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BACKGROUND: Observational studies have shown that women with an early menopause are at higher risk of stroke compared 
with women with a later menopause. However, associations with stroke subtypes are inconsistent, and the causality is unclear.

METHODS AND RESULTS: We analyzed data of the UK Biobank and EPIC- CVD (European Prospective Investigation Into Cancer 
and Nutrition- Cardiovascular Diseases) study. A total of 204 244 postmenopausal women without a history of stroke at base-
line were included (7883 from EPIC- CVD [5292 from the subcohort], 196 361 from the UK Biobank). Pooled mean baseline age 
was 58.9 years (SD, 5.8), and pooled mean age at menopause was 47.8 years (SD, 6.2). Over a median follow- up of 12.6 years 
(interquartile range, 11.8– 13.3), 6770 women experienced a stroke (5155 ischemic strokes, 1615 hemorrhagic strokes, 976 
intracerebral hemorrhages, and 639 subarachnoid hemorrhages). In multivariable adjusted observational Cox regression 
analyses, the pooled hazard ratios per 5 years younger age at menopause were 1.09 (95% CI, 1.07– 1.12) for stroke, 1.09 (95% 
CI, 1.06– 1.13) for ischemic stroke, 1.10 (95% CI, 1.04– 1.16) for hemorrhagic stroke, 1.14 (95% CI, 1.08– 1.20) for intracerebral 
hemorrhage, and 1.00 (95% CI, 0.84– 1.20) for subarachnoid hemorrhage. When using 2- sample Mendelian randomization 
analysis, we found no statistically significant association between genetically proxied age at menopause and risk of any type 
of stroke.

CONCLUSIONS: In our study, earlier age at menopause was related to a higher risk of stroke. We found no statistically significant 
association between genetically proxied age at menopause and risk of stroke, suggesting no causal relationship.
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Stroke is the second leading cause of death world-
wide and was responsible for >6 million deaths in 
2019.1 At a global level, the proportion of deaths 

caused by stroke is higher for women (12.5% in 2019) 
than for men (10.9% in 2019).2 Women and men are 

also prone to different types of strokes. In a large- scale 
study in >9 million individuals, men had a higher risk of 
developing ischemic stroke, transient ischemic attack, 
and intracerebral hemorrhage, whereas women were 
at higher risk of subarachnoid hemorrhage.3 Women 
and men share several risk factors for stroke, but the 
strengths of associations can differ between sexes.4 
In addition, the relationship of various female- specific 
factors with cardiovascular risk has recently received 
increasing attention.5

The transition to menopause is predominantly de-
fined by hormonal changes and is accompanied by 
multifaceted symptoms, such as sleep disturbances 
and vasomotor dysfunction.6 Moreover, meno-
pausal transition has been related to alterations in 
cardiometabolic health such as higher prevalence 
of the metabolic syndrome and increased arterial 
stiffness.7 Recent data also suggest a relationship 
between earlier menopause and the risk of develop-
ing cardiovascular disease.7,8 A large- scale individ-
ual participant data meta- analysis of the InterLACE 
(International Collaboration for a Life Course Approach 
to Reproductive Health and Chronic Disease Events) 
consortium found a higher risk of developing stroke 
in women with earlier age at natural menopause.9 
The hazard ratio (HR) for stroke was 1.72 (95% CI, 
1.43– 2.07) for women who experienced menopause 
at <40 years of age compared with women who ex-
perienced menopause at 50 or 51 years of age.9 The 
majority of previous studies on age at menopause and 
risk of stroke focused on a combined stroke end point 
or analyzed broader categories of ischemic and hem-
orrhagic stroke rather than specific stroke subtypes.

Because associations between age at meno-
pause and risk of stroke have been based on data 
from observational studies, which are prone to con-
founding, the causality of the associations is unclear. 
Importantly, although earlier menopause is also 
associated with a higher risk of coronary heart dis-
ease,9 we showed in a recent Mendelian random-
ization (MR) analysis that this association is unlikely 
to be causal.10 Furthermore, a MR analysis based 
on publicly available results reported no significant 
causal relationship between genetically proxied age 
at natural menopause and risk of coronary artery 
disease or stroke.11 Similarly, a recently published 
study demonstrated no causal association between 
age at natural menopause and risk of ischemic 
stroke, although a small number of genetic variants 
was used.12 Whether this is also true for other types 
of stroke is still unclear.

We conducted a large- scale analysis includ-
ing 204 244 postmenopausal women from the UK 
Biobank (UKB) and EPIC- CVD (European Prospective 
Investigation into Cancer and Nutrition- Cardiovascular 

CLINICAL PERSPECTIVE

What Is New?
• This analysis involves >200 000 postmenopau-

sal women with >6000 incident stroke cases 
and investigates the association between age 
at menopause and various subtypes of stroke 
in an observational as well as a Mendelian ran-
domization analysis.

• Earlier age at menopause was statistically sig-
nificantly associated with a higher risk of stroke 
and its subtypes ischemic stroke, hemorrhagic 
stroke, and intracerebral hemorrhage but not 
with the risk of subarachnoid hemorrhage.

• The Mendelian randomization analysis sug-
gested no causal effect of genetically prox-
ied age at menopause and risk of any type of 
stroke.

What Are the Clinical Implications?
• The reasons for higher risk of stroke, includ-

ing the subtypes ischemic stroke, hemor-
rhagic stroke, and intracerebral hemorrhage, 
in women with earlier menopause need to be 
further investigated.

• Because our analysis suggests that earlier men-
opause per se does not cause stroke, a better 
understanding of the specific role of menopause 
and the mechanistic background that leads to 
higher risk of stroke is needed for prevention and 
adequate treatment of stroke in women.

• Because our observational analysis shows an 
association between earlier menopause and 
higher risk of stroke, it is important to monitor 
cardiovascular risk profiles of women with ear-
lier menopause closely.

Nonstandard Abbreviations and Acronyms

EPIC- CVD European Prospective Investigation 
into Cancer and Nutrition- 
Cardiovascular Diseases

InterLACE International Collaboration for a 
Life Course Approach to 
Reproductive Health and Chronic 
Disease Events

UKB UK Biobank
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Diseases) study to quantify the observational associ-
ation between age at menopause and different types 
of stroke, and to estimate potential causal effects by 
applying a MR analysis.

METHODS
The data that support the findings of this study are 
available from the websites of the UKB (https://
www.ukbio bank.ac.uk/enabl e- your- resea rch/apply 
- for- access) and EPIC- CVD (https://epic.iarc.fr/acces 
s/) upon reasonable request. Genetic summary- level 
data have been published previously.11

This work adheres to the Strengthening the 
Reporting of Observational Studies in Epidemiology13 
and Strengthening the Reporting of Observational 
Studies in Epidemiology- Mendelian Randomization14 
statements. The corresponding checklists are pro-
vided in Table S1 and Table S2.

Study Participants
In the present analysis, we included data from the 
UKB and EPIC- CVD study. Further details about 
these studies have been published previously.15– 18 In 
brief, the UKB is a large- scale prospective study in 
the United Kingdom, in which >500 000 individuals 
40 to 69 years of age were recruited between 2006 
and 2010.15,16 The UKB was approved by the North 
West Multi- Centre Research Ethics Committee, 
and all participants provided written informed con-
sent. EPIC- CVD is a case– cohort study nested in 
the prospective cohort study EPIC, which recruited 
>500 000 individuals between 35 and 70 years of age 
between 1992 and 2000 from 23 centers throughout 
Europe.17– 19 For the case– cohort study EPIC- CVD, a 
random subcohort was selected from the EPIC study 
for which a variety of biomarkers were obtained. In 
addition, EPIC- CVD includes all incident coronary 
heart disease and stroke events that occurred out-
side the subcohort. The EPIC study complies with 
the Declaration of Helsinki, and all participants gave 
written informed consent before participating. The 
study was approved by the local ethics committees 
of the participating centers and the institutional re-
view board of the International Agency for Research 
on Cancer (Lyon, France).

For the current analysis, postmenopausal women 
free of history of stroke at study baseline were eligible 
for inclusion. Furthermore, for EPIC- CVD, we excluded 
women with incident coronary heart disease and with-
out incident stroke outside the subcohort due to the 
case– cohort design of study. Figure 1 provides a flow-
chart on the selection of participants contributing to the 
current analysis. Of the 35 455 EPIC- CVD participants, 
we excluded 16 788 men, 632 women from French 

centers because follow- up for stroke was unavailable, 
87 from Norway because important covariates were 
not measured, and 1034 from Greece due to admin-
istrative constraints. Furthermore, we excluded 4283 
women with incident coronary heart disease outside 
the EPIC- CVD subcohort, 29 women with a history 
of stroke at baseline, and 4719 women who were not 
postmenopausal, leaving 7883 EPIC- CVD participants 
contributing to the current analysis. Of these 7883 
postmenopausal women, 5292 belonged to the sub-
cohort and 2591 were stroke cases outside the sub-
cohort (with 147 further stroke cases also belonging 
to the subcohort). Of the 502 412 individuals from the 
UKB, 229 086 were excluded because they were men, 
3732 because they had a history of stroke at baseline, 
and 73 233 because they were not postmenopausal at 
baseline, leaving 196 361 UKB participants contribut-
ing to our analysis. Consequently, we included a total 
of 204 244 postmenopausal women from both studies 
in the observational analysis.

Definition of Menopause, Age at 
Menopause, and Type of Menopause
Women were defined as being postmenopausal if 
they fulfilled at least 1 of the following criteria: (1) ex-
perienced natural menopause (defined as stopping of 
periods in UKB and as reporting no menses for 1 year 
or longer due to natural menopause in EPIC- CVD), (2) 
had had a unilateral or bilateral ovariectomy in EPIC- 
CVD or bilateral ovariectomy in the UKB, or (3) had had 
a hysterectomy. Moreover, where no information on 
menopausal status was provided, we defined women 
>54 years of age as postmenopausal, as suggested 
previously.10 Type of menopause was defined as sur-
gical if a history of ovariectomy or hysterectomy had 
been reported and as natural otherwise. Age at meno-
pause was defined as age of a woman’s last menstrua-
tion or, in case of a surgical menopause, the age at 
ovariectomy or hysterectomy.

Outcome Definition
We analyzed a combined stroke end point including 
fatal and nonfatal ischemic and hemorrhagic stroke with 
International Classification of Diseases, Tenth Revision 
(ICD- 10) codes I60, I61, I63, and I64. Furthermore, we 
analyzed the individual stroke end points ischemic 
stroke (I63, I64), hemorrhagic stroke (I60, I61), intrac-
erebral hemorrhage (I61), and subarachnoid hemor-
rhage (I60). For UKB participants, September 30, 
2021 was used as the end of follow- up for stroke. In 
EPIC- CVD, the end of follow- up for stroke varied be-
tween the centers, ranging from 2003 to 2010. Time 
to event was defined as time to stroke, death, or end 
of follow- up, whichever occurred first. For the analy-
sis of stroke subtypes, we censored individual stroke 
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events against each other and defined time to stroke 
as time to the first individual stroke end point. For in-
stance, if an individual experienced both ischemic and 
hemorrhagic stroke, we only analyzed the first stroke 
event that occurred during follow- up. In case 2 types 
of strokes occurred on the same day, we gave prefer-
ence to ischemic stroke over intracerebral hemorrhage 
over other types of strokes.

Details about the assessment and definition of ad-
ditional variables used in our analyses are described  
in Supplementary Methods.

Genetic Data
We obtained individual- level imputed data on genetic 
variants from both EPIC- CVD and UKB. Genotyping 
in EPIC- CVD was performed using the Human Core 
Exome array, Illumina 660 Quad array, and Omni 
Exome Express array.20 In the UKB, participants were 
genotyped with the Affymetrix UK BiLEVE Axiom array 
and the Affymetrix UKB Axiom Array.16,21 Genotype 

imputation was performed using the Haplotype 
Reference Consortium for EPIC- CVD20 and the 
Haplotype Reference Consortium as well as the UK10K 
haplotype reference panel for the UKB.22

For the MR analysis, to quantify genetically prox-
ied age at menopause, we used genetic variants re-
ported to be associated with age at menopause by a 
large- scale genome- wide association study (GWAS) 
for our instrumental variable.11 A detailed selection pro-
cess of the single nucleotide polymorphisms (SNPs) is 
described in Supplementary Methods S1. Of the 290 
SNPs identified by the GWAS, we excluded 124 SNPs 
because they were unavailable (n=63), palindromic 
(n=16), or rare with minor allele frequencies <0.1 (n=45), 
and used the remaining 166 SNPs to determine ge-
netically proxied age at menopause in our main MR 
analysis (see Figure S1 and Table S3).

As shown in Figure 1, from the 204 244 postmeno-
pausal women included in our observational analysis, 
we excluded 2140 women from EPIC- CVD and 6468 
women from the UKB, because data on the SNPs 

Figure 1. Participant flowchart.
*Excluded because follow- up for stroke was unavailable in French centers. †Excluded because important covariates were not 
measured in Norwegian centers. ‡Excluded because of administrative constraints. §Of these, 5292 belonged to the subcohort, and 
2591 were stroke cases outside the subcohort. ||Of these, 4127 belonged to the subcohort, and 1616 were stroke cases outside the 
subcohort. CHD indicates coronary heart disease; and EPIC- CVD, European Prospective Investigation Into Cancer and Nutrition- 
Cardiovascular Diseases.

EPIC-CVD
(n=35 455)

Participants included
in observational 

analysis
(n=204 244)

EPIC-CVD participants
included in 

observational analysis
(n=7883§)

UK Biobank participants
included in 

observational analysis
(n=196 361)

27 572 participants excluded, because:
- Male (n=16 788)
- From French center* (n=632)
- From Norwegian center† (n=87)
- From Greek center‡ (n=1034)
- CHD case outside subcohort (n=4283)
- History of stroke at baseline (n=29)
- Not postmenopausal (n=4719)

306 051 participants excluded, because:
- Male (n=229 086)
- History of stroke at baseline (n=3732)
- Not postmenopausal (n=73 233)

UK Biobank
(n=502 412)

Participants included
in Mendelian 

Randomization analysis
(n=195 636)

EPIC-CVD participants
included in Mendelian 

Randomization analysis
(n=5743||)

UK Biobank participants
included in Mendelian 

Randomization analysis
(n=189 893)

2140 women excluded, because no
genetic data provided

6468 women excluded, because no 
genetic data provided
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included in our analysis were unavailable, leaving 
195 636 women included in our MR analysis.

Statistical Analysis
Descriptive Statistics

Summary statistics of continuous variables are pro-
vided as means and SDs if normally distributed or as 
medians and interquartile ranges (IQRs) otherwise. 
Categorical variables are summarized as numbers and 
percentages. Pooled means across both cohorts were 
obtained from random- effects meta- analysis. To en-
hance comparability, we provide descriptive statistics 
including EPIC- CVD participants from the subcohort 
only.

Observational Analyses

For the observational analysis, we estimated the as-
sociation between age at menopause and incidence of 
stroke using Cox regression analysis. For the UKB, we 
implemented a Cox proportional hazards model. For 
EPIC- CVD, we additionally considered the case– cohort 
design of the study by implementing Prentice- weighted 
Cox regression analysis with robust standard errors.23 
For both studies, we used age as the underlying time 
scale. We investigated the relationship between age 
at menopause and risk of stroke, implementing age at 
menopause as a continuous variable and also by cate-
gorizing it as <40, 40 to <45, 45 to <50, 50 to <55, and 
≥55 years of age at menopause, using 50 to <55 years 
of age at menopause as the reference category. When 
analyzing age at menopause as a categorical variable, 
we also obtained P values for linear trends by treat-
ing the categorical variable as a continuous variable 
in our model. Furthermore, we present 95% CIs for 
each category using quasi- variances.24 This method 
adjusts the standard errors of the effect sizes for each 
category, allowing an easier comparison between the 
individual categories (rather than to the reference cat-
egory only).24 When analyzing age at menopause as 
a continuous variable, we reported HRs per 5 years 
younger age at menopause. For graphical demon-
stration purposes and to assess nonlinearity, we also 
analyzed age at menopause using restricted cubic 
splines with 3 knots at 45, 50, and 55 years of age at 
menopause using 50 years of age at menopause as 
the reference. We progressively adjusted our analysis 
for (1) age at baseline (Model 1), (2) smoking status 
(never, ex, current), body mass index (kg/m2), glycated 
hemoglobin (percent), total cholesterol (mmol/L), and 
hypertension (yes, no) at baseline (Model 2), and (3) 
ever use of hormone replacement therapy (HRT) at 
baseline (yes, no) and age at menarche (years) (Model 
3). For EPIC- CVD, we additionally stratified all models 
by country. Finally, we combined study- specific results 

using random- effects meta- analysis when includ-
ing age at menopause as a continuous variable, and 
multivariate random- effects meta- analysis25 when an-
alyzing it as a categorical variable. We also used mul-
tivariate random- effects meta- analysis25 to combine 
β coefficients of the restricted cubic splines model. 
We decided to use random- effects meta- analysis to 
allow for heterogeneity between the studies.25,26 We 
imputed missing values using multiple imputation by 
chained equations with 14 data sets and 30 iterations 
(see Supplementary Methods S1 for more details).

We estimated HRs for risk of stroke per 5 years 
younger age at menopause across the following 
subgroups: use of HRT (ever versus never), type of 
menopause (surgical versus natural), smoking status 
(current, ex versus never), and age at baseline. We in-
cluded age at menopause, the subgroup variable of 
interest, and a formal interaction term between age 
at menopause and the subgroup variable of interest 
into our model. In addition, we adjusted the models 
for the baseline variables age, smoking status, body 
mass index, glycated hemoglobin, total cholesterol, 
hypertension, ever use of HRT, and age at menarche, 
if appropriate. For illustrative purposes, we categorized 
age at baseline into <60 versus ≥60 years of age. The 
P value for interaction for age at baseline was obtained 
from a model in which age at baseline was included as 
a continuous variable. For EPIC- CVD, we additionally 
stratified the model by country. We obtained effect es-
timates in each study and combined them using multi-
variate random- effects meta- analysis.25

MR Analysis

For the effect of the genetic variants on age at meno-
pause, we used the β coefficients and standard er-
rors reported by the GWAS published by Ruth et al11 
without the UKB data to avoid sample overlap. We 
transformed β coefficients and standard errors to re-
flect genetic effects per 5 years age at menopause 
to enhance comparability to our observational analy-
sis. Then, we investigated the strength of our genetic 
instrument based on the F statistic. For both EPIC- 
CVD and the UKB, the F statistic was calculated from 
linear regression including all genetic variants as in-
dependent variables and age at menopause as the 
dependent variable using the first imputed data set 
and only including individuals from the subcohort for 
EPIC- CVD. Next, we estimated the effect of geneti-
cally proxied age at menopause and risk of different 
types of strokes using Cox regression analysis, with 
age as the underlying time scale. For the UKB, we 
adjusted our model for age at baseline and the first 16 
genetic principal components as suggested by Privé 
et al.27 For EPIC- CVD, we adjusted our model for age 
at baseline, the first 10 genetic principal components 
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(because 16 were not available), and genotype array, 
stratified by country, and implemented Prentice- 
weighted Cox regression.23 We obtained effect esti-
mates and standard errors for the association of each 
SNP with risk of different types of strokes. Finally, we 
conducted the MR analysis based on (1) the effect 
estimates of the association between the SNPs and 
risk of different types of strokes we obtained from 
the UKB and EPIC- CVD and (2) the GWAS sum-
mary effect estimates on the relationship between 
the SNPs and age at menopause using the R pack-
age MendelianRandomization.28 We applied stand-
ard inverse- variance weighted regression to obtain 
the effect estimates for the association of genetically 
proxied age at menopause with risk of different types 
of stroke. We combined the effect sizes across stud-
ies using fixed- effects meta- analysis. We used fixed- 
effects meta- analysis because we assumed that the 
studies would estimate a common true effect size.

We conducted several sensitivity analyses. First, 
we applied different MR analysis methods including 
simple median regression, weighted median regres-
sion, and MR- Egger regression. Second, we con-
ducted a leave- 1- out analysis omitting each SNP in 
turn to identify whether 1 of the SNPs particularly 
drives the result. Third, to study the distribution of 
stroke- related and female- specific factors across ge-
netically proxied age at menopause, we obtained a 
polygenic risk score by calculating a weighted sum of 
the SNPs used in our analysis, weighting each SNP 
with the corresponding summary effect size obtained 
from the GWAS. We divided the polygenic risk score 
into study- combined fifths (fifths were comparable 
between the 2 studies) and compared the variables 
smoking status, body mass index, glycated hemoglo-
bin, total cholesterol, hypertension, ever use of HRT, 
and age at menarche across the 5 categories. Fourth, 
we further investigated pleiotropy by implementing 
MR- PRESSO.29 Fifth, to consider the effect of rare 
genetic variants, we excluded SNPs with minor allele 
frequencies <0.01 (n=8), rather than those with minor 
allele frequencies <0.1 as we did in our primary analy-
sis. This sensitivity analysis included 203 SNPs, which 
are listed in Table S3. Sixth, we additionally adjusted 
our MR analysis for phenotypes associated with car-
diovascular risk (ie, smoking status, body mass index, 
glycated hemoglobin, total cholesterol, hypertension, 
ever use of HRT, and age at menarche). Seventh, we 
included all women independent of their menopausal 
status and analyzed both prevalent and incident 
stroke cases using logistic regression analysis adjust-
ing for the same variables as in the primary analysis.30

Statistical analyses were performed using R 4.0.5 
(R Foundation, Vienna, Austria). All statistical tests 
were 2- sided, and P values ≤0.05 were deemed as 
statistically significant.

RESULTS
Study Population
Baseline characteristics of the study participants are dem-
onstrated in Table 1, separately for the EPIC- CVD subco-
hort and UKB, and pooled across both cohorts. Overall, 
the mean age was 58.9 years (SD, 5.8) at baseline and 
47.8 years (SD, 6.2) at menopause. Surgical menopause 
was reported by 22.4% of the participants. Mean age at 
surgical and natural menopause was 41.9 (SD, 7.0) and 
49.8 (SD, 4.6), respectively. Moreover, 51.3% of the women 
had a history of hypertension, 33.3% of the women 
smoked previously, and 8.7% smoked currently. Half of the 
women reported to have used HRT during their lifetime.

Observational Analysis
Over a median follow- up of 12.6 years (IQR, 11.8– 13.3; 
13.0 years [IQR, 10.8– 14.3] in EPIC- CVD and 12.6 years 
[IQR, 11.8– 13.3] in the UKB), 6770 women experienced 
a stroke. Of those, 5155 were ischemic and 1615 were 
hemorrhagic (976 intracerebral hemorrhages and 639 
subarachnoid hemorrhages). Of the 6770 strokes, 
2738 occurred in EPIC- CVD and 4032 in the UKB. 
Pooled results on the association of age at menopause 
with risk of stroke are provided in Table 2 and Figure 2. 
Each 5 years younger at menopause was associ-
ated with a higher risk of total stroke (most adjusted 
HR, 1.09 [95% CI, 1.07– 1.12]), ischemic stroke (most 
adjusted HR, 1.09 [95% CI, 1.06– 1.13]), hemorrhagic 
stroke (most adjusted HR, 1.10 [95% CI, 1.04– 1.16]), 
and intracerebral hemorrhage (most adjusted HR, 1.14 
[95% CI, 1.08– 1.20]). Age at menopause was not sta-
tistically significantly associated with the risk of suba-
rachnoid hemorrhage (most adjusted HR, 1.00 [95% 
CI, 0.84– 1.20] for each 5 years younger). Age at meno-
pause was approximately log- linearly associated with 
the risk of stroke (P value for trend <0.001), ischemic 
stroke (P value for trend <0.001), hemorrhagic stroke 
(P value for trend 0.022), and intracerebral hemorrhage 
(P value for trend <0.001). For instance, compared with 
women who had experienced menopause between 50 
and <55 years of age, multivariable adjusted HRs for 
stroke were 1.42 (95% CI, 1.28– 1.56), 1.23 (95% CI, 
1.14– 1.33), 1.10 (95% CI, 1.02– 1.19), and 0.96 (95% CI, 
0.84– 1.10) in women who had experienced menopause 
at <40, 40 to <45, 45 to <50, and ≥55 years of age, 
respectively. Separate results for EPIC- CVD and the 
UKB are shown in Table S4 and Table S5, respectively. 
Results for all subtypes of stroke, except subarachnoid 
hemorrhage (higher risk for younger age at menopause 
in the UKB but not in EPIC- CVD), were highly consist-
ent between EPIC- CVD and UKB as demonstrated  
in Figure S2.

Figure  S3 provides results of subgroup analyses 
for each individual stroke end point according to age 
at baseline, smoking status, use of HRT, and type of 
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menopause. Age at baseline modified the association 
between age at menopause and total stroke (P value 
for interaction 0.010) and ischemic stroke (P value for 
interaction 0.003), with higher HRs for younger post-
menopausal women. We did not find any statistically 
significant modification across all other subgroups (all 
P values >0.05).

MR Analysis
The F statistics for the 166 SNPs included in our MR 
analysis were 1.31 (R2, 5.2%) in EPIC- CVD and 23.2 
(R2, 2.0%) in the UKB.

Results of the MR analysis are provided in Figure 3 
(see Table  S6 for study- specific results). In contrast 
to the observational analysis, the inverse- variance 
weighted regression showed no statistically significant 
causal effect of age at menopause on stroke risk (HR 
per 5 years younger genetically proxied age at meno-
pause 0.95 [95% CI, 0.82– 1.09]; P=0.445), nor for any 
of the individual stroke end points ischemic stroke, 

hemorrhagic stroke, intracerebral hemorrhage, or sub-
arachnoid hemorrhage (all P values >0.05).

Sensitivity Analyses
The results of the MR analyses were similar when 
applying simple median, weighted median, and 
MR- Egger regression (see Figure  3 and Table  S6). 
Furthermore, leave- 1- out analyses showed robust 
associations when excluding each SNP in turn (data 
not shown). The MR- Egger method indicated no di-
rectional pleiotropy (P values of intercept >0.05, see 
Figure  3 and Table  S6). Furthermore, MR- PRESSO 
did not yield any SNPs that produced significant hori-
zontal pleiotropy. Results also remained robust after 
only excluding rare SNPs with minor allele frequen-
cies <0.01 as demonstrated in Figure  S4. Data on 
baseline patient characteristics across fifths of the 
polygenic risk score are provided in Table  S7 (see 
distribution across age at menopause categories 
in Table  S8). There appeared to be an association 

Table 1. Baseline Characteristics

Characteristic

Overall (n=201653*) EPIC- CVD (n=5292*) UK Biobank (n=196 361)

Total n
Mean±SD, median 
[IQR], n (%†) Total n

Mean±SD, median 
[IQR], n (%†) Total n

Mean±SD, median 
[IQR], n (%†)

Stroke risk factors

Age, y 201 653 58.9±5.8 5292 58.0±6.4 196 361 59.9±5.7

Systolic BP, mm Hg 189 007 137.1±19.2 4296 135.7±20.0 184 711 138.4±19.2

Diastolic BP, mm Hg 189 009 81.6±9.9 4296 82.0±10.4 184 713 81.2±9.9

Hypertension 200 858 103 069 (51.3%) 5245 2362 (45.0%) 195 613 100 707 (51.5%)

Body mass index, kg/m2 200 628 26.8±5.1 5258 26.4±4.6 195 370 27.3±5.1

Education 197 661 5182 192 479

Low 43 350 (21.9%) 2026 (39.1%) 41 324 (21.5%)

Medium 48 764 (24.7%) 615 (11.9%) 48 149 (25.0%)

High 104 994 (53.1%) 1988 (38.4%) 103 006 (53.5%)

Smoking status 200 560 5254 195 306

Never 116 329 (58.0%) 3071 (58.5%) 113 258 (58.0%)

Ex 66 778 (33.3%) 1092 (20.8%) 65 686 (33.6%)

Current 17 453 (8.7%) 1091 (20.8%) 16 362 (8.4%)

Total cholesterol, mmol/L 188 029 6.2±1.1 5049 6.3±1.2 182 980 6.0±1.1

HDL cholesterol, mmol/L 171 617 1.6±0.4 5049 1.6±0.4 166 568 1.6±0.4

Triglycerides, mmol/L 187 916 1.4 [1.0, 2.0] 5046 1.2 [0.8, 1.6] 182 870 1.4 [1.0, 2.0]

HbA1c, % 186 905 5.6±0.5 5194 5.6±0.7 181 711 5.5±0.5

Female- specific factors

Age at menopause, y 189 095 47.8±6.2 4754 47.3±6.4 184 341 48.4±6.2

Surgical menopause 201 653 45 193 (22.4%) 5292 1235 (23.3%) 196 361 43 958 (22.4%)

Ever use of HRT 200 206 100 203 (50.0%) 4722 1733 (36.7%) 195 484 98 470 (50.4%)

Ever use of OCP 200 736 155 303 (77.4%) 5206 2329 (44.7%) 195 530 152 974 (78.2%)

Age at menarche, y 195 496 13.2±1.6 5156 13.4±1.6 190 340 12.9±1.6

BP indicates blood pressure; EPIC- CVD, European Prospective Investigation Into Cancer and Nutrition- Cardiovascular Diseases; HbA1c, glycated 
hemoglobin; HDL, high- density lipoprotein; HRT, hormone replacement therapy; IQR, interquartile range; and OCP, oral contraceptive pill.

*Only participants of the EPIC- CVD subcohort were included in this table.
†The denominator for all percentages was the number of postmenopausal women without missing values in the respective variable.
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between genetically proxied age at menopause and 
hypertension and ever use of HRT. However, when we 
adjusted our MR analysis for all phenotypes, the as-
sociation between genetically proxied age at meno-
pause and risk of different types of strokes remained 
comparable to the primary MR analyses as shown in 
Figure S5. In addition, results remained similar when 
analyzing all women independent of their menopausal 

status and including prevalent and incident strokes in 
our outcome definition (Figure S6).

DISCUSSION
In this large- scale analysis, we found an association be-
tween earlier age at menopause and higher risk of stroke, 
which was not likely to be causal according to MR analysis.

Table 2. Association Between Age at Menopause and Risk of Stroke in the EPIC- CVD and UK Biobank Studies (n=204 244)

Outcome/age at 
menopause, y

No. of 
cases

Model 1 Model 2 Model 3

HR (95% CI) Ptrend HR (95% CI) Ptrend HR (95% CI) Ptrend

Stroke

<40 700 1.54 (1.36– 1.75) <0.001 1.41 (1.27– 1.58) <0.001 1.42 (1.28– 1.56) <0.001

40– <45 891 1.31 (1.21– 1.41) 1.24 (1.15– 1.33) 1.23 (1.14– 1.33)

45– <50 1742 1.13 (1.05– 1.23) 1.10 (1.02– 1.19) 1.10 (1.02– 1.19)

50– <55 2623 1.00 (0.96– 1.04) 1.00 (0.96– 1.04) 1.00 (0.96– 1.04)

≥55 814 0.96 (0.83– 1.10) 0.95 (0.83– 1.10) 0.96 (0.84– 1.10)

Per 5 y younger 6770 1.12 (1.10– 1.15) 1.10 (1.07– 1.12) 1.09 (1.07– 1.12)

Ischemic stroke

<40 534 1.59 (1.41– 1.80) <0.001 1.43 (1.28– 1.58) <0.001 1.43 (1.30– 1.57) <0.001

40– <45 653 1.29 (1.15– 1.45) 1.21 (1.07– 1.36) 1.20 (1.07– 1.36)

45– <50 1350 1.16 (1.08– 1.24) 1.12 (1.05– 1.20) 1.12 (1.05– 1.20)

50– <55 1995 1.00 (0.95– 1.05) 1.00 (0.95– 1.05) 1.00 (0.94– 1.06)

≥55 623 0.95 (0.79– 1.16) 0.94 (0.77– 1.15) 0.95 (0.78– 1.16)

Per 5 y younger 5155 1.12 (1.10– 1.15) 1.09 (1.07– 1.12) 1.09 (1.06– 1.13)

Hemorrhagic stroke

<40 166 1.37 (1.03– 1.81) 0.007 1.32 (0.97– 1.79) 0.036 1.33 (0.99– 1.80) 0.022

40– <45 238 1.32 (1.03– 1.69) 1.29 (1.00– 1.67) 1.30 (1.01– 1.68)

45– <50 392 1.08 (0.92– 1.25) 1.06 (0.91– 1.22) 1.06 (0.91– 1.23)

50– <55 628 1.00 (0.93– 1.08) 1.00 (0.92– 1.09) 1.00 (0.92– 1.08)

≥55 191 0.97 (0.83– 1.13) 1.00 (0.85– 1.17) 0.99 (0.85– 1.16)

Per 5 y younger 1615 1.11 (1.06– 1.17) 1.09 (1.03– 1.16) 1.10 (1.04– 1.16)

Intracerebral hemorrhage

<40 102 1.52 (1.25– 1.86) <0.001 1.50 (1.23– 1.84) <0.001 1.53 (1.25– 1.87) <0.001

40– <45 145 1.38 (1.16– 1.65) 1.37 (1.15– 1.64) 1.38 (1.16– 1.65)

45– <50 224 1.02 (0.88– 1.17) 1.02 (0.88– 1.17) 1.02 (0.89– 1.17)

50– <55 394 1.00 (0.90– 1.11) 1.00 (0.90– 1.12) 1.00 (0.90– 1.12)

≥55 111 0.84 (0.69– 1.03) 0.85 (0.69– 1.04) 0.85 (0.69– 1.04)

Per 5 y younger 976 1.15 (1.09– 1.21) 1.14 (1.08– 1.20) 1.14 (1.08– 1.20)

Subarachnoid hemorrhage

<40 64 1.19 (0.71– 2.00) 0.615 1.08 (0.59– 1.98) 0.952 1.10 (0.62– 1.96) 0.923

40– <45 93 1.20 (0.68– 2.11) 1.15 (0.63– 2.08) 1.15 (0.64– 2.06)

45– <50 168 1.17 (0.94– 1.45) 1.11 (0.94– 1.31) 1.11 (0.93– 1.32)

50– <55 234 1.00 (0.81– 1.24) 1.00 (0.81– 1.24) 1.00 (0.81– 1.24)

≥55 80 1.26 (0.96– 1.65) 1.33 (0.96– 1.84) 1.33 (0.96– 1.83)

Per 5 y younger 639 1.03 (0.88– 1.20) 1.00 (0.82– 1.21) 1.00 (0.84– 1.20)

Model 1 is adjusted for age. Model 2 is additionally adjusted for smoking status, body mass index, glycated hemoglobin, total cholesterol, and hypertension. Model 
3 is additionally adjusted for ever use of hormone replacement therapy and age at menarche. CIs for each age at menopause category are presented using quasi- 
variances to enhance the comparison between individual categories. Age at menopause from 50 to <55 years was used as the reference category. Ptrend indicates P 
value for linear trend. EPIC- CVD indicates European Prospective Investigation Into Cancer and Nutrition- Cardiovascular Diseases; and HR, hazard ratio.
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Strengths and Limitations
Our study has several strengths. First, we included a 
large sample of postmenopausal women in our obser-
vational analyses and >6000 incident stroke events pro-
viding excellent statistical power to detect associations 
and the potential influence of a variety of predefined, 
clinically relevant characteristics. Second, we investi-
gated several subtypes of stroke including ischemic 

and hemorrhagic stroke and intracerebral and suba-
rachnoid hemorrhage. Third, we meta- analyzed data 
from 2 large- scale studies and found highly consistent 
results for all stroke end points except subarachnoid 
hemorrhage. The reason for this discrepancy requires 
further investigation. One explanation may be limited 
statistical power when analyzing subarachnoid hem-
orrhage. Fourth, we applied MR analysis, a statistical 

Figure 2. Association of age at menopause and risk of stroke.
Hazard ratios are adjusted for age, smoking status, body mass index, glycated hemoglobin, total cholesterol, hypertension, ever use 
of hormone replacement therapy, and age at menarche. Dots indicate point estimates and whiskers 95% CIs for the categories <40, 40 
to <45, 45 to <50, 50 to <55, and ≥55 years of age at menopause. Age at menopause from 50 to <55 years was used as the reference 
category. Restricted cubic splines are based on 3 knots at 45, 50, and 55 years of age at menopause using an age of 50 years at 
menopause as the reference.
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Figure 3. MR analysis on genetically proxied age at menopause and risk of stroke.
Hazard ratios are per 5 years younger genetically proxied age at of menopause. IVW indicates inverse- 
variance weighted; and MR, Mendelian randomization.
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method to study whether the results we found in our 
observational analyses were likely to be causal. Our 
analysis also has limitations. First, the EPIC- CVD and 
UKB studies had a different study design (case– cohort 
versus cohort study). To take this into account, we im-
plemented Cox regression with Prentice weighting for 
EPIC- CVD. Second, the EPIC- CVD and UKB stud-
ies mainly include individuals of European ancestries 
(>95% for the UKB), which limits the generalizability 
to other population groups. Of note, the underlying 
GWAS also focused on individuals of European ances-
try. Consequently, more data on other populations are 
needed. Third, although we broadly harmonized the 
definition of menopause in EPIC- CVD and the UKB, it 
differed slightly between the studies, because we did 
not have data on unilateral ovariectomy in the UKB. 
Fourth, menopausal status was missing for some 
women in the UKB, and we estimated it based on age 
at baseline as suggested in previously published analy-
ses on EPIC- CVD data.31 However, this only affected a 
small proportion of study participants (≈1% in the UKB). 
Fifth, because age at menopause was self- reported, 
our analyses may also be affected by nondifferential 
misclassification, which could have led to attenuation 
of the association toward the null. Also, menopause 
transition is a continuous process from pre-  via peri-  to 
postmenopausal status, and consequently initiation of 
menopause may not be captured adequately by self- 
reported age at menopause. Sixth, although stroke 
events were ascertained comprehensively, there may 
remain some misclassification of events. However, it 
has been demonstrated that positive predictive values 
for stroke events defined based on hospital or death 
certificates are usually high.32 Furthermore, although 
we studied several types of strokes, stroke is a hetero-
geneous disease with many etiological subtypes, and 
we were not able to study associations with more spe-
cific types of strokes. Seventh, we restricted our analy-
ses to women without a history of stroke at baseline, 
because individuals with a history of stroke may not be 
comparable to individuals without a history of stroke 
due to medication use and frequent medical check- 
ups. Furthermore, strokes in women at a younger age 
may also have a different etiology.33 This may have 
introduced immortal time bias. However, a previous 
analysis of the EPIC Netherlands study showed similar 
results for the association between age at menopause 
and risk of stroke when including or excluding prev-
alent stroke cases. Eighth, although the present MR 
analysis revealed no statistically significant association 
between genetically proxied age at menopause and 
risk of stroke, we cannot directly conclude that there 
exists no causal effect. It is important to note that de-
spite having a large- scale database, it is still possible 
that there exists a small but non- 0 causal effect, which 
we were unable to detect by our analyses. Ninth, MR 

analysis relies on several assumptions. The first as-
sumption is that the genetic variants are associated 
with the exposure variable (ie, with age at menopause). 
We have used genetic variants published by a recent 
GWAS.11 After harmonization, we included 166 SNPs in 
our instrumental variable that had a sufficiently high F 
statistic (ie, >10 as suggested by Staiger and Stock34) 
for the UKB. In EPIC- CVD, the F statistic was low, in-
dicating weak instrument bias, which is likely due to 
the lower sample size and large number of SNPs in-
cluded (because the R2 statistic was even higher in the 
EPIC- CVD than in the UKB). However, because we ap-
plied a 2- sample MR analysis, weak instrument bias 
acts toward the null and will therefore be conservative, 
and we also found no significant effect of genetically 
proxied age at menopause on any type of stroke in 
the UKB. Moreover, the GWAS we used to define ge-
netically proxied age at menopause focused on natu-
ral age at menopause. Therefore, our MR study only 
tests for a causal association of age at natural meno-
pause with stroke risk, whereas in our observational 
study, we also included women with surgical meno-
pause. However, our observational subgroup analyses 
showed no statistically significant difference in effect 
sizes between women with natural or surgical age at 
menopause. The second assumption of a MR analy-
sis relies on the principle that the genetic variants are 
not associated with confounding factors. We studied 
this assumption by comparing the polygenic risk score 
created by the SNPs included in our instrumental vari-
able across several potential confounding factors and 
could not exclude an association between the poly-
genic risk score and hypertension and ever use of HRT. 
However, when we adjusted the MR analysis for all 
phenotypes related to cardiovascular risk, the associa-
tion remained nonsignificant. The third assumption of a 
MR analysis is that the effect of the genetic variants on 
the outcome only goes through the exposure variable. 
To investigate this assumption, we (1) conducted a MR 
analysis using MR- Egger, which yielded no significant 
intercepts, suggesting no evidence of directional plei-
otropy, and (2) implemented MR- PRESSO, which re-
sulted in no pleiotropic SNPs that should be excluded 
from the analysis.

Comparison With Previous Observational 
Studies
The results from our observational analysis on risk of 
total stroke are comparable to previous findings from 
individual studies including the Korean Heart Study,35 
the China Kadoorie Biobank,36 and the Nurses’ Health 
Study.37 The InterLACE consortium meta- analyzed data 
from >300 000 women, whereby a large proportion of 
these data (61%) were from the UKB, leading to an 
overlap with our study sample.9 In analyses excluding 
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data from the UKB, they also found an increased risk 
of developing stroke for women with younger age at 
menopause.9 Similarly, earlier age at menopause was 
associated with higher risk of ischemic stroke in the 
Korean Heart Study35 and Framingham Study.38 A 
study in textile workers from China did not confirm this 
association.39 However, in the InterLACE consortium, 
early menopause was related to higher risk of ischemic 
stroke, although these data included the UKB as well.9 
In our analysis, earlier menopause was also associated 
with a higher risk of hemorrhagic stroke. In contrast, 2 
previous studies35,39 reported no significant associa-
tion between age at menopause and risk of hemor-
rhagic stroke. This discrepancy may be due to limited 
statistical power, because within the InterLACE con-
sortium, again including the UKB, risk of hemorrhagic 
stroke was higher in women with earlier menopause.9 
Finally, in our meta- analysis we found no significant 
relationship between age at menopause and risk of 
subarachnoid hemorrhage, unlike an investigation in 
the Nurses’ Health Study that reported a higher risk 
of aneurysmal subarachnoid hemorrhage for women 
with early menopause.40 Of note, our observational 
analysis in the UKB also found women with earlier age 
at menopause to be at higher risk of subarachnoid 
hemorrhage. However, after meta- analyzing data from 
the UKB with EPIC- CVD data, the pooled HRs were no 
longer statistically significant. This could probably be 
due to limited statistical power in EPIC- CVD as already 
mentioned above.

MR Analysis
Our MR analysis suggests that the associations found in 
observational analyses may not be causal. This finding is 
in line with a previous study on the relationship between 
reproductive aging and risk of coronary heart disease, 
which also found that genetically proxied reproductive 
aging was not statistically significantly associated with 
risk of coronary heart disease.10 Furthermore, a MR 
analysis relying on publicly available GWAS results re-
ported no significant relationship between genetically 
proxied age at natural menopause and risk of coronary 
artery disease or stroke.11 Similarly, a recently published 
MR study, using fewer genetic variants, also suggested 
no causal link between age at natural menopause and 
risk of ischemic stroke.12 It is therefore likely that resid-
ual confounding is present in the observational analy-
sis, although most observational studies controlled for 
potential confounding factors by adjusting for a set of 
stroke- related risk factors and female- specific factors. 
Identifying such confounding factors could help to bet-
ter understand the development and progression of 
cardiovascular disease in women and might provide 
clues for previously unknown factors associated with 
menopause as well as stroke.

Implications of the Findings
Although our study suggests no causal relationship 
between age at menopause and risk of stroke, age at 
menopause may still be an important marker for car-
diovascular disease in women as demonstrated in our 
observational analysis. Apparently, if earlier age at men-
opause does not per se cause stroke, it still captures 
an impact on the risk of developing stroke that may 
be determined by one or more confounding factors. 
This seems to hold for various types of strokes, includ-
ing both ischemic and hemorrhagic stroke. Although 
there was a consistent association between earlier age 
at menopause and higher risk of intracerebral hemor-
rhage in both studies included in our meta- analysis, 
the relationship with higher risk of subarachnoid hem-
orrhage was only statistically significant in the UKB. 
Because we were not able to account for the unknown 
factors driving the observational results in our analy-
sis, further investigations are warranted. Several fac-
tors have been hypothesized to be responsible for the 
increased cardiovascular risk after menopause. One 
frequently discussed factor that has been speculated 
to have a cardioprotective effect in premenopausal 
women is estrogen.41 However, it has been shown that 
the association between estradiol and risk of myocar-
dial infarction attenuated upon adjustment of age and 
other cardiovascular risk factors.42 Furthermore, when 
studying causal relations of age at menopause with 
different types of outcomes, associations appear to be 
specifically confounded when assessing cardiovascu-
lar risk; because, for instance, genetically proxied age 
at menopause was causally related to risk of osteopo-
rosis, fractures, and lung cancer.12 Understanding the 
mechanisms that lead to the observational relationship 
between earlier menopause and higher risk of stroke 
may help close an important knowledge gap that could 
enable us to better understand sex differences in the 
development of stroke.

CONCLUSIONS
In our study, earlier age at menopause was related to 
a higher risk of stroke. We found no statistically sig-
nificant association between genetically proxied age at 
menopause and risk of stroke, suggesting no causal 
relationship.
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