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Introduction

Abstract

Objective: We conducted a Mendelian randomization (MR) study to disentan-
gle causal associations between women’s reproductive behaviors and ischemic
stroke (IS) and investigate the roles of two modifiable risk factors (body mass
index (BMI) and educational attainment (EA)) in these associations. Methods:
Using summary-level data from large-scale genome-wide association studies, we
performed univariable MR to examine whether there is genetic evidence that
women’s reproductive traits are causally associated with IS and its subtypes.
Multivariable MR and MR mediation analysis were used to investigate whether
BMI and EA are common mechanisms or mediators for these associations. A
set of sensitivity analyses were conducted to test valid MR assumptions.
Results: We observed consistent and statistically significant associations across
female and sex-combined analyses for earlier age at first birth (AFB) and age at
first sexual intercourse (AFS) with a higher risk of IS and large-artery
atherosclerotic stroke (LAS) risk in the primary analysis. The odds ratios of IS
per 1 SD increase in genetically predicted early AFB and AFS were 0.93 (95%
CI, 0.86-0.99; p = 0.046) and 0.83 (95% CI, 0.70-0.97, p = 0.020), respectively.
Further analyses indicated that BMI played a shared role in AFS and IS/LAS
while EA played a shared role in AFS/AFB and IS/LAS as well as a mediator in
the path from AFS to IS/LAS. Interpretation: These findings may inform pre-
vention strategies and interventions directed toward relative women’s reproduc-
tive behaviors and IS. Future studies are warranted to explore other factors
related to EA which are responsible for these causalities.

evolutionary fitness and later-life health.* To date, the
relationship between women’s reproductive traits and the

Globally, stroke remained the second-leading cause of
death and the third-leading cause of death and disability
combined.' Nearly 87% of all strokes are ischemic strokes
(IS), and women account for over half (56%) of all per-
sons who have experienced a stroke by current estimates.”
Beyond conventional risk factors for IS, mounting evi-
dence has identified distinct sex-specific risk factors
related to female reproductive and pregnancy history for
women.’

Women’s reproductive traits (including age at first
birth (AFB), age at first sexual intercourse (AFS), age at
menarche (AAM), age at natural menopause (ANM), and

pregnancy loss) have important implications for

risk of IS has been reported in several studies; however,
the results are inconsistent and incomplete. Some studies
have suggested that early menarche and menopause are
associated with an increased risk of cardiovascular disease
(CVD) in later life>” while a meta-analysis further noted
that early menopause was associated with a higher risk of
hemorrhagic stroke (HS) but no statistically significant
association with IS.* Several studies also identified that
women who have experienced infertility, miscarriage, and
stillbirth are at a higher risk for both non-fatal and fatal
stroke, which could be explained by genetic factors or
endocrine disruptions.”'® Moreover, earlier AAM, ANM,
earlier AFB, and a history of miscarriage have been
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reported to be independently associated with a higher risk
of incident CVD in later life, suggesting a long-term
adverse effect of certain factors relating to reproduction
and pregnancy.'' Nonetheless, it is still unclear whether
these changes in female reproductive behaviors causally
increase the risk of IS, or whether they are both caused
by another, single underlying cause.

The rapid development of genome-wide association
studies (GWAS) has led to the increasing application of
mendelian randomization (MR) analysis using single
nucleotide polymorphisms (SNPs) strongly associated
with phenotypes as instrumental variables (IV).'? Since
SNPs are randomly assigned at conception, results from
MR studies are less susceptible to measurement error,
confounding, and reverse causation.'” The genetic regula-
tions in AFB, AFS, AAM, ANM, and pregnancy loss have
been recently highlighted by different discoveries from
large-scale GWAS and provided a valuable opportunity to
investigate the long-term effects of female reproductive
traits on IS. IS is known as a polyetiological disease with
remarkable differences in risk factors among its subtypes
(large-artery atherosclerosis stroke (LAS), small vessel
stroke (SVS), and cardioembolic stroke (CES)).!* Recent
studies suggested that younger AFS was significantly asso-
ciated with an increased risk of intracerebral hemorrhage
or SVS' while older AFB was associated with longevity
and decreased incidence of CVD.'® What’s more, previous
studies have implicated two risk factors (BMI and educa-
tional attainment (EA)) in both women’s reproductive
health and stroke, separately.'”° Strong genetic correla-
tions with AFB and AFS that may limit the ability to con-
sider their distinct influences on disease risks,'® while few
studies took them into consideration either in observa-
tional or MR studies. Therefore, there is a paucity of
well-designed MR studies assessing the causal relation-
ships between genetically predicted female reproductive
traits and IS.

In this study, we performed MR analysis to clarify
whether women’s reproductive traits (AFB, AFS, AAM,
ANM, and pregnancy) have causal effects on IS and its
subtypes independent of BMI and EA. To that end, we
used genetic variants as instruments and performed rele-
vant MR analysis to obtain causal estimates and charac-
terize the causal structure by assessing mediation or
shared effects of BMI and EA.

Materials and Methods

Study design

A brief description of the multiple MR designs was dis-
played in Figure 1. We performed univariable mendelian
randomization (UVMR) and multivariable mendelian
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randomization (MVMR) analyses to clarify whether
women’s reproductive traits (AFB, AFS, AAM, ANM, and
pregnancy) have causal effects on IS and its subtypes
independent of BMI and EA. UVMR rests on three main
assumptions: (1) the genetic variant selected as the instru-
mental variable is robustly associated with the exposure;
(2) the genetic variant is not associated with confounders;
(3) genetic variants affect the outcome only through the
exposure, not other pathways.’ Compared with the
assumptions of UVMR, the first assumption of MVMR
was the genetic variants associated with one or more of
the exposures and other assumptions were consistent with
UVMR.*

In this study, we used summary-level data from pub-
lished Genome-wide association studies (GWASs) of five
women’s reproductive traits, BMI, EA, IS, and its sub-
types. First, we selected genetic variants for each women’s
reproductive trait to infer the causality from each
women’s reproductive traits to IS and its subtypes using
UVMR. Second, we integrated GWAS summary statistics
and additional genetic variants on BMI and EA and con-
ducted MVMR models to estimate the direct effect of
reproductive factors on the outcomes controlling for the
effect of BMI and EA. Third, we explored the role of BMI
and EA (mediated or common mechanism) playing in
the relationships of AFB and AFS on IS and LAS by two-
step MR and UVMR. To test the relationships between
AFB and AFS, we additionally examined whether evidence
supports AFB as a mediator for AFS on IS and LAS using
a two-step MR analysis.

Data sources

In the current study, the exposures were women’s
reproductive traits, including AAM, ANM, AFB, AFS,
and pregnancy loss. The coprimary study outcome was
IS. Secondary outcomes included LAS, CES, and SVS,
which were common etiological subtypes of 1S.”> For
each trait, summary-level data (effect estimates, stan-
dard errors, and p-values) were obtained from recent
large European GWASs (Table 1). There was no over-
lap between exposure and outcome samples since expo-
sures and outcomes data were obtained from different
consortia.

Women's reproductive traits

Genetic variants of AAM were obtained from a meta-
analysis of GWASs including 329,345 individuals of Euro-
pean ancestry from UK Biobank, 23andMe, and Repro-
Gen consortium.”* Each dataset tested SNPs using an
additive linear regression model for association with
AAM, adjusted for age at study visit and other study-
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Figure 1. Assumptions and study design of the MR study of the associations between five women's reproductive traits and IS and its subtypes.
AAM, age at menarche; AFB, age at first birth; AFS, age at first sexual intercourse; ANM, age at natural menopause; BMI, body mass index; CES,
cardioembolic stroke; EA, educational attainment; GSMR, generalized summary-data-based Mendelian randomization; IS, ischemic stroke; IVW,
inverse-variance weighted; LAS, large-artery atherosclerotic stroke; PA, physical activity; SVS, small vessel stroke; TDI, Townsend deprivation index;
UVMR, univariable Mendelian randomization. In the part of mediated mechanism, we assume the risk factor in the brackets might be the media-
tor. In the part of shared mechanism, we explored whether BMI and EA could be a shared role in the relationships of AFB and AFS on IS

and LAS.

specific covariates. To obtain the genetic associations
between SNPs and AAM, ReproGen consortium results
were combined with data from the UK Biobank and
23andMe studies using an
meta-analysis method.**

inverse-variance-weighted

Genetic predictors of ANM were obtained from the up-
to-date GWAS meta-analysis in ~200,000 women of Euro-
pean ancestry.”> ANM was defined by the age at last natu-
rally occurring menstrual period followed by at least 12
consecutive months of amenorrhea and derived from self-
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Table 1. Data sources used in the MR analyses for the current study.

MR of Women's Reproductive Traits on IS

Participants included

Phenotype in analysis Ancestry Unit Adjustments Source
Exposures
AAM 329,345 females European Year increase in AAM Age at study visit and ReproGen, UK
other study-specific Biobank, 23andMe
covariates
ANM 201,323 females European Year increase in ANM Genetic principal UK Biobank, BCAC
components matrix Consortium, 1000
Genomes imputed
studies
AFB 418,758 females European Year increase in AFB Birth year of the 36 studies
respondent, its
square, its cubic,
and top principal
components
AFS 214,547 females European SD increase in AFS Birth year of the UK Biobank
respondent, its
square, its cubic,
and top principal
components
Pregnancy loss 191,252 females European Log odds increase Age, up to 20 genetic UK Biobank
(60,565 cases and in pregnancy loss principal
130,687 controls) components
Outcomes
IS 34,217 cases and European / Age, sex, up to 20 MEGASTROKE
406,111 controls genetic principal Consortium
components
SVS 5386 cases and European / Age, sex, up to 20 MEGASTROKE
406,111 controls genetic principal Consortium
components
LAS 4373 cases and European / Age, sex, up to 20 MEGASTROKE
406,111 controls genetic principal Consortium
components
CES 7193 cases and European / Age, sex, up to 20 MEGASTROKE
406,111 controls genetic principal Consortium

components

AAM, age at menarche; AFB, age at first birth; AFS, age at first sexual intercourse; ANM, age at natural menopause; CES, cardioembolic stroke;
IS, ischemic stroke; LAS, large-artery atherosclerotic stroke; SVS, small vessel stroke.

reported in each study. Genetic associations between SNPs
and ANM were obtained from additive linear regression
model adjusted for genetic principal components matrix.
From 36 studies of European descent in total, Mills
et al. reported the largest meta-analysis of GWASs,
including 418,758 females for AFB.'® AFB was treated as
a continuous measure, assessed for those who have ever
given birth to a child. Genetic variants of AFS were also
obtained from the largest GWAS, including 214,547
females of European ancestry from UK Biobank.'® AFS
was treated as a continuous measure, with individuals
considered to be eligible if they had given a valid answer
with ages lower than 12 years excluded and was trans-
formed by inverse rank-normal. Both genetic associations
between SNPs and AFB or AFS were adjusted for birth

year of the respondent, its square, its cubic, and top prin-
cipal components.'®

Summary-level data for pregnancy loss was derived
from the UK Biobank study.”® In UK Biobank, pregnancy
loss was defined by the history of having stillbirth, spon-
taneous miscarriage, or termination. We used the second
round of Neale Lab’s GWAS in UK Biobank, includ-
ing191,252 women (60,565 cases and 130,687 controls).
Genetic associations were adjusted for 20 genetic principal
components, and age.

Ischemic stroke and its subtypes

Summary-level data for IS and its subtypes were derived
from the meta-analysis of GWAS from MEGASTROKE
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consortium, including 521,612 primarily European
(~86%) participants from 29 cohorts.”” To reduce the
heterogeneity caused by multi-ancestry, we used the
summary-level data involving European participants only
(40,585 cases; 406,111 controls). Detailed definitions of
phenotype for IS and its subtypes were described else-
where.”> The GWAS meta-analyses were performed for IS
(N = 34,217), LAS (N = 4373), CES (N = 7193), and SVS
(N = 5386) using additive genetic models with sex, age,
and up to 20 genetic principal components as covariates.

Ethical approvals

All studies included in cited publicly GWASs had been
approved by a relevant ethical review board. All samples
that participated in cited GWASs gave informed written
consent.

Selection of genetic instrumental variables

To satisfy the MR assumptions (Fig. 1), all SNPs for
UVMR and MVMR are strongly and independently (R*
<0.001 within 10 Mb) predicted exposures from the pub-
lished GWAS at genome-wide significance
(p <5 x 107%). Since no genome-wide significant SNPs
for pregnancy loss, we adopted a less stringent threshold
of 5 x 107° to obtain more SNPs for pregnancy loss.

Using the publicly available GWAS summary data, we
examined whether any of these SNPs were associated with
confounders (BMI, EA, physical activity, Townsend depri-
vation index, smoking, and drinking) and outcomes at a
p-value of 1 x 107> for UVMR. The associations of these
SNPs with inverse-normally transformed BMI were
obtained from a meta-analysis of GWASs in approxi-
mately 700 000 participants of European ancestry.”” The
associations of these SNPs with alcoholic drinks per week
and cigarettes smoked per day were obtained from a
meta-analysis of GWASs in up to 1.2 million individuals
of European ancestry.”® Summary-level data on Townsend
deprivation index was obtained from the MR-Base plat-
form, including 462,464 individuals of European ancestry
in UK Biobank.”” Summary-level data for physical activity
was derived from a GWAS of 377,234 individuals from
UK Biobank.”® Genetic associations with EA were
obtained from the meta-analysis of GWASs on 3 million
individuals of European ancestry contributed by a previ-
ous meta-analysis of 69 cohorts, 23andMe, and UK Bio-
bank.’" Similar to UVMR, we also examined whether any
of these SNPs were associated with confounders (physical
activity, Townsend deprivation index, smoking, and
drinking) and outcomes for MVMR.

At last, we quantified the strength of SNPs for UVMR
using mean F-statistic’> and assessed the strength of our

Z. Wang et al.

MVMR SNPs using conditional F-statistic.”> Mean
F-statistic and conditional F-statistic >10 suggested
sufficient strength to ensure the validity of the SNPs for
the exposures in UVMR and MVMR, respectively.

Statistical analysis

Univariable MR

SNPs that were unavailable in the outcome datasets were
replaced by proxies at R* > 0.80 in LDlink (https://Idlink.
nci.nih.gov/). After extracting and harmonizing the data,
we performed UVMR to estimate the causal effect of
women’s reproductive traits on IS and its subtypes. In the
main analysis, we calculated a Wald ratio estimate for
each genetic variant and summarized the estimates using
the inverse-variance weighted (IVW) method. The IVW
with multiplicative random effects method provides a
concise estimation and takes into account potential
heterogeneity among the Wald ratio estimates from
SNPs.** Thus, if there is heterogeneity, random-effects
IVW models are applied; otherwise, the fixed-effect IVW
model is applied. To assess the robustness of the findings,
we also performed sensitivity analyses using methods with
different assumptions about horizontal pleiotropy, includ-
ing MR-Egger regression, weighted median, and general-
ized summary-data-based MR (GSMR). MR-Egger
analysis provides an assessment of instrumental variable
pleiotropy, with a non-zero intercept indicating that the
IVW estimate is biased.”® The weighted median approach
that selects the median MR estimate as the causal estimate
was taken into consideration for multiple genetic variants
to be invalid or present pleiotropy.”® GSMR method
employed a slightly different formula from IVW by mod-
eling variance of the effect of SNPs on exposures and out-
comes and also accounts for horizontal pleiotropy but
operates based on excluding outlier or heterogenous
genetic instruments that are likely pleiotropic (HEIDI-
outlier method).”” Heterogeneity in the IVW estimates
was examined by the Cochran Q test and I* index.

Multivariable MR

Next, since obesity and EA might play confounding or
mediated roles in the pathway from women’s reproductive
traits to IS phenotypes, we performed MVMR to examine
the direct effect of women’s reproductive traits on IS and
its subtypes, controlling for BMI and EA.'®*® For MVMR,
we used an extension of the IVW MR method, performing
MVMR-IVW and selecting random effects or fixed effects
based on heterogeneity as described in UVMR. In sensitiv-
ity analyses, we additionally used an MVMR-Egger to
correct for both measured and unmeasured pleiotropy.
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A strong genetic correlation (r, = 0.811) was reported
between AFB and AFS among women.” To account for
the genetic correlation and to explore the independent
effects of each exposure on IS and LAS, we performed
MVMR including both AFB and AFS as exposures.

Exploration on the common cause and
mediator

Upon initial analysis, EA and BMI significantly weakened
the association of AFB and AFS with IS and LAS, thus
they may play mediated or common-cause effect for the
associations. We conducted multiple studies to explore
possible mechanisms of BMI, and EA play in the associa-
tion between AFS and IS (Data S1 and S2). Notably, we
only test the mediated role of EA in the associations of
AFB on IS due to individual’s first birth most often
occurring after they have completed their education. We
also investigated whether AFB played mediated role in the
association between AFS and IS due to the strong evi-
dence for the direct effect of AFB on IS in the MVMR
analysis including both AFB and AFS as exposures
(Data S1). The hypotheses of role of BMI and EA were
consistently investigated in the analysis of association
between AFB on IS (Data S2). Same analysis methods
were applied to the outcome of LAS.

Sensitivity analysis

Because we used sex-specific SNPs for women’s reproduc-
tive traits, whereas GWASs of IS and its subtypes were
assessed in both males and females. We repeatedly per-
formed UVMR and MVMR analyses using sex-combined
SNPs for AFB and AFS as sensitivity analysis to assess the
impact of the issue for sex heterogeneity of SNPs when
conducting sex-specific two-sample MR studies.

Results of the effects of AAM, ANM, AFB, and EA on
IS and its subtypes are presented as ORs (95% Cls) per
year genetic predicted traits increase and the effect of
pregnancy loss on IS and its subtypes is presented as OR
(95% CI) per log odds of pregnancy increase. The effects
of AFS and BMI on IS and its subtypes are presented as
OR (95% CI) per one SD genetic predicted AFS and BMI
increase. For UVMR, the Bonferroni method was used to
correct for multiple testing, therefore, we considered asso-
ciations with p-values below 0.01 (0.05/5) as strong evi-
dence of associations and results with p-values between
0.01 and 0.05 were regarded as suggestive associations.
For other analyses, results with p-values <0.05 indicated a
statistically significant causal association. All analyses were
two-sided and conducted using TwoSampleMR (version
0.5.6), Mendelian randomization (version 0.5.1), MVMR
(version 0.3), and GSMR (version 1.0.9) packages in R

MR of Women's Reproductive Traits on IS

software (version 3.6.3). Reporting of the study follows
the STROBE-MR statement.

Results

UVMR analyses of each women'’s
reproductive trait on IS and its subtypes

We selected 319, 270, 25, 58, and 9 SNPs as genetic instru-
ments for AAM, ANM, AFB, AFS, and pregnancy loss,
respectively (Table S1-S5). The mean F-statistics for
women’s reproductive traits ranged from 22.78 to 95.07,
suggesting the weak instruments bias is minimal
(Table S8). One year genetically higher AFB was sugges-
tively associated with a 7.0% (1.0%—14.0%) lower risk of
IS (p = 0.046) and strongly associated with a 26.0%
(12.0%—-38.0%) lower risk of LAS (p < 0.001; Fig. 2). Genet-
ically higher AFS was suggestively associated with lower risk
of IS (OR 0.83, 95% CI 0.70-0.97; p = 0.020) and lower risk
of LAS (OR 0.63, 95% CI 0.42—-0.94; p = 0.023; Fig. 2). There
was no evidence for the causal effect of AFB and AFS on
other outcomes (Fig. 2). Primary IVW method also showed
no evidence for the causal effect of AAM, ANM, and preg-
nancy loss on IS and its subtypes (all p > 0.05; Fig. 2). The
results of MR-Egger regression and weighted median meth-
ods were similar to IVW method, and no horizontal pleio-
tropy was detected using MR-Egger regression (Table S9).
GSMR also showed similar results after removing outliers
detected by HEIDI-outliers test (Table S9). Although
heterogeneity was detected in the UVMR of AAM and ANM
on IS and its subtypes, we used IVW with random effects to
alleviate the problem (Table S9).

MVMR analyses of each women's
reproductive trait on IS and its subtypes

In MVMR, we integrated additional genome-wide signifi-
cant genetic variants on EA, BMI with each women’s
reproductive trait (Table S6 and S7). The conditional F-
statistics for other women’s reproductive traits, BMI and
EA ranged from 10.61 to 33.27, except for pregnancy loss
(F-statistics = 6.71; Table S8). After controlling for the
effect of BMI and EA, the effect size of AFB and AFS on
IS and LAS was reduced and the association became non-
significant compared with results of UVMR (all p > 0.05;
Fig. 3). Similarly, there was no evidence for direct causal
effect of genetically predicted AAM, ANM, and pregnancy
loss on IS and its subtypes (Fig. 3). The MVMR-Egger
method provided consistent results and did not suggest
horizontal pleiotropy (Table S10-S13). Notably, MVMR
showed a significant direct effect of genetically predicted
EA on IS and LAS after controlling BMI and each
women’s reproductive trait (Table S10 and S12) and
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Exposures Outcomes SNPs OR (95% CI) P-value
AAM
IS 273 Fe 0.97 (0.92-1.02)  0.197
SVs 273 e 0.94 (0.85-1.04)  0.248
LAS 272 o 0.93 (0.84-1.04)  0.207
CES 273 e 1.00 (0.91-1.09)  0.995
ANM
IS 218 ] 1.00 (0.98-1.01)  0.657
SVs 218 ol 1.00 (0.97-1.03)  0.860
LAS 218 tol 0.99 (0.95-1.02)  0.488
CES 218 ol 1.02 (0.99-1.05)  0.060
AFB
IS 20 e 0.93 (0.86-0.99)  0.046
SVs 20 —e— 1.06 (0.90-1.25)  0.505
LAS 20 —e— 0.74 (0.62-0.88)  <0.001
CES 20 —e— 0.96 (0.83-1.09)  0.511
AFS
IS 52 —e—i{ 0.83(0.70-0.97)  0.020
SVsS 52 tol 0.99 (0.95-1.02)  0.922
LAS 52 p—e— 0.63 (0.42-0.94)  0.023
CES 51 —e— 0.88 (0.64-1.19)  0.395
Pregnancy loss
IS 8 1.98 (0.72-5.43)  0.185
SVs 8 6.80 (0.65-71.28)  0.110
LAS 9 o 0.83(0.13-5.45)  0.850
CES 7 2.68 (0.34-21.16)  0.350
[ I 1
0.4 1 1.6

OR (95% Cl)

Figure 2. The effect of genetically determined women'’s reproductive traits on IS and its subtypes using UVMR. AAM, age at menarche; AFB, age
at first birth; AFS, age at first sexual intercourse; ANM, age at natural menopause; CES, cardioembolic stroke; IS, ischemic stroke; LAS, large-

artery atherosclerotic stroke; SVS, small vessel stroke.

significant direct effect of BMI on LAS after controlling
EA and AFS (Table S12). MVMR also showed the causal
associations of AFS with IS and LAS attenuated to the
null after adjusting for AFB while AFB was significantly
associated with IS and LAS (Table S14), which suggested
that the associations between AFS and IS and LAS could
be fully explained by AFB.

Results of MR analyses on the common
cause and mediator

First, we investigated the role of common mechanism
using a series of UVMR methods. Primary IVW methods

showed elevated BMI was causally associated with earlier
AFS (f, —0.148, 95% CI, —0.180 to —0.116; p < 0.001),
higher risk of IS (OR, 1.13, 95% CI, 1.05-1.22;
p = 0.002), and higher risk of LAS (OR, 1.30, 95% CI,
1.08-1.56; p = 0.001; Table 2) without evidence of hori-
zontal pleiotropy detecting by MR-PRESSO method
(Table S15). Although IVW method showed BMI associ-
ated with AFB, there was evidence of horizontal pleio-
tropy (p < 0.001; Table S15). Thus, result from MR-Egger
showing no significant causal effect of BMI on AFB was
considered as the main result (Table 2). The findings sup-
port the role of BMI as a common cause for AFS and IS
and LAS due to the evidence for the effect of BMI on
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Exposures Outcomes SNPs OR (95% CI) P-value
(Controlled for EA and BMI)
AAM
IS 451 e 0.97 (0.92-1.03) 0.306
SVS 451 —e—i 0.90 (0.80-1.01) 0.075
LAS 451 —e— 0.93 (0.82-1.05)  0.241
CES 451 —eo— 1.04 (0.94-1.14) 0.485
ANM
IS 479 ® 1.00 (0.99-1.02) 0.874
SVS 479 2 gl 1.00 (0.96-1.03) 0.835
LAS 479 &4 0.99 (0.96-1.03) 0.761
CES 479 o 1.02 (0.99-1.05) 0.121
AFB
IS 470 e+ 1.00 (0.94-1.06) 0.993
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Figure 3. The direct effect of genetically determined women'’s reproductive traits on IS and its subtypes using MVMR controlled for EA and BMI.
AAM, age at menarche; AFB, age at first birth; AFS, age at first sexual intercourse; ANM, age at natural menopause; CES, cardioembolic stroke;
IS, ischemic stroke; LAS, large-artery atherosclerotic stroke; SVS, small vessel stroke.

both AFS and IS or AFS and LAS. Similarly, the results
showed EA was the potential shared role in the relation-
ships of AFB and AFS with IS and LAS (Table 2). Second,
we conducted MR mediation analyses to investigate
whether the effects of AFS on IS and LAS were mediated
by EA, BMI, and AFB and also explored the effect of AFB
on IS and LAS whether mediated by BMI. The effect of
AFS was partially mediated by EA for IS (proportion
mediated, 55.50%, 95% CI, 25.13%—-85.86%; p < 0.001),
and LAS (proportion mediated, 43.26%, 95% ClI,
14.13%-72.17%; p = 0.003) (Table 3). Likewise, the effect
of AFS on IS and LAS was partially mediated by AFB
with proportions of 86.39% (95% CI 5.24%—168.54%;

p = 0.037) and 79.57% (95% CI 0.87%—158.26%;
p = 0.048), respectively (Table 3). However, there was no
evidence for BMI played mediated role in the relation-
ships of AFB and AFS with IS and LAS (Table 3).

In order to evaluate the impact of the sex heterogeneity
of instruments on conducting sex-specific two-sample
MR studies, we repeatedly UVMR and MVMR analyses
using sex-combined genetic instruments for AFB and
AFS. Results were also similar to the primary analysis
using women-specific SNPs for AFB and AFS. For
UVMR, we also observed significantly causal effect of
AFB and AFS on IS and LAS in IVW methods (Table S16
and S17). MVMR showed no evidence for the direct effect
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greater CVD risk.'"*" It is also applicable to AFS since
younger AFS may put girls at risk for earlier AFB. The
two traits represent the timing of onset of women’s
reproductive behavior and have implications for repro-
ductive health, adolescent development, and evolutionary
fitness. Since the onset of reproductive behavior generally
occurs in adolescence to early adulthood, it is often linked
to externalizing behaviors such as psychiatric and sub-
stance use disorders (e.g. smoking and alcohol abuse) and
is often influenced by a combination of biological and
environmental factors.'® These modifiable and non-
modifiable risk factors contribute to atherosclerotic dis-
eases that can eventually lead to IS as well. Furthermore,
we also found evidence for the causal effects of AFB, AFS
on IS subtypes to be specific for LAS which is the most
frequent subtype of IS and may have worse outcomes
than SVS. On this point, multiple lines of evidence sug-
gested that atherosclerosis is a progressive disease caused
by the accumulation of lipids and fibrous elements in
large arteries and may start as early as childhood.*"**

As for AAM and ANM, they typically mark lifetime
hormone estrogen exposure and are reported as indepen-
dent risk factors for CVD,>* although few studies have
examined their effects on IS, particularly in European
population. For example, a multicenter case—control study
in postmenopausal women indicated that a very early
AAM onset was independently related to a higher risk of
IS® while a U-shaped association between AAM and IS
was observed among Japanese women.** For ANM, some
studies have reported that early menopause increases the
risk of IS which may be ascribed to the postmenopausal
decrease in endogenous estrogens,*’ while a meta-analysis
provided inconsistent results that there were no statisti-
cally significant associations between earlier natural
menopause and IS.* These conflicting findings observed
in conventional observational studies are prone to con-
founders (such as obesity or oral contraceptive use) and
reverse causation.*® In this study, we observed no indirect
or direct causal effects of AAM, ANM on IS, or its sub-
types, which was consistent across all MR analyses.
Nonetheless, further research is needed to elucidate hor-
monal effects on the two traits and unique sex-specific
disease mechanisms.

Finally, our MR findings partially corroborated the
results from an up-to-date study showing a null associa-
tion between self-reported miscarriage and stroke,'' yet
some studies found a positive association between recur-
rent pregnancy loss and IS confined to younger women.*’
Given that pregnancy loss is a complicated trait shaped
by both genetic and environmental factors, we performed
an MVMR to control for the effect of BMI and education,
and the negative result was consistent with the UVMR
analysis.

MR of Women's Reproductive Traits on IS

EA and BMI as mediators or common causes
in AFS/AFB and IS/LAS

One primary mechanism related to the health conse-
quences of early sexual intercourse or childbirth was that
teenage mothers are less likely to complete schooling and
obtain a good education.*® Prior research has suggested
that EA plays an important role in health by shaping
opportunities, income, employment, income healthy
behaviors, and other socioeconomic factors.*” Therefore,
the explanation for why EA protected against IS might
relate to the broad benefits of education. For example,
higher education is correlated with healthier lifestyles,
occupations with safer working conditions, and easier
access to healthcare.”® Our results implied that EA is a
mediator and common cause of AFS and AFB, interpre-
tating the hypothesized models for AFS/AFB to IS/LAS.
Another possible mechanism for the correlations between
AFS and IS/LAS emerged from the link between BMI and
sexual behavior and adverse sexual health outcomes.”
Health Center-based
prospective Study, cumulative average BMI showed a pos-
itive linear effect on sub-distribution hazards of LAS in
both sexes.”’ Although the causality between BMI with IS
and its subtypes have not been well established, estimates

According to a Japan Public

generated from our MR analysis suggested that AFS to IS/
LAS association is generally sensitive to the shared role of
BMI. This might be due to some unmeasured stroke risk
factors with obesity in women, such as low-grade systemic
inflammation® and prothrombotic factors.”® In this case,
avoidance of obesity offers the potential of reducing IS
and LAS in women. By contrast, the social and behavioral
pathways regarding EA seems to be more powerful to
support the mechanism of the causal relationship between
AFB/AFS with IS/LAS.

Strengths and limitations

Our study has several advantages. We used data from up-
to-date largest GWAS for each exposure or outcome in
our study, and we explored a wide range of women’s
reproductive traits, including AAM, ANM, AFB, AFS, and
pregnancy loss. The strong strength of the genetic instru-
mental variables allowed us to comprehensively explore
the causal relationships of women’s reproductive traits
with the risk of IS and its subtypes using a series of MR
methods, including UVMR, MVMR, and MR mediation
analyses. This is an innovative attempt of considerable
importance to understand whether women’s reproductive
traits can cause the risk of IS and its subtypes changes and
whether EA and BMI mediated the effect of reproductive
traits on IS or played a shared role for the associations,
which were not explored by the previous MR studies.
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Limitations need to be considered when interpreting
our findings. First, the summary-level data for women’s
reproductive traits only involved women, whereas IS and
its subtypes were assessed in both men and women. Thus,
our results might be biased if the effects of the genetic
variants are different between two sexes. However, we
obtained results similar to the main results when using
SNPs for AFB and AFS from summary-level data involv-
ing both men and women, showed the bias should be
negligible. Second, although we used less stringent thresh-
old (p <5 x 107°) to select SNPs as genetic instruments
for pregnancy loss, the mean F-statistic in UVMR was
more than 10 and the weak instrument bias from the
threshold had been proved very small.'* Nevertheless, a
conditional F-statistic for pregnancy loss of 6.71 may also
indicate risk of weak instrument, which may cause impre-
cise estimation of direct effect on pregnancy loss on IS
and its subtypes. Whether pregnancy loss exerts on IS
and its subtypes independent of EA and BMI needs further
investigation. Third, although we cannot rule out the possi-
bility of pleiotropy, we have conducted multiple sensitivity
analyses (e.g., MR-Egger, weighted median, and GSMR)
with different underlying assumptions, which gave similar
conclusions. Forth, MR is not perfectly analogous to a Ran-
domized Controlled Trial (RCT). Therefore, causal rela-
tionships of women’s reproductive traits with IS and its
subtypes derived from MR analyses may differ in magni-
tude from those seen or anticipated in an RCT and could
be explained as life-course effects. Fifth, our study only
included participants of European descent, which could
limit the generalizability of our results to other ethnicities.
More studies are needed to understand how the reproduc-
tive traits of women affect the risk of IS and its subtypes.

Conclusion

These results support that early AFB or AFS are risk fac-
tors for IS and LAS, in which EA or BMI may play medi-
ator or shared roles in these causal relationships. Based
on these findings, increasing the availability and accessi-
bility of education and prevention of obesity might have
the potential of substantially reducing the burden of IS
attributable to altered certain women’s reproductive traits.
However, future studies are warranted to explore other
factors related to EA which are responsible for the slice of
the causal pie.
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pregnancy loss in UVMR and MVMR.

Table S6. Genetic information of SNPs associated with
BMI in MVMR.

Table S7. Genetic information of SNPs associated with
educational attainment in MVMR.

Table S8. F-statistics for SNPs using univariable Men-
delian randomization and multivariable Mendelian ran-
domization.

Table S9. Associations of women’s reproductive traits
with ischemic stroke and its subtypes using univariable
Mendelian randomization.

Table S10. Associations of women’s reproductive traits
with ischemic stroke controlled for EA and BMI using
multivariable Mendelian randomization.

Table S11. Associations of women’s reproductive traits
with SVS controlled for EA and BMI using multivariable
Mendelian randomization.
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Table S12. Associations of women’s reproductive traits
with LAS controlled for EA and BMI using multivariable
Mendelian randomization.

Table S13. Associations of women’s reproductive traits
with CES controlled for EA and BMI using multivariable
Mendelian randomization.

Table S14. The effect of AFB and AFS on IS and LAS
using multivariable Mendelian randomization including
both AFB and AFS as exposures.
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Table S15. The effect of genetically predicted BMI and
EA on AFS, AFB, IS, and LAS

Table S16. Associations of sex-combined AFB with
ischemic stroke and its subtypes using univariable and
multivariable Mendelian randomization.

Table S17. Associations of sex-combined AFS with
ischemic stroke and its subtypes using univariable and
multivariable Mendelian randomization.
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