is challenging due to difficulty diagnosing mild 
COVID- 19 and an overall reduction in the rate of admis-
sion to hospital with stroke, and minor stroke in particu-
lar, during the pandemic,9,11 Furthermore, observational 
studies investigating the association between COVID- 19 
and stroke are vulnerable to potential confounding and 
reverse causation.3– 6 For example, there are common 
risk factors for severe COVID- 19 and stroke, such as 
obesity and smoking.12 Similarly, patients with acute 
stroke have a dampened immune response and may 
be more susceptible to severe COVID- 19.13

Leverage of genetic data can help overcome some 
of these issues. Cross- trait linkage disequilibrium 
score regression (LDSC) can be used to estimate 
the genetic correlation between traits. Mendelian 
randomization (MR) can be employed to investigate 
whether genetic variants predicting an exposure (such 
as COVID- 19) also associate with risk of an outcome 
(such as ischemic stroke).14 There are numerous 

plausible mechanisms by which COVID- 19 may be in-
creasing ischemic stroke risk. COVID- 19 can trigger a 
cytokine storm with upregulation of pro- inflammatory 
signaling and endothelial dysfunction that predisposes 
to a hypercoagulable state and can lead to throm-
boembolic events.15 Indeed, COVID- 19 also appears 
to promote the development of other cardiovascular 
disorders including myocardial injury, myocardial isch-
emia, arrhythmias, heart failure, and venous thrombo-
embolism.15 Furthermore, pre- existing cardiovascular 
disease (CVD) is associated with high mortality in peo-
ple with COVID- 19, which has raised the possibility of 
a bidirectional interaction between COVID- 19 and the 
cardiovascular system.15 MR analyses also can allow 
the exploration of such bidirectional relationships.

Elucidating the relationship between COVID- 19 
and risk of ischemic stroke could prove important for 
optimizing prevention and treatment strategies. With 
this in mind, we performed cross- trait LDSC to inves-
tigate whether there is a genetic correlation between 
COVID- 19 and ischemic stroke, and followed this up 
with MR analyses to investigate whether any such sta-
tistically significant correlation might be explained by 
liability to COVID- 19 being associated with increased 
risk of ischemic stroke.

METHODS
All genetic association data used in this work are pub-
licly accessible. Appropriate patient consent and ethi-
cal approval had been obtained in the original studies 
from which they were obtained (Table S1). Statistical 
code related to the analyses performed in the current 
study is freely available from Github (https://github.
com/veren a- zuber/ covid 19_and_stroke).

Study Overview
First, we performed cross- trait LDSC to estimate ge-
netic correlations for COVID- 19 with ischemic stroke, 
other related CVDs, and risk factors common to both 
COVID- 19 and CVD. Second, for CVD outcomes that 
showed evidence of genetic correlation with COVID- 19, 
MR analysis was performed to investigate whether li-
ability to COVID- 19 was also associated with these 
outcomes. Finally, bidirectional MR was carried out to 
investigate potential reverse associations, ie whether 
genetic liability to the CVD outcome was also associ-
ated with increased risk of COVID- 19. A graphical over-
view of the analysis plan is presented in Figure S1.

Exposure Definitions and Genetic 
Association Estimates for COVID- 19
Genetic association estimates for COVID- 19 were ob-
tained from release 5 of the COVID- 19 host genetics 

CLINICAL PERSPECTIVE

What Is New?
• This study identified evidence of genetic corre-

lation between critical COVID- 19 and ischemic 
stroke, body mass index and C- reactive protein.

• In Mendelian randomization, liability to critical 
COVID- 19 was associated with increased risk of 
any ischemic stroke, with similar estimates ob-
tained for ischemic stroke subtypes.

• There was no evidence to suggest that genetic 
liability to ischemic stroke increased the risk of 
critical COVID- 19.

What Are the Clinical Implications?
• These data support that liability to critical 

COVID- 19 is associated with an increased risk 
of ischemic stroke.

• The host response predisposing to severe 
COVID- 19 is likely to increase the risk of is-
chemic stroke, independent of other potentially 
mitigating risk factors.

Nonstandard Abbreviations and Acronyms

Fdr false discovery rate
IVW inverse- variance weighted
LDSC linkage disequilibrium score regression
MR Mendelian randomization
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consortium.16,17 In our main analysis we focused on the 
most severe definition of COVID- 19 available (referred 
to critical COVID- 19 from here), where a critical case is 
defined as an individual who was hospitalized with lab-
oratory confirmed SARS- CoV- 2 infection and required 
respiratory support or died. Genetic associations were 
derived from 5101 cases and 1 383 241 controls from 
the general population. Hospital admission and requir-
ing respiratory support or death is a proxy for disease 
severity and is preferred here over other case defini-
tions which are solely based on a positive COVID- 19 
test result. Previous studies have shown that bias may 
impact analyses identifying cases based on likelihood 
of testing for SARS- CoV- 2 infection, because par-
ticipants being tested for SARS- CoV- 2 infection are 
selected for a wide range of genetic, behavioral, and 
demographic traits.9

Results based on other COVID- 19 definitions from 
the COVID- 19 host genetics consortium were per-
formed as further sensitivity analysis. As the first sensi-
tivity analysis definition, we compared individuals with 
laboratory confirmed SARS- CoV- 2 infection who had 
been hospitalized (cases) versus individuals with lab-
oratory confirmed SARS- CoV- 2 infection who did not 
require hospitalization (4829 cases and 11  816 con-
trols). As a second analysis sensitivity definition, we 
compared individuals with laboratory confirmed SARS- 
CoV- 2 infection who had been hospitalized (cases) ver-
sus the general population (9986 cases and 1 877 672 
controls). The third sensitivity analysis definition was 
based on individuals with reported COVID- 19 (labo-
ratory confirmed, physician- reported or self- reported; 
cases) versus controls from the general population 
(38 984 cases and 1 644 784 controls). An overview of 
the COVID- 19 definitions is given in Table S1.

Outcomes
Ischemic Stroke

The primary outcome was any ischemic stroke (34 217 
cases). In secondary hypothesis- generating analyses, 
stroke subtypes were further explored as large ar-
tery stroke (LAS, 4373 cases), cardioembolic stroke 
(CES, 7193 cases), and small vessel stroke (SVS, 5386 
cases).18 The common control pool included 406 111 
individuals. Genetic association data were derived 
from the MEGASTROKE consortium.18

Related CVD Outcomes

We considered other CVD outcomes related to ischemic 
stroke in their pathophysiology. These were coronary 
artery disease (including myocardial infarction, acute 
coronary syndrome, chronic stable angina, or >50% 
coronary artery stenosis), heart failure, and atrial fi-
brillation. Genetic associations with risk for coronary 

artery disease were measured on 60 801 cases and 
123 504 controls and taken from the Coronary ARtery 
DIsease Genome wide Replication and Meta- analysis 
(CARDIOGRAM) plus The Coronary Artery Disease 
(C4D) consortium (CARDIoGRAMplusC4D),19 for heart 
failure were measured on 47 309 cases and 930 014 
controls and taken from the HEart failuRe Molecular 
Epidemiology for therapeutic targetS (HERMES) con-
sortium20 and for atrial fibrillation were measured on 
65 446 cases and 522 744 controls and taken from a 
transethnic meta- analysis.21

Risk Factors Related to Both COVID- 19 
and CVD
To investigate whether any genetic correlation be-
tween critical COVID- 19 and the CVD outcomes was 
related to confounding factors, we further considered 
common risk factors to both, including obesity, smok-
ing, and chronic inflammation.22– 25 Genetic associa-
tion estimates to proxy these traits were taken from a 
genome- wide association study (GWAS) on body mass 
index (BMI) measured on 694 649 subjects,26 lifetime 
smoking index measured on 462 690 subjects,27 and 
CRP (C- reactive protein) measured on 361  194 indi-
viduals in UK Biobank.28

Statistical Analysis
Cross- Trait Linkage Disequilibrium Score 
Regression

We performed LDSC to estimate the genetic corre-
lation (rg) of critical COVID- 19 with the primary out-
come ischemic stroke, and secondary outcomes 
coronary artery disease, heart failure, and atrial fi-
brillation, using GWAS summary statistics data.29 
We also estimated correlation with possible genetic 
confounders, including BMI, lifetime smoking index, 
and CRP. We restricted our analyses to HapMap 3 
single- nucleotide polymorphisms (SNPs), which are 
known to be well- imputed across most studies and 
utilized the pre- computed European LD- scores es-
timated using the 1000G reference panel, provided 
by the LDSC creators. For each set of summary sta-
tistics, the SNP- specific sample size information was 
used. If not available, we assumed that all SNPs had 
the same sample size for that trait, defined as the total 
sample size for continuous phenotypes or as the sum 
of cases and controls for case/control phenotypes. 
By default, LDSC also removed variants that were 
duplicate, strand- ambiguous, not SNPs (eg indels), 
with P- values not between 0 and 1, with alleles that 
did not match with the 1000G reference panel, and 
with low effective sample size or not included in all 
studies of a GWAS meta- analysis (if such information 
was available) for traits with no effective sample size 

D
ow

nloaded from
 http://ahajournals.org by on D

ecem
ber 6, 2021



J Am Heart Assoc. 2021;10:e022433. DOI: 10.1161/JAHA.121.022433 4

Zuber et al COVID- 19 and Ischemic Stroke

information. After estimation of the genetic correla-
tion across all phenotypes, we corrected for multiple 
hypothesis testing using the Benjamini and Yekutieli 
false discovery rate (FDR).30 FDR- corrected P- values 
<0.05 were considered statistically significant.

Mendelian Randomization Analyses

Genetic Variants Used as Instrumental Variables
Genetic variants were selected based on associations 
with critical COVID- 19. In our main analysis, we selected 
uncorrelated genetic variants (clumped at correlation 
threshold r2<0.01) at P- value <5×10−6. In sensitivity 
analyses, we applied a more stringent threshold and 
considered only genome- wide significant genetic vari-
ants (P- value <5×10−8).

Main Analysis
For CVD outcomes that showed evidence of genetic 
correlation with critical COVID- 19 in LDSC, MR anal-
ysis was performed to estimate the association of ge-
netically predicted liability to critical COVID- 19 with 
that outcome using the random effects 2- sample 
inverse- variance weighted (IVW) method.31 The IVW 
estimate can be biased by pleiotropy when a genetic 
variant associates the outcome (eg, ischemic stroke) 
via a pathway other than through the exposure (ie, 
liability to critical COVID- 19). Pleiotropy can cause 
heterogeneity in the MR estimates obtained by dif-
ferent variants employed as instruments, which was 
assessed using the Q- statistic and the respective 
heterogeneity P- value.32 A Mendelian randomization 
estimate with P- value <0.05 for the main IVW analy-
sis was deemed to represent supportive evidence, 
given that MR was only performed to follow up posi-
tive LDSC findings.

Sensitivity Analyses— Robust Methods
We performed sensitivity analyses with pleiotropy- 
robust two- sample summary- level MR approaches, 
including the weighted median MR33 and MR- Egger34 
to compare the MR estimates between different MR 
models. Each of these methods provides a statistically 
consistent estimator of the true causal estimate under 
different assumptions. The intercept of the MR- Egger 
model represents a test for directional pleiotropy and 
we included this in sensitivity analyses.35

Pleiotropic Pathways— Inflammation and Cardiometabolic Risk 
Factors
We further performed multivariable MR to adjust for 
potential pleiotropic pathways via cardiometabolic risk 
factors that are known to affect risk of both COVID- 19 
and CVD12, including obesity (BMI),26 lifetime smok-
ing index,27 and chronic inflammation (estimated using 

CRP). Multivariable MR includes all the respective ge-
netic associations in a joint model to account for ge-
netic confounding.36 While univariable MR measures 
the total estimate of an exposure, multivariable MR 
measures the direct estimate of the exposure inde-
pendent of other risk factors (ie, pleiotropy or genetic 
confounders) in the model.37 In the multivariable MR 
model, we selected instruments based on the primary 
exposure of critical COVID- 19. We compared the mul-
tivariable MR model with the univariable MR model 
using likelihood ratio test to evaluate if accounting for 
the pleiotropic pathway provides a better model fit than 
the univariable MR model.

Bidirectional MR
For CVD outcomes that showed evidence of genetic 
correlation with critical COVID- 19 in LDSC, bidirec-
tional MR was also performed to investigate for any 
association of genetic liability to that CVD outcome 
with risk of critical COVID- 19. Uncorrelated genetic 
variants (r2<0.01) associated with the CVD outcome at 
a P- value <5×10−6 were selected as instruments.

Power Calculation
Power to detect an association of genetically proxied 
liability to critical COVID- 19 with all- cause ischemic 
stroke and its subtypes was assessed using power 
calculations for MR.38 Sample sizes were set ac-
cording to the number of cases and controls in the 
MEGASTROKE consortium as given in Table  S1. 
Heritability of the exposure was calculated from the 
F- statistic of the genetic variants selected as instru-
mental variables, which was approximated using the 
squared regression coefficient divided by its squared 
standard error. The F- statistic was then transformed to 
the proportion of variance in the phenotype explained 
by the genetic variants R2 using the Cragg– Donald 
transformation.39

MR estimates are expressed as odds ratios (OR) per 
unit increase in the logOR of the exposure for binary 
traits. All analyses were performed using the ieugwasr 
(version 0.1.5) and MendelianRandomization (version 
0.5.0) R packages.40

RESULTS
LD Score Regression
Performing LDSC, we found evidence of genetic cor-
relation between critical COVID- 19 and ischemic 
stroke (rg=0.29, FDR- P- value=0.012) (Figure 1). Critical 
COVID- 19 was also genetically correlated with BMI 
(rg=0.21, FDR- P- value=0.00002) and CRP (rg=0.20, 
FDR- P- value=0.00035). We did not observe evidence 
for genetic correlation between critical COVID- 19 and 
the CVD outcomes (Table S2), and therefore focused 
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the consequent MR analysis only on ischemic stroke 
and its subtypes.

Mendelian Randomization
We selected 31 uncorrelated genetic variants as instru-
mental variables for liability to critical COVID- 19. These 
are detailed in Table S3, along with their associations 
with ischemic stroke and its subtypes. MR estimates 
are presented in Figure 2. In a univariable MR analysis, 
genetically proxied liability to critical COVID- 19 was as-
sociated with all- cause ischemic stroke (OR 1.03, 95% 
CI 1.00 to 1.06, P- value=0.03). Restricting to ischemic 
stroke subtypes, there were similar MR estimates for 
cardioembolic stroke (OR 1.06, 95% CI 1.01 to 1.12, P- 
value=0.03), large artery stroke (OR 1.07, 95% CI 1.00 
to 1.14, P- value=0.06) and small- vessel stroke (OR 
1.05, 95% CI 1.00 to 1.11, P- value=0.06). Power cal-
culations shown in Figure S2 supported lower power 
for ischemic stroke subtypes compared to all- cause 
ischemic stroke. For the MR estimates generated by 
different variants, we observed heterogeneity greater 
than would be expected by chance only for cardioem-
bolic stroke (heterogeneity P- value=0.049), but none of 
the other considered ischemic stroke categories.

Mendelian Randomization Sensitivity 
Analyses
Diagnostic scatterplots for ischemic stroke outcomes 
are presented in Figure S3. We observed consistent 
MR estimates for ischemic stroke risk in sensitivity 

analyses based on pleiotropy- robust approaches as in 
the main analysis and none of the intercept estimates of 
MR- Egger suggested directional pleiotropy (Table S4). 
In multivariable MR to investigate potential pleiotropy 
through risk factors common to both COVID- 19 and 
CVD, there was little evidence for attenuation of the 
size of the estimate in any of these analyses (Figure S4), 
which was confirmed by likelihood ratio test (Table S5).

Sensitivity Analysis Based on Genome- 
Wide Significant Genetic Variants
As an additional sensitivity analysis, we used a more 
stringent P- value threshold based on genome- wide 
significance to select genetic variants as instrumental 
variables. We identified 9 uncorrelated genetic variants 
that associated with critical COVID- 19 at genome- wide 
significance (P- value <5×10−8). This MR analysis based 
on fewer variants generated consistent estimates to 
the main analysis, but with wider CIs that crossed the 
null, reflective of lower statistical power. Results are 
displayed in Figure S5.

Comparison With Other COVID- 19 
Definitions
We further considered other COVID- 19 definitions 
(Figure  S6 and Table  S6). Genetically predicted 
COVID- 19 requiring hospitalization as compared to not 
requiring hospitalization was associated with increased 
risk of any ischemic stroke (OR 1.05, 95% CI 1.01 to 
1.10, P- value=0.01) and small- vessel stroke (OR 1.22, 

Figure 1. Genetic correlation coefficient (x- axis) with 95% CI for critical COVID- 19 and ischemic 
stroke, related cardiovascular disease outcomes, and risk factors for both COVID- 19 and 
cardiovascular disease (y- axis), estimated by cross- trait linkage disequilibrium score regression.
Multiple testing adjustment using the Benjamini and Yekutieli false discovery rate (FDR) are given on the 
right.
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95% CI 1.11 to 1.34, P- value=0.000055). Considering 
reported COVID- 19 (laboratory confirmed, physician- 
reported or self- reported) versus controls from the 
general population, this was associated with increased 
risk of any ischemic stroke (OR 1.13, 95% CI 1.01 to 
1.26, P- value=0.04) and large artery stroke (OR 1.46, 
95% CI 1.18 to 1.81, P- value=0.00042).

Bidirectional MR
There was no strong evidence to support that genetic 
liability to any of the considered ischemic stroke out-
comes was associated with increased risk of critical 
COVID- 19, as illustrated in Figure 3.

DISCUSSION
In this study, we used cross- trait LDSC to explore the 
genetic correlation of critical COVID- 19 with ischemic 
stroke, other CVD outcomes, and risk factors com-
mon to both. We identified a genetic correlation be-
tween critical COVID- 19 and ischemic stroke, and 
performed MR analyses that found genetic liability to 
critical COVID- 19 to be associated with increased risk 
of ischemic stroke. Notably, there was no evidence 
to support that these associations were attributable 

to shared risk factors, such as obesity, smoking, and 
chronic inflammation. Furthermore, there was no MR 
evidence that genetic liability to ischemic stroke in-
creases risk of critical COVID- 19.

When we considered critical COVID- 19 and isch-
emic stroke subtypes, only cardioembolic stroke 
remained statistically significant. There are 2 main 
possible explanations for this observation. The first is 
that there are pathophysiological differences across 
stroke subtypes. Indeed, it is conceivable that the host 
response to critical COVID- 19 may be more likely to 
culminate in cardioembolic stroke through an acute, 
pro- inflammatory, hypercoagulable state that results in 
cardiac thromboembolism; as opposed to occlusion 
of small penetrating cerebral arteries and small vessel 
strokes which are generally a result of more longstand-
ing conditions such as hypertension or diabetes.41 The 
second possible explanation is that smaller sample 
sizes for each stroke subtype compared to any isch-
emic stroke may mean that we were unable to detect 
a statistically significance difference in stroke subtypes 
due to reduced power as shown in Figure  S2. This 
explanation would be supported by similar point esti-
mates to any ischemic stroke across stroke subtypes.

To date, studies assessing the incidence of isch-
emic stroke during the COVID- 19 pandemic have 

Figure 2. Forest plot illustrating the Mendelian randomization estimates of liability to critical 
COVID- 19 with stroke outcomes based on inverse- variance weighted Mendelian randomization 
using genetic variants that were associated with critical COVID- 19 at a P- value level of 5×10- 6 or 
smaller.
Mendelian randomization estimates represent the odds ratio of ischemic stroke outcomes per unit 
increase in the log- odds ratio of liability to critical COVID- 19. Additional columns include the Mendelian 
randomization estimate, its 95% CI, the P- value of the inverse- variance weighted Mendelian randomization 
estimate to be different from 1 (P- val), and heterogeneity measured by the Q- statistic and the respective 
heterogeneity P- value (Het- P). Outcomes included any ischemic stroke, cardioembolic stroke, large 
artery stroke, and small vessel stroke.
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produced contrasting findings. It has also been un-
certain whether any association between COVID- 19 
and ischemic stroke is due to a direct effect of SARS- 
CoV- 2 viral infection, the host response in COVID- 19, 
or both. On one hand, some studies demonstrate 
that the likelihood of stroke is 7- fold higher in people 
with COVID- 19 than with influenza,3 that COVID- 19 is 
associated with 21- fold increased odds of in- hospital 
stroke compared to patients without COVID- 19,6 and 
that stroke is the most common neurological/neuro-
psychiatric complication of COVID- 19.4 On the con-
trary, other studies have demonstrated a reduced rate 
of hospital admissions with stroke during the first wave 
of the pandemic compared to one year before.9 Two 
main hypotheses have been proposed as explana-
tions for these contrasting findings. The first is that the 
incidence of stroke declined during the first wave of 
the pandemic and that COVID- 19 is not mechanisti-
cally associated with stroke, and the second is that the 
observed reduction in stroke presentations was due 
to a higher proportion of people with mild strokes not 
reaching stroke services.11,42

We have leveraged large- scale genetic data to ad-
dress this and find that liability to critical COVID- 19 
is associated with increased risk of ischemic stroke. 
Moreover, our results are consistent with the hy-
pothesis that it is the host response in COVID- 19 

which contributes to increased ischemic stroke risk. 
However, it is also important to note that our study 
design cannot directly inform on whether the SARS- 
CoV- 2 virus itself also be increases ischemic stroke 
risk, irrespective of the host inflammatory response. 
Mechanisms that increase risk of ischemic stroke in 
patients with COVID- 19 are complex,5,15 and include 
systemic inflammation and endotheliopathy.15,43– 45 
COVID- 19 can trigger a cytokine storm with upregu-
lation of pro- inflammatory cytokines and chemokines 
such as tumor necrosis factor- α (TNF- α), interleukin- 1 
(IL- 1) and IL- 615. Endothelial inflammation can induce a 
microvascular and macrovascular endotheliopathy that 
contributes to a pro- thrombotic state.15,43

While prophylactic low molecular weight hepa-
rin is used to prevent thromboembolism in patients 
with COVID- 19, more targeted approaches to pre-
vent strokes are yet undefined.5,46 Moreover, the 
REMAP- CAP (A Randomised, Embedded, Multi- 
factorial, Adaptive Platform Trial for Community- 
Acquired Pneumonia), ACTIV- 4 (Anti- thrombotics for 
Adults Hospitalized With COVID- 19), and ATTACC 
(Antithrombotic Therapy to Ameliorate Complications 
of COVID- 19) trials have recently reported that thera-
peutic doses of anticoagulation do not improve clinical 
outcome and may increase bleeding for people with 
COVID- 19 in the critical care setting. Previous work 

Figure 3. Forest plot of the bidirectional Mendelian randomization analysis illustrating the 
inverse- variance weighted Mendelian randomization estimate of liability to stroke phenotypes 
with critical COVID- 19.
Genetic variants which were associated with the stroke phenotypes were selected as instrumental 
variables at a P- value level of 5×10- 6 or smaller. Mendelian randomization estimates represent the odds 
ratio of critical COVID- 19 per unit increase in the log odds ratio of stroke phenotype. Additional columns 
include the Mendelian randomization estimate, its 95% CI, the P- value of the inverse- variance weighted 
Mendelian randomization estimate to be different from 1 (P- val), and heterogeneity measured by the 
Q- statistic and the respective heterogeneity P- value (Het- P). Exposures included any ischemic stroke, 
cardioembolic stroke, large artery stroke, and small vessel stroke.
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using an MR approach anticipated a beneficial effect 
of IL- 6 receptor inhibition on both risk of ischemic 
stroke and severe COVID- 19.47,48 More recently, clinical 
trials have demonstrated that IL- 6 receptor inhibition 
can improve outcomes in patients hospitalized with 
COVID- 19.49 Targeting the deleterious host immune 
response through similar approaches may also help 
to reduce the risk of ischemic stroke and should be 
further evaluated.

Our findings also support the hypothesis that few 
patients with minor strokes reached stroke services 
during the first wave of the COVID- 19 pandemic.11 This 
is reinforced by data that demonstrate the reduction 
in stroke admissions observed in some centers during 
the first wave of the pandemic was driven mainly by 
a reduction in presentations with minor stroke syn-
dromes.11 People with minor stroke are at high risk 
of early recurrence50 and public health messaging 
should encourage people to attend stroke services if 
they have any symptom of stroke during the COVID- 19 
pandemic.

We did not observe genetic correlation between 
critical COVID- 19 and other CVD outcomes such as 
coronary heart disease, heart failure or atrial fibrilla-
tion. Other studies have reported acute coronary syn-
drome, heart failure, and arrhythmia in people with 
COVID- 19.15 There are a number of possible explana-
tions for these findings, which at first may appear dis-
cordant. First, myocardial injury and myocarditis may 
be a more common cardiac manifestation of COVID- 19 
than coronary artery plaque rupture and thrombosis. 
Second, the pulmonary oedema that is observed in 
people with critical COVID- 19 is usually accompanied 
by acute respiratory distress syndrome and is mainly 
regarded as non- cardiogenic.15 Third, while arrhyth-
mias are common manifestations of COVID- 19, these 
may be triggered by acute myocardial injury and sys-
temic factors (such as fever, sepsis, hypoxia, and elec-
trolyte imbalance), rather than atrial fibrillation due to a 
chronic atrial cardiopathy, which is more likely to make 
up cases in the pre- pandemic atrial fibrillation GWAS.20

Our current study has strengths. We have made ef-
ficient use of existing large- scale data resources to ad-
dress an important clinical issue in the context of the 
rapidly evolving global pandemic. A key strength of MR 
analysis is the use of randomly allocated genetic variants 
to help overcome environmental confounding, which is 
analogous to randomization of treatment allocation in 
clinical trials. This has helped to overcome some of the 
limitations of previous observational studies (either ret-
rospective or cross- sectional) assessing the relationship 
between COVID- 19 and ischemic stroke.3– 6

Our work also has limitations. A series of modelling 
assumptions are made when using MR, in particular, 
that the genetic variants do not affect the consid-
ered outcomes through pathways independent of 

the exposure. While this can never be completely ex-
cluded, we employed methods that are robust to ge-
netic confounding (pleiotropy) in a series of sensitivity 
analyses (including pleiotropy- robust MR methods and 
accounting for measured pleiotropy using multivariable 
MR) and the estimates were consistent with our main 
analyses. We cannot be certain that genetic associa-
tions with liability to critical COVID- 19 accurately reflect 
the pathophysiological process that actually occurs 
during critical COVID- 19. For example, while genetic 
predisposition may place an individual at increased lia-
bility to critical COVID- 19, it is not possible to determine 
from our analyses whether that factor is involved in the 
pathophysiological response to COVID- 19.

In conclusion, we have found genetic evidence that 
liability to critical COVID- 19 is associated with increased 
risk of ischemic stroke. Our results are consistent with 
the host response in critical COVID- 19 underlying this 
relationship, and support the evaluation of strategies to 
mitigate this.
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Table S1: Overview of the publicly available summary-level data of genetic associations used for the analysis. 

Phenotype Description Sample 
Size Cases Controls Population Pubmed Author 

Covid-19 

Main: Critical Covid vs. population 5,101 1,383,241 

EUR 

The COVID-19  
Host Genetics  

Initiative (2021) 

Sensitivity Analysis 1: Hospitalized Covid vs. not hospitalized 
Covid 4,829 11,816 

Sensitivity Analysis 2: Hospitalized Covid vs. population 9,986 1,877,672 

Sensitivity Analysis 3: Covid vs population 38,984 1,644,784 

Stroke 

Any ischemic stroke 34,217 406,111 

EUR 29531354 Malik et al. (2018) 
Large artery stroke 4,373 406,111 

Cardioembolic stroke 7,193 406,111 

Small vessel stroke 5,386 406,111 

Cardiovascular disease 
outcomes 

Coronary artery disease 60,801 123,504 EUR, SEA 26343387 Nikpay et al. (2015) 

Heart failure 47,309 930,014 EUR 31919418 Shah et al. (2020) 

Atrial fibrillation 65,446 522,744 TRANS 29892015 Roselli et al. (2018) 

Obesity Body mass index 694,649 EUR 30239722 Pullit et al. (2019) 

Smoking Lifetime smoking index 462,690 EUR 30239722 Wootton et al. 
(2020) 

Inflammation C-reactive protein 361,194 EUR Neale lab 
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Table S2. Cross-trait linkage disequilibrium score regression (LDSC) analysis results of 
critical Covid-19 with ischemic stroke, cardiovascular disease (CVD) outcomes, and risk 
factors related to both Covid-19 and CVD. rg represents the genetic correlation between 
critical Covid-19 and each phenotype. p-values are corrected for multiple testing with the 
Benjamini and Hochberg false discovery rate (FDR). 

rg FDR-p value 

Ischemic stroke 0.2922 4.65E-03 

Coronary artery disease 0.1914 7.60E-02 

Heart failure 0.1491 1.12E-01 

Atrial fibrillation 0.0198 7.17E-01 

Body mass index 0.2088 6.26E-06 

Smoking 0.1029 5.91E-02 

C-reactive protein 0.2006 1.35E-04 
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Table S3: Overview of the genetic variants used as instrumental variables for liability to critical Covid-19 based on the Covid-19 host genetics initiative. We 
selected 31 uncorrelated (clumped at correlation threshold r2 < 0.01) genetic variants as instrumental variables for laibility to critical Covid-19 that were associated 
at a p-value level of 5 × 10-6 or smaller. The table additionally includes summary-level data (beta coefficients of genetic association, their standard error and 
corresponding p-value) for liability to critical Covid-19 as exposure and any ischemic stroke (AIS) and its subtypes cardioembolic stroke (CES), large artery 
stroke (LAS), and small vessel stroke (SVS) as outcomes. Alt: alternative allele; Chr: chromosome; Pos: position; Ref: reference allele; SE: standard error. 

Critical Covid-19 AIS CES LAS SVS 

Variant Chr Pos Ref Alt Beta SE P Beta SE P Beta SE P Beta SE P Beta SE P 

rs10087754 8 121819908 T A -1.3E-01 2.7E-02 7.1E-07 -1.2E-02 1.0E-02 2.4E-01 1.0E-04 1.9E-02 9.9E-01 -4.2E-02 2.5E-02 9.6E-02 -9.6E-03 2.3E-02 6.8E-01 

rs11085727 19 10355447 C T 1.7E-01 2.9E-02 3.7E-09 -2.2E-02 1.1E-02 5.2E-02 -5.5E-02 2.2E-02 1.1E-02 -5.0E-04 2.8E-02 9.8E-01 3.5E-02 2.5E-02 1.7E-01 

rs111508230 1 155181061 C T -2.1E-01 4.4E-02 2.6E-06 -8.1E-03 1.6E-02 6.1E-01 -7.1E-02 3.1E-02 2.4E-02 9.3E-02 3.9E-02 1.7E-02 2.9E-02 4.1E-02 4.8E-01 

rs114969787 5 65770656 C T 3.1E-01 6.6E-02 3.6E-06 4.1E-02 3.1E-02 1.9E-01 -4.7E-02 6.4E-02 4.7E-01 1.2E-01 7.7E-02 1.4E-01 4.4E-02 7.2E-02 5.5E-01 

rs11658357 17 36097317 A T -2.0E-01 4.4E-02 4.9E-06 9.7E-03 1.3E-02 4.4E-01 -1.8E-02 2.4E-02 4.5E-01 -1.5E-02 3.1E-02 6.1E-01 4.4E-02 2.9E-02 1.3E-01 

rs117232645 13 74553195 G A -3.3E-01 7.0E-02 2.5E-06 -3.1E-02 3.0E-02 3.0E-01 1.0E-02 5.9E-02 8.6E-01 4.4E-02 7.3E-02 5.4E-01 3.8E-03 6.8E-02 9.6E-01 

rs13050728 21 33242905 T C -2.0E-01 2.9E-02 2.4E-12 -4.4E-03 1.1E-02 6.8E-01 -2.9E-02 2.0E-02 1.5E-01 -2.7E-02 2.6E-02 3.1E-01 2.7E-02 2.5E-02 2.8E-01 

rs13080258 3 69672908 A C -1.4E-01 3.0E-02 3.6E-06 2.8E-03 1.2E-02 8.1E-01 6.8E-03 2.3E-02 7.6E-01 -1.6E-02 2.9E-02 5.9E-01 -1.8E-02 2.7E-02 5.1E-01 

rs13274496 8 22583385 G A -2.0E-01 4.2E-02 1.8E-06 7.0E-04 1.3E-02 9.6E-01 1.7E-02 2.4E-02 4.8E-01 -1.9E-02 3.2E-02 5.5E-01 -3.2E-02 2.9E-02 2.6E-01 

rs143334143 6 31153649 G A 2.9E-01 4.3E-02 6.0E-12 9.0E-03 1.9E-02 6.4E-01 3.6E-02 3.6E-02 3.1E-01 -1.0E-02 4.8E-02 8.3E-01 3.6E-02 4.6E-02 4.3E-01 

rs1974792 19 50353078 A G -1.4E-01 2.7E-02 5.1E-07 -2.0E-02 1.0E-02 4.7E-02 -9.6E-03 2.0E-02 6.3E-01 -6.3E-02 2.5E-02 1.3E-02 3.2E-02 2.4E-02 1.8E-01 

rs2109069 19 4719431 G A 2.6E-01 2.8E-02 6.1E-20 -7.1E-03 1.1E-02 5.2E-01 2.0E-03 2.2E-02 9.3E-01 -6.2E-03 2.7E-02 8.2E-01 -1.1E-02 2.6E-02 6.8E-01 

rs2237698 7 107967457 C T 2.4E-01 4.0E-02 2.4E-09 -2.7E-02 2.1E-02 1.9E-01 -2.7E-02 3.9E-02 4.8E-01 4.8E-02 5.1E-02 3.5E-01 -2.3E-02 4.7E-02 6.3E-01 

rs2597569 11 97922951 T C -1.8E-01 3.4E-02 9.3E-08 -7.0E-03 1.0E-02 4.9E-01 -1.5E-02 1.9E-02 4.5E-01 -3.3E-02 2.5E-02 2.0E-01 -3.5E-02 2.4E-02 1.4E-01 

rs2733839 12 10393411 T C 2.7E-01 5.8E-02 3.5E-06 -3.9E-03 2.7E-02 8.9E-01 4.3E-02 5.3E-02 4.2E-01 -4.1E-02 7.2E-02 5.7E-01 3.0E-02 6.4E-02 6.4E-01 

rs340850 1 213941523 T G -2.8E-01 6.0E-02 4.3E-06 2.0E-02 2.4E-02 4.0E-01 5.6E-02 4.8E-02 2.5E-01 -9.7E-02 5.7E-02 9.0E-02 -5.3E-02 5.5E-02 3.3E-01 

rs35081325 3 45848429 A T 6.3E-01 4.5E-02 5.8E-45 3.0E-02 2.0E-02 1.3E-01 4.3E-02 3.8E-02 2.6E-01 5.4E-02 5.1E-02 2.8E-01 2.7E-02 4.9E-02 5.9E-01 

rs36932 7 123877938 G A -1.6E-01 3.4E-02 4.0E-06 -6.2E-03 1.4E-02 6.5E-01 -2.1E-02 2.6E-02 4.3E-01 -3.2E-02 3.3E-02 3.3E-01 -4.8E-02 3.1E-02 1.2E-01 

rs4076440 1 9630418 A G 2.1E-01 4.3E-02 9.4E-07 -1.5E-02 2.1E-02 4.7E-01 4.2E-03 4.1E-02 9.2E-01 -5.8E-02 5.3E-02 2.7E-01 5.1E-03 4.8E-02 9.2E-01 

rs5767981 22 47769327 A G -1.6E-01 3.4E-02 5.0E-06 -2.0E-02 1.1E-02 5.7E-02 -7.9E-03 2.1E-02 7.0E-01 -3.0E-03 2.7E-02 9.1E-01 -2.6E-02 2.5E-02 2.9E-01 

rs622568 7 54580201 A C 2.3E-01 3.7E-02 1.0E-09 3.5E-03 1.4E-02 8.0E-01 5.2E-02 2.6E-02 4.4E-02 -5.7E-02 3.4E-02 9.1E-02 -1.7E-02 3.1E-02 5.8E-01 

rs633862 9 133279871 T C -1.7E-01 3.4E-02 1.1E-06 -2.6E-02 1.0E-02 1.2E-02 -5.5E-02 1.9E-02 3.8E-03 -5.1E-02 2.4E-02 3.7E-02 -1.0E-04 2.3E-02 1.0E+00 

rs6478109 9 114806486 A G 1.5E-01 2.8E-02 2.4E-07 1.2E-02 1.1E-02 2.5E-01 2.2E-02 2.1E-02 2.8E-01 6.0E-02 2.7E-02 2.7E-02 4.4E-02 2.5E-02 7.4E-02 

rs6712600 2 125728622 G A -1.7E-01 3.4E-02 3.3E-07 6.9E-03 1.3E-02 5.8E-01 5.0E-02 2.4E-02 3.7E-02 -9.4E-03 3.1E-02 7.6E-01 -3.1E-02 2.9E-02 2.8E-01 
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rs7135260 12 112943944 T C 1.9E-01 2.8E-02 6.1E-12 2.6E-02 1.1E-02 1.5E-02 0.0E+00 2.1E-02 1.0E+00 4.0E-02 2.7E-02 1.4E-01 4.1E-02 2.5E-02 1.0E-01 

rs77406469 7 150758864 C T -3.4E-01 6.9E-02 6.5E-07 1.8E-02 2.7E-02 5.1E-01 -4.3E-02 6.0E-02 4.7E-01 5.4E-02 7.6E-02 4.8E-01 6.6E-02 6.8E-02 3.3E-01 

rs77534576 17 49863303 C T 4.6E-01 7.5E-02 8.5E-10 2.8E-02 3.1E-02 3.7E-01 5.4E-02 6.6E-02 4.1E-01 7.3E-02 8.2E-02 3.7E-01 1.3E-01 7.6E-02 7.6E-02 

rs79833209 5 163300447 C T 4.4E-01 9.2E-02 2.2E-06 1.0E-01 3.6E-02 3.9E-03 8.1E-02 7.9E-02 3.0E-01 -8.4E-03 9.9E-02 9.3E-01 -2.0E-02 9.0E-02 8.2E-01 

rs9287218 1 237113798 A C -3.2E-01 6.2E-02 3.9E-07 2.8E-03 2.4E-02 9.1E-01 2.3E-02 4.7E-02 6.3E-01 1.2E-02 6.2E-02 8.5E-01 -4.9E-02 5.8E-02 4.0E-01 

rs9577175 13 112889041 C T 2.0E-01 4.1E-02 7.9E-07 -4.0E-03 1.2E-02 7.3E-01 3.8E-03 2.3E-02 8.7E-01 -2.5E-02 3.0E-02 4.0E-01 1.2E-02 2.8E-02 6.7E-01 

rs9871880 3 197399535 C T -2.5E-01 5.0E-02 4.1E-07 -2.7E-03 1.8E-02 8.8E-01 -1.0E-01 3.6E-02 4.1E-03 5.4E-02 4.4E-02 2.2E-01 1.0E-02 4.2E-02 8.1E-01 
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Table S4: Sensitivity analysis for the Mendelian randomization analysis of liability to critical Covid-19 on 

ischemic stroke outcomes including the inverse-variance weighted (IVW) Mendelian randomization and 

pleiotropy-robust Mendelian randomization approaches (simple, weighted median and MR-Egger). 

Mendelian randomization estimates represent the odds ratio for ischemic stroke outcomes per unit increase in 

the log-odds ratio of liability to critical Covid-19. In addition to the Mendelian randomization estimates, we 

included their 95% confidence interval (CI) and corresponding p-value. The intercept of the MR-Egger 

method was used to test for directional pleiotropy. Instrument selection was based on genetic variants that 

were associated with liability to critical Covid-19 with a p-value equal to or smaller than 5 × 10-6. Main 

outcome was any ischemic stroke, and we further included the subtypes cardioembolic stroke, large artery 

stroke, and small vessel stroke.  

Outcome Method Estimate 95% CI 
Lower 

95% CI 
Upper p-value

Any 
ischemic 
stroke 

IVW 1.031 1.004 1.058 0.027 

Simple median 1.022 0.986 1.059 0.227 

Weighted median 1.031 0.995 1.068 0.088 

MR-Egger 1.022 0.947 1.103 0.573 

MR-Egger intercept 0.002 -0.014 0.018 0.820 

Cardio- 
embolic 
stroke 

IVW 1.060 1.005 1.119 0.034 

Simple median 1.072 1.001 1.147 0.047 

Weighted median 1.072 1.001 1.147 0.046 

MR-Egger 1.092 0.935 1.276 0.266 

MR-Egger intercept -0.007 -0.040 0.026 0.689 

Large 
artery 
stroke 

IVW 1.067 0.997 1.141 0.059 

Simple median 1.079 0.988 1.180 0.091 

Weighted median 1.087 0.994 1.188 0.066 

MR-Egger 0.919 0.762 1.108 0.374 

MR-Egger intercept 0.034 -0.006 0.073 0.095 

Small vessel 
stroke 

IVW 1.054 0.999 1.112 0.055 

Simple median 1.075 0.990 1.167 0.087 

Weighted median 1.051 0.968 1.140 0.237 

MR-Egger 1.012 0.867 1.182 0.879 

MR-Egger intercept 0.009 -0.024 0.042 0.585 
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Table S5: Likelihood ratio test to compare the model fit of the multivariable Mendelian randomization model 

considering risk for critical Covid-19 as exposure for ischemic stroke outcomes accounting for potential 

pleiotropic pathways (including life-time smoking index, body mass index, and c-reactive protein) with the 

univariable Mendelian randomization model. Model fit is evaluated using residual sum of squares for the 

univariable Mendelian randomization model (RSS 1) with the residual sum of squares for the multivariable 

Mendelian randomization model (RSS 2). There was one degree of freedom difference between the 

multivariable and the univariable Mendelian randomization model because there is one additional parameter 

to estimate in the multivariable Mendelian randomization model. The F-statistic quantifies the reduction in 

residual sum of squares by adding the pleiotropic risk factor to the Mendelian randomization model. The 

respective p-value tests if the multivariable Mendelian randomization model including the pleiotropic 

pathways provides a significantly better model fit of the genetic association estimates with the stroke outcome 

than the univariable Mendelian randomization model. Instrument selection was based on genetic variants that 

were associated with liability to critical Covid-19 with a p-value equal to or smaller than 5 × 10-6. Main 

outcome was any ischemic stroke, and we further included the subtypes cardioembolic stroke, large artery 

stroke, and small vessel stroke. 

Outcome Pleiotropic pathway RSS 1 RSS 2 F-statistic p-value

Any 
ischemic 
stroke 

Smoking 40.230 39.436 0.584 0.451 

Body mass index 40.230 36.919 2.601 0.118 

C-reactive protein 37.457 34.841 2.103 0.158 

Cardio- 
embolic 
stroke 

Smoking 43.899 42.439 0.998 0.326 

Body mass index 43.899 43.733 0.110 0.743 

C-reactive protein 42.765 37.544 3.894 0.058 

Large 
artery 
stroke 

Smoking 41.290 40.612 0.483 0.492 

Body mass index 41.290 41.290 0.000 0.997 

C-reactive protein 40.872 39.648 0.865 0.360 

Small vessel 
stroke 

Smoking 26.742 26.150 0.656 0.425 

Body mass index 26.742 23.993 3.322 0.079 

C-reactive protein 26.177 26.176 0.001 0.978 

D
ow

nloaded from
 http://ahajournals.org by on D

ecem
ber 6, 2021



Table S6: Mendelian randomization estimates from the inverse-variance weighted Mendelian randomization 

analysis considering different Covid-19 phenotypes as exposure for ischemic stroke subtypes. Covid-19 

phenotypes were based on the definitions by the Covid-19 host genetics initiative. Mendelian randomization 

estimates represent the odds ratio for ischemic stroke outcomes per unit increase in the log-odds ratio of 

liability to the respective Covid-19 definition. In addition to the Mendelian randomization estimates, we 

included their 95% confidence interval (CI) and corresponding p-value. Instrument selection was based on 

genetic variants that were associated with the respective Covid-19 definition with a p-value equal to or smaller 

than 5 × 10-6. Moreover, we displayed heterogeneity measured by the Q-statistic and the corresponding 

heterogeneity p-value (Het. p-value). Main outcome was any ischemic stroke, and we further included the 

subtypes cardioembolic stroke, large artery stroke, and small vessel stroke.  

Exposure Outcome Estimate 95% CI 
Lower 

95% CI 
Upper p-value Q-

statistic 
Het. 

p-value

Hospitalized for 
Covid-19 versus 

controls with 
laboratory-

confirmed Covid-19 

Any ischemic stroke 1.054 1.012 1.099 0.011 5.311 0.915 

Cardioembolic 
stroke 1.044 0.963 1.133 0.294 5.062 0.928 

Large artery stroke 1.061 0.957 1.177 0.258 5.080 0.927 

Small vessel stroke 1.219 1.107 1.342 5.5×10-5 7.964 0.717 

Hospitalized for 
Covid-19 versus 

population controls 

Any ischemic stroke 1.026 0.981 1.073 0.268 46.406 0.021 

Cardioembolic 
stroke 1.090 0.991 1.198 0.078 56.523 0.002 

Large artery stroke 1.081 0.978 1.194 0.128 37.369 0.137 

Small vessel stroke 0.991 0.912 1.078 0.841 30.302 0.399 

Reported Covid-19 
versus population 

controls 

Any ischemic stroke 1.126 1.005 1.262 0.041 59.811 1.1×10-4 

Cardioembolic 
stroke 1.158 0.960 1.396 0.125 44.238 0.010 

Large artery stroke 1.464 1.184 1.811 4.2×10-4 33.982 0.108 

Small vessel stroke 1.043 0.879 1.237 0.629 25.093 0.457 

D
ow

nloaded from
 http://ahajournals.org by on D

ecem
ber 6, 2021



Figure S1: Illustration of the analytical plan. 
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Figure S2: Power calculation showing power (y-axis) as a function of Mendelian randomization estimates 

(odds ratio, x-axis). Different line types describe different case and control numbers representing ischemic 

stroke and its subtype. See Table S1 for the exact numbers of cases and control for each outcome. 

Note that the odds ratio is per one standard deviation unit increase in the exposure, which is not 

comparable to the Mendelian randomization odds ratios presented in the manuscript which are per 

unit increase in the log odds ratio of the exposure.   
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Figure S3: Scatterplots for diagnostics plot the genetic association of the 31 genetic variants used as 

instrumental variables with the exposure (liability to critical Covid-19) on the x-axis against genetic 

associations with the outcome (ischemic stroke phenotypes) on the y-axis. Error bars indicate the standard 

error of the genetic association. The inverse-variance weighted Mendelian randomization estimate is 

represented by the red dashed line through the origin. Each panel shows main outcome: Panel A) any ischemic 

stroke (AIS), B) cardioembolic stroke (CES), C) large artery stroke (LAS), and D) small vessel stroke (SVS), 

respectively. 
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Figure S4: Forest plot contrasting the Mendelian randomization estimates and confidence intervals (CI) from 

univariable Mendelian randomization (total estimate) and multivariable Mendelian randomization accounting for 

potential pleiotropic pathways (direct estimate). The total estimate of liability to critical Covid-19 on ischemic stroke 

outcomes was derived from a univariable (unadjusted) Mendelian randomization model; the direct estimate of Covid-

19 on ischemic stroke outcomes was estimated in a multivariable Mendelian randomization model after adjusting for 

genetically predicted smoking intensity, body mass index (BMI), or C-reactive protein (CRP), and all three potential 

pleiotropic pathways jointly. Mendelian randomization estimates represent the odds ratio for ischemic stroke outcomes 

per unit increase in the log-odds ratio of liability to critical Covid-19.  
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Figure S5: Forest plot illustrating the Mendelian randomization estimates of liability to critical Covid-19 on 

stroke outcomes based on inverse-variance weighted Mendelian randomization using 9 genetic variants which 

were associated with liability to critical Covid-19 at genome-wide significance (p-value < 5×10-8). Mendelian 

randomization estimates represent the odds ratio for ischemic stroke outcomes per unit increase in the log-

odds ratio of critical Covid-19 liability. Additional columns include the p-value (p-value) of the Mendelian 

randomization estimate to be different from the null, represented by a dashed line at an odds ratio of 1, and 

the heterogeneity of the Mendelian randomization model measured by the heterogeneity p-value (Het. p-value) 

as well as the Mendelian randomization estimate and its 95% confidence interval (CI). 
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Figure S6: Forest plot illustrating the inverse-variance weighted Mendelian randomization estimate and 95% confidence 

interval (CI) considering Covid-19 phenotypes as exposure for ischemic stroke outcomes. Covid-19 phenotypes were 

based on the definitions by the Covid-19 host genetics initiative. Mendelian randomization estimates represent the odds 
ratio for ischemic stroke outcomes per unit increase in the log-odds ratio of liability to the respective Covid-19 definition. 

Genetic variants which were associated with the Covid-19 definition were selected as instrumental variables at a p-value 

level equal to 5×10-6 or smaller.  
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