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Background and Purpose To explore the causal relationships of elements of the exposome with
ischemic stroke and its subtypes at the omics level and to provide evidence for stroke prevention.
Methods We conducted a Mendelian randomization study between exposure and any ischemic
stroke (AIS) and its subtypes (large-artery atherosclerotic disease [LAD], cardioembolic stroke [CE],
and small vessel disease [SVD]). The exposure dataset was the UK Biobank involving 361,194 subjects,
and the outcome dataset was the MEGASTROKE consortium including 52,000 participants.

Results We found that higher blood pressure (BP) (systolic BP: odds ratio [OR], 1.02; 95% confidence
interval [CI], 1.01 to 1.04; diastolic BP: OR, 1.03; 95% Cl, 1.01 to 1.05; pulse pressure: OR, 1.03; 95%
Cl, 1.00 to 1.06), atrial fibrillation (OR, 1.18; 95% Cl, 1.13 to 1.25), and diabetes (OR, 1.13; 95% Cl,
1.07 to 1.18) were significantly associated with ischemic stroke. Importantly, higher education (OR,
0.69; 95% Cl, 0.60 to 0.79) decreased the risk of ischemic stroke. Higher systolic BP (OR, 1.06; 95%
Cl, 1.02 to 1.10), pulse pressure (OR, 1.08; 95% Cl, 1.02 to 1.14), diabetes (OR, 1.28; 95% Cl, 1.13 to
1.45), and coronary artery disease (OR, 1.58; 95% Cl, 1.25 to 2.00) could cause LAD. Atrial fibrillation
could cause CE (OR, 1.90; 95% Cl, 1.71 to 2.11). For SVD, higher systolic BP (OR, 1.04; 95% Cl, 1.00 to
1.07), diastolic BP (OR, 1.06; 95% Cl, 1.01 to 1.12), and diabetes (OR, 1.22; 95% Cl, 1.10 to 1.36) were
causal factors.

Conclusions The study revealed elements of the exposome causally linked to ischemic stroke and its
subtypes, including conventional causal risk factors and novel protective factors such as higher
education.
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pecially in low- and middle-income regions." It accounts for

10% of disability-adjusted life-years lost and 5% of deaths an-

As one of the most devastating neurological diseases, stroke is
a leading cause of mortality and adult disability worldwide, es-

nually.” With the increasing global burden of stroke, identifying
the underlying risks and protective factors is crucial for stroke
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prevention. Previous observational studies have reported that
90% of strokes are attributed to modifiable risk factors.” How-
ever, observational data are limited by confounding and reverse
causality, leading to limited power to identify causal associa-
tions. The method of Mendelian randomization (MR) has be-
come a powerful tool for investigating the causal relationships
between risk factors and disease using observational data.* MR
studies use genetic information as instrumental variables to
implement causal relationships, and it can be regarded as anal-
ogous to a randomized controlled study.®

The concept of exposome was first proposed to set a
high-throughput method to elucidate the relationships be-
tween all exposures and a disease.” Exposome consist of the
entire set of environmental exposures, ranging from individu-
al-level (e.g., education, cigarette smoking, exercise, and hyper-
tension) to exogenous-level exposures (e.g., air pollution and
socioeconomic status).” In parallel to -omics (e.g., genomics,
metabolomics), exposome superseded the characteristics of
exposures “one by one." Therefore, the stroke exposome con-
cept can be used to comprehensively detect the causal factors
of stroke at the omics level, while conventional epidemiological
risk factor studies focusing on one or several exposures at a
time may miss some causal and preventive factors. We con-
ducted exposome-wide association studies (EXWAS) to evalu-
ate the potential causal effects of multiple exposures on stroke
via the MR method based on the concept of exposome.”

In this study, we aimed to assess the causal associations be-
tween exposure (including exogenous and endogenous factors)
and ischemic stroke, as well as its subtypes (i.e., large-artery
atherosclerotic disease [LAD], cardioembolic stroke [CE], and
small vessel disease [SVD]). We conducted an EXWAS using the
MR method to detect possible exposure-stroke associations in
the hope of preventing stroke. To the best of our knowledge,
this is the first study to use the MR method to evaluate the
causal relationship between exposure and stroke.

Methods

Exposome data

Summary-level data were obtained from 4,587 genome-wide
association studies (GWAS) analyzed by Neale Lab (http://
www.nealelab.is/uk-biobank) on various exposures conducted
in 361,194 participants from the UK Biobank. The UK Biobank
is a prospective cohort study with deep genetic data and
broad individual phenotypic and health-related data.” The
least-squares linear model was used to test the associations
of all exposures with sex and the first 10 principal compo-
nents as covariates.

https://doi.org/10.5853/j0s.2021.01340

JoS

Based on the previous conception of exposome, we classified

173 exogenous

all the exposures into three major domains,
macro-level domain, exogenous individual domain, and endog-
enous domain. Overall, 76, 1,306, and 1,521 exposures were
classified into the exogenous macro-level domain, exogenous
individual domain, and endogenous domain, respectively. Sin-
gle nucleotide polymorphisms (SNPs) associated with expo-
sures in GWAS analyses with a P<1x10® were defined as in-
strument variables. SNPs which correlated with the top SNPs at
r* >0.001 were excluded for independence. We used the follow-
ing criteria for exposure GWAS to be included in this study: (1)
the exposure GWAS identified SNPs with a P<1x10°%;"*
(2) cases of binary exposures >250, or samples with continuous
exposures >250;'° (3) instrument SNPs >3. The exposures vio-
lated the basic assumption of the MR study, and exposures
with unclear definitions were excluded. A flow chart is showed
in Figure 1.

Data on stroke and stroke subtypes

Summary statistics of stroke and stroke subtypes were drawn
from a recent large-scale meta-analysis of GWAS (MEGA-
STROKE) confined to European populations (40,585 cases;
406,111 controls).'® Specifically, any ischemic stroke (AIS), LAD,
CE, and SVD were screened for potential casual exposures. A
detailed description of the participants and study design of
MEGASTROKE were provided in the original study."

Replication exposure data

The risk exposures identified during MR analysis of the expo-
some and stroke were assessed for replication among another
recent, large-scale GWAS using two-sample MR."*

Statistical analysis

Harmonization was conducted to ensure that each SNP of ex-
posure and stroke corresponded to the same strand. Primarily,
we used the inverse-variance weighted (IVW) method to iden-
tify the relationship between the components of the exposome
and stroke and its subtypes. Furthermore, we used the MR
Egger and weight media method to estimate horizontal pleiot-
ropy.”*** We used the F-statistic to evaluate the strength of the
instrumental variables, and we estimated the power of this MR
with a false positive rate a=0.05."*"" In the screening stage,
Bonferroni-adjusted P<0.05/n was considered to be statistical-
ly significant. In the validation stage, statistical significance
was set at P<0.05. All analyses were conducted in the environ-
ment of R version 3.5.1 (R Foundation for Statistical Comput-
ing, Vienna, Austria), and the TwoSampleMR package in R was

28,29

applied to perform MR analyses.
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UK Biobank
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Flow diagram of the design and analysis process of this study. GWAS, genome-wide association study; AIS, any ischemic stroke; LAD, large-artery
atherosclerotic disease; CE, cardiac embolism stroke; SVD, small vessel disease; MR, Mendelian randomization; SNP, single nucleotide polymorphism.

Ethical approval and consent to participate

This study was based on publicly available data. Individual stud-
ies within each GWAS received approval from a relevant Institu-
tional Review Board, and informed consent was obtained from
participants or from a caregiver, legal guardian, or other proxy.

Results

Screening the exposome for causal mediators of
stroke

Overall, 4,587 exposures were tested for causal associations
with ischemic stroke and stroke subtypes. Prior to the associa-
tion analysis, all exposures underwent stringent quality control.
Subsequently, 2,160, 2,114, 2,120, and 2,119 exposures survived
the filtering process for AIS, LAD, CE, and SVD, respectively.
Statistical significance (IVW Bonferroni-adjusted P-value) was
reached in nine exposures for AlS, six exposures in LAD, three
exposures in CE, and five exposures in SVD (Figure 2).

A list of all the exposures with a significant association with
AIS or stroke subtype is presented in Table 1. Hypertension and
diabetes were diagnosed by physicians or self-reported. Three
categories of exposure were significantly associated with AlS:
diseases (hypertension, P=1.49E-25; diabetes, P=5.29E-08;
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atrial fibrillation [AF] and flutter, P=7.25E-09; cardiac arrhyth-
mia and comorbidities of chronic obstructive pulmonary dis-
ease [COPD], P=3.15E-06), blood pressure (BP) (systolic BP
[SBP], P=3.38E-11; diastolic BP [DBP], P=8.28E-08), and edu-
cation (college or university degree, P=1.81E-06). Similarly, LAD
was also potentially caused by three categories of exposure,
including diseases (hypertension, P=2.47E-12; coronary ath-
erosclerosis, P=8.96E-06), family history (family history of dia-
betes, P=4.80E-06), and BP (SBP, P=2.48E-10). Only exposure
to disease showed associations with CE, including AF/flutter
(P=4.91E-10) and hypertension (P=5.28E-09). Similar to LAD,
SVD was potentially caused by diseases (diabetes, P=2.47E-06;
hypertension, P=4.60E-14), high BP (DBP, P=6.27E-06), and
family history (family history of hypertension, P=1.57E-07). All
F stat and R indicated high strength of this MR. We did not
identify directional pleiotropy or outliers in the associations
between the significant exposures and stroke (Supplementary
Figures 1-23).

Replication study for identified exposures

To validate the exposures showing a causal relationship with
AlS or stroke subtype, we chose the most recent, large-scale
GWAS of the identified exposures and further tested the causal

https://doi.org/10.5853/j0s.2021.01340



Vol. 24 [ No. 2 [ May 2022

28

24

-Log.o(P)

JoS

AIS

-Log.o(P)

SVD

Exposure

Exposome-wide association studies (EXWAS) Manhattan plot highlighting exposures with statistical significance for stroke and stroke subtypes. (A)
Any ischemic stroke (AIS), (B) small vessel disease (SVD), (C) large-artery atherosclerotic disease (LAD), and (D) cardiac embolism (CE). The red line indicates
the exposome-wide significance threshold of the Bonferroni adjustment. The blue line indicates threshold of P<0.05.

relationships between the exposures and stroke/stroke sub-
types in two-sample MR analysis. We replicated exposures
with causal effects on stroke or stroke subtypes (Figure 3)."
Genetically determined higher BP levels (SBP: odds ratio [OR],
1.02; 95% confidence interval [Cl], 1.01 to 1.04; VW P=0.0061;
DBP: OR, 1.03; 95% Cl, 1.01 to 1.05; IVW P=0.013; pulse pres-
sure [PP]: OR, 1.03; 95% Cl, 1.00 to 1.06; IVW P=0.023), AF
(OR, 1.18;95% Cl, 1.13 to 1.25; IVW P=3.76E-11), and diabetes

https://doi.org/10.5853/j0s.2021.01340

(OR, 1.13; 95% Cl, 1.07 to 1.18; IVW P=2.80E-06) were signifi-
cantly associated with a higher risk of ischemic stroke, whereas
higher education (OR, 0.69; 95% Cl, 0.60 to 0.79; IVW
P=8.82E-08) was associated with a lower risk of ischemic
stroke. COPD showed no significant causal association with
ischemic stroke (OR, 0.76: 95% Cl, 0.60 to 0.79: IVW, P=0.052).

Specifically, higher SBP (OR, 1.06; 95% Cl, 1.02 to 1.10; IVW
P=0.0052), higher PP (OR, 1.08; 95% Cl, 1.02 to 1.14; IVW
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P=0.0095), diabetes (OR, 1.28; 95% Cl, 1.13 to 1.45; IVW
P=8.54E-05), and coronary artery disease (CAD; OR, 1.58; 95%
Cl, 1.25 to 2.00; IVW P=0.00012) increased the risk of LAD,
whereas higher DBP was not significantly associated with LAD
(OR, 1.06; 95% CI, 0.99 to 1.12; IVW P=0.088). Only AF was
replicated as a causal factor for CE (OR, 1.90; 95% Cl, 1.71 to
2.11; IVW P=4.33E-34). Similar to LAD, the replicated causal
exposures of SVD included higher SBP (OR, 1.04; 95% Cl, 1.00
to 1.07; IVWW P=0.044), higher DBP (OR, 1.06; 95% CI, 1.01 to
1.12; IVW P=0.0012), and diabetes (OR, 1.22; 95% ClI, 1.10 to
1.36; IVW P=0.00024); however, PP showed no significant
causal association with SVD (OR, 0.97; 95% Cl, 1.03 to 1.08;
IVW P=0.37). Results of the MR sensitivity analyses were in
accordance with the primary results. No evidence of directional
pleiotropy or outlier association was detected (Supplementary
Figures 24-43).

240 http://j-stroke.org
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Novel protective factor of stroke: higher educa-
tion

To elucidate the preventive effect of higher education, we fur-
ther investigated various aspects of education, including edu-
cational attainment, years of education, highest math classes
taken, and cognitive performance (Table 2). After correction for
multiple hypotheses testing, we found that genetically deter-
mined higher educational attainment and longer time of edu-
cation could significantly decrease the risk of stroke (OR, 0.65;
95% Cl, 0.57 to 0.74; IVW P=3.63E-11; and OR, 0.66; 95% ClI,
0.59 to 0.75; IVW P=3.25E-11, respectively). Taking math class-
es and better cognitive performance were also associated with
a lower risk of stroke (OR, 0.80; 95% Cl, 0.71 to 0.90; IVW
P=0.00029). We did not detect evidence of pleiotropy, and the
other MR methods indicated consistent estimates of the effect
(Supplementary Figures 44-46).

https://doi.org/10.5853/j0s.2021.01340
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Summary of significant exposures as causal mediators for stroke and stroke subtypes

Stroke type Exposure No. of SNPs Sample size of exposure GWAS Cases of exposure GWAS  F stat R’ VW P
AIS Self-reported: HTN 240 361,141 93,560 44.21 0.033 4.38E-26
AIS HTN 232 360,420 97,139 45.23 0.033 1.49E-25
AIS SBP 163 340,159 - 29.82 0.029 3.38E-11
AIS Self-reported: DM 67 361,141 14,114 4294 0.009 3.28E-09
AIS Atrial fibrillation/flutter 40 361,194 6,356 50.04 0.006 7.25E-09
AIS DM 81 360,192 17,275 43.24 0.0M 5.29E-08
AIS DBP 249 340,162 - 41.38 0.033 8.28E-08
AIS College or University degree 136 357,549 115,981 20.30 0.019 1.81E-06
AlS Cardiac arrhythmias, COPD comorbidities 30 361,194 8,801 48.83 0.005 3.15E-06
LAD HTN 232 360,420 97,139 4523 0.033 2.47E-12
LAD Self-reported: HTN 240 361,141 93,560 44.21 0.033 1.68E-10
LAD SBP 164 340,159 = 29.93 0.029 2.48E-10
LAD DM 81 360,192 17,275 43.24 0.011 1.96E-06
LAD llinesses of father: DM 23 313,294 30,010 41.00 0.003 4.80E-06
LAD Coronary atherosclerosis 43 361,194 14,334 47.30 0.006 8.96E-06
CE Atrial fibrillation/flutter 40 361,194 6,356 50.04 0.006 491E-10
CE Self-reported: HTN 240 361,141 93,560 44.21 0.033 9.28E-07
CE HTN 232 360,420 97,139 4523 0.033 5.28E-09
SVD DBP 248 340,162 - 41.13 0.033 6.27E-06
SVD llinesses of siblings: HTN 30 281,619 58,495 30.92 0.004 1.57E-07
SVD Self-reported: DM 67 361,141 14,114 42.94 0.009 2.47E-06
SVD Self-reported: HTN 240 361,141 93,560 44.21 0.033 3.40E-12
SVD HTN 232 360,420 97,139 4523 0.033 4.60E-14

SNP, single nucleotide polymorphism; GWAS, genome-wide association studies; VW, inverse-variance weighted; AIS, any ischemic stroke; HTN, hypertension;
SBP, systolic blood pressure; DM, diabetes mellitus; DBP, diastolic blood pressure; COPD, chronic obstructive pulmonary disease; LAD, large-artery atheroscle-
rotic disease; CE, cardiac embolism; SVD, small vessel disease.

Stroke type & Exposures N SNPs OR(95% CI) P value OR(95% Cl) P value OR(95% Cl) P value
Al
Systolic blood pressure 73 . 1.02 (1.01, 1.04)  0.0061 - 1.03(0.97,1.11) 0.33 1.02 (1.00, 1.03) 0.10
Diastolic blood pressure 69 m 1.03(1.01,1.05) 0.013 —=r 0.95(0.86, 1.03) 0.23 1.02 (0.99, 1.05) 0.28
Pulse pressure 52 of 1.03 (1.00, 1.06) 0.023 — 0.99 (0.86, 1.14) 0.86 1.01(0.98,1.05) 0.45
Atrial fibrillation 7 - 1.18 (1.13,1.25) 3.76e-11 - 1.28 (1.18,1.39)  0.002 1.21(1.14,1.28) 2.91e-11
Type 2 diabetes 44 - 1.13(1.07,1.18) 2.80e-06 = 1.08 (0.98,1.19) 0.15 1.11(1.04, 1.19) 0.0023
Educational attainment (MTAG) =~ 232 — 0.69 (0.60, 0.79) 8.82e-08 — 0.67(0.39, 1.17) 0.16 0.73 (0.60, 0.89) 0.0019
Lung function (FEV1/FVC) 9 — 0.87 (0.76, 1.00) 0.052 —_— 1.01(0.68, 1.50) 0.96 0.88(0.74,1.03) 0.11
LAD
Systolic blood pressure 73 - 1.06 (1.02, 1.10)  0.0052 —_— 1.03 (0.88,1.20) 0.69 1.05(1.00, 1.10) 0.038
Diastolic blood pressure 69 = 1.06 (0.99, 1.12)  0.088 —_r— 1.07 (0.83, 1.38)  0.60 1.08 (1.00, 1.16) 0.061
Pulse pressure 52 = 1.08 (1.02, 1.14)  0.0095 —_— 0.98(0.73,1.30) 0.88 1.09 (1.01, 1.17) 0.033
Type 2 diabetes 44 — 1.28 (1.13,1.45)  8.54e-05 —_— 1.36(1.07,1.74) 0.018 1.36 (1.15,1.6)  0.00027
Coronary artery disease 38 —_— 1.58 (1.25, 2.00)  0.00012 ———=—> 1.58(0.88,2.83) 0.13 1.74 (1.40, 2.17) 7.79e-07
CE
Systolic blood pressure 73 . 1.01(0.99, 1.04) 0.30 —a 0.91(0.83,1.01) 0.086 1.02 (0.98, 1.05) 0.32
Diastolic blood pressure 69 - 1.00 (0.96, 1.05) 0.99 — 0.86 (0.72,1.03) 0.1 1.01(0.95,1.07) 0.81
Pulse pressure 52 - 1.02 (0.97,1.06) 0.49 — 0.92(0.74,1.16) 0.50 1.01(0.96, 1.07) 0.67
Atrial fibrillation 7 — 1.90 (1.71,2.11)  4.33e-34 —=— 2.03 (1.66,2.48) 0.001 1.92(1.71,2.16) 2.00e-27
SVD
Systolic blood pressure 73 - 1.04 (1.00, 1.07)  0.044 — 0.96 (0.83, 1.11)  0.59 1.01(0.97,1.05) 0.62
Diastolic blood pressure 69 - 1.06 (1.01,1.12) 0.012 — 0.89(0.73,1.08) 0.23 1.03(0.97,1.11) 0.34
Pulse pressure 52 - 1.03(0.97,1.08) 0.37 — 1.24(0.94,163) 0.14 1.05(0.98, 1.12) 0.19
Type 2 diabetes 44 —— 122(11,1.36)  0.00024 — 1.18(0.95,1.47) 0.14 1.19(1.02, 1.39) 0.03
L B B R L R E e |
0.50 1.0 15 20 25 0.50 1.0 15 20 25 0.50 1.0 15 20 25
Inverse variance weighted MR Egger Weighted median

Validation of the causal relationships between exposures and any stroke/stroke subtypes. The x-axis corresponds to the odds ratio (OR) for in-
verse-variance weighted, Mendelian randomization (MR) Egger, and weight median method. SNP, single nucleotide polymorphism; Cl, confidence interval;
AlS, any ischemic stroke; MTAG, multi-trait analysis of GWAS; FEV1, forced expiratory volume in 1 second; FVC, forced vital capacity; LAD, large-artery ath-
erosclerotic disease; CE, cardiac embolism; SVD, small vessel disease.
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The causal relationships between various aspects of education and any ischemic stroke

Exposure Sk oReswe) " oResed P oRewed)  °

Educational attainment (unit increase) 254  0.65(0.57-0.74) 3.63E-11 0.54 (0.36-0.83) 4.80E-3 0.67 (0.56-0.80) 1.44E-05
Educational attainment (years of education) (unit increase) 242 0.66 (0.59-0.75) 3.25E-11 0.81(0.53-1.24) 033 0.64 (0.53-0.76)  5.54E-07
Highest math class taken (unit increase) 212 0.80(0.71-0.90) 2.90E-4 0.71 (0.44-1.14) 0.16 0.77 (0.66-0.92) 2.90E-3
Cognitive performance (unit increase) 132 0.82(0.73-092) 5.60E-4 0.72 (0.45-1.16) 0.18 0.79 (0.68-0.92) 3.30E-3

SNP, single nucleotide polymorphism; IVW, inverse-variance weighted; OR, odds ratio; Cl, confidence interval; MR-Egger, Mendelian randomization-Egger.

Discussion

In this MR study of exposure and stroke, we identified tradi-
tional causal mediators for ischemic stroke (higher SBP, DBP,
PP, AF, and diabetes), LAD (higher SBP, PP, diabetes, and CAD),
CE (AF), and SVD (higher SBP, DBP, and diabetes). Of note, we
found education attainment, length of education, math classes
taken, and cognitive performance as novel causal exposures of
ischemic stroke.

Our study indicates that education is a novel protective
causal factor for AIS. Whether education was associated with
stroke was inconclusive before our current study. A large Aus-
tralian prospective cohort study reported that low education
was associated with increased stroke risk (adjusted hazard ra-
tio [HR], 1.41; 95% Cl, 1.16 to 1.71; and HR, 1.25; 95% ClI,
1.07 to 1.46, for women and men, respectively).” Similarly, a
large cohort study following patients up for 26 years indicated
that educational attainment had an inverse dose-dependent
relationship with cerebrovascular disease. However, the first
National Health and Nutrition Examination Survey, an epide-
miological longitudinal study, suggested that the association
between educational attainment and stroke was not statisti-
cally significant.”’ These observational studies did not provide
solid evidence for the stroke prevention effect of higher educa-
tion. In this study, we used a genetic instrument to simulate a
randomized controlled study that attempted to reveal the rela-
tionship between education and stroke. Consistent with previ-
ous studies, higher education attainment was found to be as-
sociated with a lower risk of stroke. Thus, strategies that di-
minish education inequalities are of great importance for
stroke prevention.

The causal risk factors identified by this exposome MR study
were consistent with previously well-known traditional risk fac-
tors for stroke (hypertension, diabetes, coronary artery athero-
sclerosis, and AF).** Furthermore, the casual exposures of its
subtypes were also consistent with conventional conception,
and thus validated our exposome MR method.

Our investigation has methodological strengths. First, we
used a high-throughput, data-driven approach to screen po-
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tential causal exposures at the omics level. We evaluated as
many exposures as possible, leveraging the large sample size
and enriched information from the UK Biobank. Compared with
conventional observational studies or randomized clinical trials
that can only appraise one or several risk factors, we evaluated
thousands of exposures in one study. Second, the MR study
could be considered as a randomization study. Leveraging ge-
netics, two-sample MR could be used to infer the causality of
exposures and outcomes. Furthermore, the identified exposures
through the first screening step were replicated by the most
recent and largest GWAS, providing validation for the expo-
some MR study.

This study has some limitations. First, the association model
of GWAS of exposures was a least-squares linear model, re-
gardless of whether the exposure variables were continuous or
binary. The binary traits were better suited for the logistic
model, and the linear model may create biases in the beta co-
efficients. Thus, we noticed that the estimation of associations
strongly deviated to binary or ordinal variables. However, deal-
ing with large-scale data with different regression models
would result in unnecessary complexity. Furthermore, the ten-
dency of the causal relationship could also be detected using
the linear model. Importantly, our replication study confirmed
the exposome MR results. Second, we detected causal expo-
sures of stroke and stroke subtypes. However, the dosage ef-
fects of risk exposures on stroke have not been investigated.
The MR method focused on explaining the causal relationship
between exposure and outcome. The dosage effects of expo-
sure should be investigated further. Additionally, this study de-
tected causal exposure by using MR between the exposome
and stroke, but we did not weigh multiple exposures using this
method. Weighing the risks of the detected factors is required
in the future. Further research on the polygenic risk score is
needed to explore the relationship between genetics, environ-
mental exposures, and outcomes in a large longitudinal cohort.
Finally, we identified several modifiable risk factors for stroke
and stroke subtypes. Our study provides an interventional
treatment target. Optimal medication and drug compliance are
of great importance in controlling these risk factors.
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Conclusions

We screened the causal exposures of stroke at the omics level
using a MR study. Traditional risk factors such as hypertension,
diabetes, CAD, and AF were confirmed as causative relation-
ships that contributed to all stroke and stroke subtypes. Educa-
tional attainment can reduce the incidence of AIS. Our findings
suggest that improving the education level and managing
modifiable causal factors are essential for stroke prevention.
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Supplementary materials related to this article can be found
online at https://doi.org/10.5853/j0s.2021.01340.
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Supplementary Figure 1. The leave-one-out analysis, single nucleotide polymorphism (SNP) analysis, sensitivity analysis, and funnel plot for self-reported:
hypertension and any ischemic stroke (AIS). (A) Leave-one-out analysis, (B) forest plot, (C) comparison of results using different Mendelian randomization (MR)
methods, (D) funnel plot of inverse-variance weighted (IVW) and MR-Egger regression. SE, standard error.
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Supplementary Figure 2. The leave-one-out analysis, single nucleotide polymorphism (SNP) analysis, sensitivity analysis, and funnel plot for hypertension
and any ischemic stroke (AIS). (A) Leave-one-out analysis, (B) forest plot, (C) comparison of results using different Mendelian randomization (MR) methods, (D)
funnel plot of inverse-variance weighted (IVW) and MR-Egger regression. SE, standard error.
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Supplementary Figure 5. The leave-one-out analysis, single nucleotide polymorphism (SNP) analysis, sensitivity analysis, and funnel plot for atrial fibrilla-
tion/flutter and any ischemic stroke (AIS). (A) Leave-one-out analysis, (B) forest plot, (C) comparison of results using different Mendelian randomization (MR)
methods, (D) funnel plot of inverse-variance weighted (IVW) and MR-Egger regression. SE, standard error.
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Supplementary Figure 7. The leave-one-out analysis, single nucleotide polymorphism (SNP) analysis, sensitivity analysis, and funnel plot for diastolic blood
pressure and any ischemic stroke (AIS). (A) Leave-one-out analysis, (B) forest plot, (C) comparison of results using different Mendelian randomization (MR)

methods, (D) funnel plot of inverse-variance weighted (IVW) and MR-Egger regression. SE, standard error.
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Supplementary Figure 8. The leave-one-out analysis, single nucleotide polymorphism (SNP) analysis, sensitivity analysis, and funnel plot for College or Uni-
versity degree and any ischemic stroke (AIS). (A) Leave-one-out analysis, (B) forest plot, (C) comparison of results using different Mendelian randomization
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Supplementary Figure 9. The leave-one-out analysis, single nucleotide polymorphism (SNP) analysis, sensitivity analysis, and funnel plot for cardiac arrhyth-
mias, chronic obstructive pulmonary disease co-morbidities and any ischemic stroke (AIS). (A) Leave-one-out analysis, (B) forest plot, (C) comparison of results
using different Mendelian randomization (MR) methods, (D) funnel plot of inverse-variance weighted (IVW) and MR-Egger regression. SE, standard error.
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and large-artery atherosclerotic stroke (LAS). (A) Leave-one-out analysis, (B) forest plot, (C) comparison of results using different Mendelian randomization
(MR) methods, (D) funnel plot of inverse-variance weighted (IVW) and MR-Egger regression. SE, standard error.
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Supplementary Figure 11. The leave-one-out analysis, single nucleotide polymorphism (SNP) analysis, sensitivity analysis, and funnel plot for self-reported:
hypertension and large-artery atherosclerotic stroke (LAS). (A) Leave-one-out analysis, (B) forest plot, (C) comparison of results using different Mendelian ran-
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Supplementary Figure 12. The leave-one-out analysis, single nucleotide polymorphism (SNP) analysis, sensitivity analysis, and funnel plot for systolic blood
pressure and large-artery atherosclerotic stroke (LAS). (A) Leave-one-out analysis, (B) forest plot, (C) comparison of results using different Mendelian random-
ization (MR) methods, (D) funnel plot of inverse-variance weighted (IVW) and MR-Egger regression. SE, standard error.
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Supplementary Figure 13. The leave-one-out analysis, single nucleotide polymorphism (SNP) analysis, sensitivity analysis, and funnel plot for diabetes melli-
tus and large-artery atherosclerotic stroke (LAS). (A) Leave-one-out analysis, (B) forest plot, (C) comparison of results using different Mendelian randomization
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delian randomization (MR) methods, (D) funnel plot of inverse-variance weighted (IVW) and MR-Egger regression. SE, standard error.
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Supplementary Figure 15. The leave-one-out analysis, single nucleotide polymorphism (SNP) analysis, sensitivity analysis, and funnel plot for coronary ath-
erosclerosis and large-artery atherosclerotic stroke (LAS). (A) Leave-one-out analysis, (B) forest plot, (C) comparison of results using different Mendelian ran-
domization (MR) methods, (D) funnel plot of inverse-variance weighted (IVW) and MR-Egger regression. SE, standard error.
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Supplementary Figure 16. The leave-one-out analysis, single nucleotide polymorphism (SNP) analysis, sensitivity analysis, and funnel plot for atrial fibrilla-
tion/flutter and cardio-embolic stroke (CES). (A) Leave-one-out analysis, (B) forest plot, (C) comparison of results using different Mendelian randomization
(MR) methods, (D) funnel plot of inverse-variance weighted (IVW) and MR-Egger regression. SE, standard error.
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Supplementary Figure 17. The leave-one-out analysis, single nucleotide polymorphism (SNP) analysis, sensitivity analysis, and funnel plot for self-reported:
hypertension and cardio-embolic stroke (CES). (A) Leave-one-out analysis, (B) forest plot, (C) comparison of results using different Mendelian randomization
(MR) methods, (D) funnel plot of inverse-variance weighted (IVW) and MR-Egger regression. SE, standard error.
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Supplementary Figure 18. The leave-one-out analysis, single nucleotide polymorphism (SNP) analysis, sensitivity analysis, and funnel plot for hypertension
and cardio-embolic stroke (CES). (A) Leave-one-out analysis, (B) forest plot, (C) comparison of results using different Mendelian randomization (MR) methods,

(D) funnel plot of inverse-variance weighted (IVW) and MR-Egger regression. SE, standard error.
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Supplementary Figure 19. The leave-one-out analysis, single nucleotide polymorphism (SNP) analysis, sensitivity analysis, and funnel plot for diastolic blood
pressure and small-vessel stroke (SVS). (A) Leave-one-out analysis, (B) forest plot, (C) comparison of results using different Mendelian randomization (MR)

methods, (D) funnel plot of inverse-variance weighted (IVW) and MR-Egger regression. SE, standard error.
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Supplementary Figure 20. The leave-one-out analysis, single nucleotide polymorphism (SNP) analysis, sensitivity analysis, and funnel plot for illnesses of
siblings: hypertension and small-vessel stroke (SVS). (A) Leave-one-out analysis, (B) forest plot, (C) comparison of results using different Mendelian random-
ization (MR) methods, (D) funnel plot of inverse-variance weighted (IVW) and MR-Egger regression. SE, standard error.
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Supplementary Figure 21. The leave-one-out analysis, single nucleotide polymorphism (SNP) analysis, sensitivity analysis, and funnel plot for self-reported:
diabetes mellitus and small-vessel stroke (SVS). (A) Leave-one-out analysis, (B) forest plot, (C) comparison of results using different Mendelian randomization

(MR) methods, (D) funnel plot of inverse-variance weighted (IVW) and MR-Egger regression. SE, standard error.
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Supplementary Figure 22. The leave-one-out analysis, single nucleotide polymorphism (SNP) analysis, sensitivity analysis, and funnel plot for self-reported:
hypertension and small-vessel stroke (SVS). (A) Leave-one-out analysis, (B) forest plot, (C) comparison of results using different Mendelian randomization (MR)

methods, (D) funnel plot of inverse-variance weighted (IVW) and MR-Egger regression. SE, standard error.
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Supplementary Figure 23. The leave-one-out analysis, single nucleotide polymorphism (SNP) analysis, sensitivity analysis, and funnel plot for hypertension
and small-vessel stroke (SVS). (A) Leave-one-out analysis, (B) forest plot, (C) comparison of results using different Mendelian randomization (MR) methods, (D)
funnel plot of inverse-variance weighted (IVW) and MR-Egger regression. SE, standard error.
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Supplementary Figure 24. The leave-one-out analysis, single nucleotide polymorphism (SNP) analysis, sensitivity analysis, and funnel plot for systolic blood

pressure and any ischemic stroke (AIS). (A) Leave-one-out analysis, (B) forest plot, (C) comparison of results using different Mendelian randomization (MR)
methods, (D) funnel plot of inverse-variance weighted (IVW) and MR-Egger regression. SE, standard error.
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Supplementary Figure 25. The leave-one-out analysis, single nucleotide polymorphism (SNP) analysis, sensitivity analysis, and funnel plot for diastolic blood
pressure and any ischemic stroke (AIS). (A) Leave-one-out analysis, (B) forest plot, (C) comparison of results using different Mendelian randomization (MR)
methods, (D) funnel plot of inverse-variance weighted (IVW) and MR-Egger regression. SE, standard error.
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Supplementary Figure 26. The leave-one-out analysis, single nucleotide polymorphism (SNP) analysis, sensitivity analysis, and funnel plot for pulse pressure
and any ischemic stroke (AIS). (A) Leave-one-out analysis, (B) forest plot, (C) comparison of results using different Mendelian randomization (MR) methods, (D)

funnel plot of inverse-variance weighted (IVW) and MR-Egger regression. SE, standard error.
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Supplementary Figure 27. The leave-one-out analysis, single nucleotide polymorphism (SNP) analysis, sensitivity analysis, and funnel plot for atrial fibrilla-
tion and any ischemic stroke (AIS). (A) Leave-one-out analysis, (B) forest plot, (C) comparison of results using different Mendelian randomization (MR) meth-
ods, (D) funnel plot of inverse-variance weighted (IVW) and MR-Egger regression. SE, standard error.
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Supplementary Figure 28. The leave-one-out analysis, single nucleotide polymorphism (SNP) analysis, sensitivity analysis, and funnel plot for diabetes melli-
tus and any ischemic stroke (AIS). (A) Leave-one-out analysis, (B) forest plot, (C) comparison of results using different Mendelian randomization (MR) meth-
ods, (D) funnel plot of inverse-variance weighted (IVW) and MR-Egger regression. SE, standard error.
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Supplementary Figure 29. The leave-one-out analysis, single nucleotide polymorphism (SNP) analysis, sensitivity analysis, and funnel plot for education at-
tainment and any ischemic stroke (AIS). (A) Leave-one-out analysis, (B) forest plot, (C) comparison of results using different Mendelian randomization (MR)
methods, (D) funnel plot of inverse-variance weighted (IVW) and MR-Egger regression. SE, standard error.
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Supplementary Figure 30. The leave-one-out analysis, single nucleotide polymorphism (SNP) analysis, sensitivity analysis, and funnel plot for lung fuction
and any ischemic stroke (AIS). (A) Leave-one-out analysis, (B) forest plot, (C) comparison of results using different Mendelian randomization (MR) methods, (D)
funnel plot of inverse-variance weighted (IVW) and MR-Egger regression. FEV1, forced expiratory volume in 1 second; FVC, forced vital capacity; SE, standard

error.

30 http://j-stroke.org https://doi.org/10.5853/j0s.2021.01340



Vol. 24 [ No. 2 [ May 2022

Leave-one-out analysis
SNP

4

<

0000 0025 0050 0075

MR leave one out sensiﬁﬁg analysis for
exposure on

Comparison of results using different MR methods

MR Test
/ wREgger /" wieighed mode
simple mode

02~

JoS

Forest plot
SNP

—
2
R

-

. U g .
04 00

MR effect size for
exposure on LAS

Funnel plot of IVW and MR-Egger regression

MR Method
Inverse vanance weighted
| wRegger

02 00 02 04

®

Supplementary Figure 31. The leave-one-out analysis, single nucleotide polymorphism (SNP) analysis, sensitivity analysis, and funnel plot for systolic blood
pressure and large-artery atherosclerotic stroke (LAS). (A) Leave-one-out analysis, (B) forest plot, (C) comparison of results using different Mendelian random-
ization (MR) methods, (D) funnel plot of inverse-variance weighted (IVW) and MR-Egger regression. SE, standard error.
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Supplementary Figure 32. The leave-one-out analysis, single nucleotide polymorphism (SNP) analysis, sensitivity analysis, and funnel plot for diastolic blood
pressure and large-artery atherosclerotic stroke (LAS). (A) Leave-one-out analysis, (B) forest plot, (C) comparison of results using different Mendelian random-
ization (MR) methods, (D) funnel plot of inverse-variance weighted (IVW) and MR-Egger regression. SE, standard error.
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Supplementary Figure 33. The leave-one-out analysis, single nucleotide polymorphism (SNP) analysis, sensitivity analysis, and funnel plot for pulse pressure
and large-artery atherosclerotic stroke (LAS). (A) Leave-one-out analysis, (B) forest plot, (C) comparison of results using different Mendelian randomization
(MR) methods, (D) funnel plot of inverse-variance weighted (IVW) and MR-Egger regression. SE, standard error.
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Supplementary Figure 34. The leave-one-out analysis, single nucleotide polymorphism (SNP) analysis, sensitivity analysis, and funnel plot for diabetes melli-
tus and large-artery atherosclerotic stroke (LAS). (A) Leave-one-out analysis, (B) forest plot, (C) comparison of results using different Mendelian randomization
(MR) methods, (D) funnel plot of inverse-variance weighted (IVW) and MR-Egger regression. SE, standard error.
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Supplementary Figure 35. The leave-one-out analysis, single nucleotide polymorphism (SNP) analysis, sensitivity analysis, and funnel plot for coronary heart
disease (CHD) and large-artery atherosclerotic stroke (LAS). (A) Leave-one-out analysis, (B) forest plot, (C) comparison of results using different Mendelian
randomization (MR) methods, (D) funnel plot of inverse-variance weighted (IVW) and MR-Egger regression. SE, standard error.
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Supplementary Figure 36. The leave-one-out analysis, single nucleotide polymorphism (SNP) analysis, sensitivity analysis, and funnel plot for systolic blood
pressure and cardio-embolic stroke (CES). (A) Leave-one-out analysis, (B) forest plot, (C) comparison of results using different Mendelian randomization (MR)

methods, (D) funnel plot of inverse-variance weighted (IVW) and MR-Egger regression. SE, standard error.
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Supplementary Figure 37. The leave-one-out analysis, single nucleotide polymorphism (SNP) analysis, sensitivity analysis, and funnel plot for diastolic blood
pressure and cardio-embolic stroke (CES). (A) Leave-one-out analysis, (B) forest plot, (C) comparison of results using different Mendelian randomization (MR)

methods, (D) funnel plot of inverse-variance weighted (IVW) and MR-Egger regression. SE, standard error.
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Supplementary Figure 38. The leave-one-out analysis, single nucleotide polymorphism (SNP) analysis, sensitivity analysis, and funnel plot for pulse pressure
and cardio-embolic stroke (CES). (A) Leave-one-out analysis, (B) forest plot, (C) comparison of results using different Mendelian randomization (MR) methods,

(D) funnel plot of inverse-variance weighted (IVW) and MR-Egger regression. SE, standard error.
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Supplementary Figure 39. The leave-one-out analysis, single nucleotide polymorphism (SNP) analysis, sensitivity analysis, and funnel plot for atrial fibrilla-
tion and cardio-embolic stroke (CES). (A) Leave-one-out analysis, (B) forest plot, (C) comparison of results using different Mendelian randomization (MR)
methods, (D) funnel plot of inverse-variance weighted (IVW) and MR-Egger regression. SE, standard error.
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Supplementary Figure 40. The leave-one-out analysis, single nucleotide polymorphism (SNP) analysis, sensitivity analysis, and funnel plot for systolic blood
pressure and small-vessel stroke (SVS). (A) Leave-one-out analysis, (B) forest plot, (C) comparison of results using different Mendelian randomization (MR)
methods, (D) funnel plot of inverse-variance weighted (IVW) and MR-Egger regression. SE, standard error.
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Supplementary Figure 41. The leave-one-out analysis, single nucleotide polymorphism (SNP) analysis, sensitivity analysis, and funnel plot for diastolic blood
pressure and small-vessel stroke (SVS). (A) Leave-one-out analysis, (B) forest plot, (C) comparison of results using different Mendelian randomization (MR)
methods, (D) funnel plot of inverse-variance weighted (IVW) and MR-Egger regression. SE, standard error.
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Supplementary Figure 42. The leave-one-out analysis, single nucleotide polymorphism (SNP) analysis, sensitivity analysis, and funnel plot for pulse pressure
and small-vessel stroke (SVS). (A) Leave-one-out analysis, (B) forest plot, (C) comparison of results using different Mendelian randomization (MR) methods, (D)
funnel plot of inverse-variance weighted (IVW) and MR-Egger regression. SE, standard error.
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Supplementary Figure 43. The leave-one-out analysis, single nucleotide polymorphism (SNP) analysis, sensitivity analysis, and funnel plot for diabetes melli-
tus and small-vessel stroke (SVS). (A) Leave-one-out analysis, (B) forest plot, (C) comparison of results using different Mendelian randomization (MR) methods,

(D) funnel plot of inverse-variance weighted (VW) and MR-Egger regression. SE, standard error.
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Supplementary Figure 44. The leave-one-out analysis, single nucleotide polymorphism (SNP) analysis, sensitivity analysis, and funnel plot for educational
attainment (years of education) (unit increase) and any ischemic stroke (AIS). (A) Leave-one-out analysis, (B) forest plot, (C) comparison of results using differ-
ent Mendelian randomization (MR) methods, (D) funnel plot of inverse-variance weighted (IVW) and MR-Egger regression. SE, standard error.
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Supplementary Figure 45. The leave-one-out analysis, single nucleotide polymorphism (SNP) analysis, sensitivity analysis, and funnel plot for highest math
class taken and any ischemic stroke (AIS). (A) Leave-one-out analysis, (B) forest plot, (C) comparison of results using different Mendelian randomization (MR)
methods, (D) funnel plot of inverse-variance weighted (IVW) and MR-Egger regression. SE, standard error.
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Supplementary Figure 46. The leave-one-out analysis, single nucleotide polymorphism (SNP) analysis, sensitivity analysis and funnel plot for cognitive per-
formance (MTAG) (unit increase) and any ischemic stroke (AIS). (A) Leave-one-out analysis, (B) forest plot, (C) comparison of results using different Mendelian

randomization (MR) methods, (D) funnel plot of inverse-variance weighted (IVW) and MR-Egger regression. SE, standard error.
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