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IMPORTANCE Recent guidelines endorse using history of menopause before age 40 years to

refine atherosclerotic cardiovascular disease risk assessments amongmiddle-aged women.

Robust data on cardiovascular disease risk in this population are lacking.

OBJECTIVE To examine the development of cardiovascular diseases and cardiovascular risk

factors in womenwith natural and surgical menopause before age 40 years.

DESIGN, SETTING, AND PARTICIPANTS Cohort study (UK Biobank), with adult residents of the

United Kingdom recruited between 2006 and 2010. Of womenwhowere 40 to 69 years old

and postmenopausal at study enrollment, 144 260were eligible for inclusion. Follow-up

occurred through August 2016.

EXPOSURES Natural premature menopause (menopause before age 40without

oophorectomy) and surgical premature menopause (bilateral oophorectomy before age 40).

Postmenopausal womenwithout premature menopause served as the reference group.

MAIN OUTCOMES ANDMEASURES The primary outcomewas a composite of incident coronary

artery disease, heart failure, aortic stenosis, mitral regurgitation, atrial fibrillation, ischemic

stroke, peripheral artery disease, and venous thromboembolism. Secondary outcomes

included individual components of the primary outcome, incident hypertension,

hyperlipidemia, and type 2 diabetes.

RESULTS Of 144 260 postmenopausal women included (mean [SD] age at enrollment, 59.9

[5.4] years), 4904 (3.4%) had natural premature menopause and 644 (0.4%) had surgical

premature menopause. Participants were followed up for a median of 7 years (interquartile

range, 6.3-7.7). The primary outcome occurred in 5415 women (3.9%) with no premature

menopause (incidence, 5.70/1000woman-years), 292 women (6.0%) with natural

premature menopause (incidence, 8.78/1000woman-years) (difference vs no premature

menopause, +3.08/1000woman-years [95% CI, 2.06-4.10]; P < .001), and 49women (7.6%)

with surgical premature menopause (incidence, 11.27/1000woman-years) (difference vs no

premature menopause, +5.57/1000woman-years [95% CI, 2.41-8.73]; P < .001). For the

primary outcome, natural and surgical premature menopause were associated with hazard

ratios of 1.36 (95% CI, 1.19-1.56; P < .001) and 1.87 (95% CI, 1.36-2.58; P < .001), respectively,

after adjustment for conventional cardiovascular disease risk factors and use of menopausal

hormone therapy.

CONCLUSIONS AND RELEVANCE Natural and surgical prematuremenopause (before age

40 years) were associated with a small but statistically significant increased risk for a

composite of cardiovascular diseases among postmenopausal women. Further research is

needed to understand themechanisms underlying these associations.
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A
lthough cardiovascular disease is the leading cause of

death among women in the United States and

worldwide,1 sex-specific risk factors for cardiovascu-

lar disease in women remain under-recognized and incom-

pletely understood.2 In studies of women who underwent

menopause in the 1990s and 2000s,mostwomen inWestern

countries experienced menopause between age 40 and 58

years, withmean age at menopause of 51 to 52 years.3,4Up to

10%ofwomenunderwentmenopausebeforeage45years, and

1% experienced menopause before age 40 years.4-6 Prema-

ture menopause has been associated with increased risk of

coronary artery disease (CAD) and, less consistently, with in-

creasedriskof stroke.7-10Additionally, ananalysis fromtheWo-

men’s Health Initiative found a modest association between

earlier menopausal age and increased risk of heart failure.11

Based on these and other data,7,8 recent updates to the

cholesterol12 and primary prevention13 guidelines from the

American College of Cardiology/American Heart Association

endorse using a history of premature menopause (defined as

menopauseprior to age40years) to refine cardiovascular risk

assessments and guide statin prescription for asymptomatic

women in midlife at intermediate risk of atherosclerotic car-

diovascular disease (ASCVD). However, robust data are lim-

ited on the development of cardiovascular risk factors among

women who have undergone menopause before age 40 and

the long-term risk of bothASCVDandnonatherosclerotic car-

diovascular diseases in this population.8 Further, data are in-

consistent regarding whether cardiovascular disease risk dif-

fers between women with natural and surgical premature

menopause,14 although recent large studies have not shown

a difference.7,10

This analysis used data from the large-scale, observa-

tionalUKBiobank to examinedevelopment of diverse cardio-

vascular diseases, as well as incident cardiovascular risk fac-

tors, in women with natural and surgical menopause before

age 40. The risk associated with alternate menopausal age

thresholds was also explored.

Methods

Study Cohort

The UK Biobank is a population-based cohort of more than

500000 adult residents of the United Kingdom recruited be-

tween 2006 and 2010.15,16At the baseline study visit, partici-

pants provided informed consent and completed question-

nairesabouthealthhistory (including reproductivehistoryand

medication use), lifestyle, and sociodemographic factors and

underwent physical assessment and phlebotomy.15 Incident

diagnoseswere collected fromfollow-up studyvisits and link-

age to national health records.15 Follow-up occurred through

August 2016. The Massachusetts General Hospital institu-

tional review board approved analyses of these data. The sta-

tistical analysis plan is available in Supplement 1.

Postmenopausal women who were 40 to 69 years old at

enrollment were considered for inclusion. Womenwho were

premenopausal,hadunknownmenopausestatus,orhadmiss-

ing or unknown age at menopause were excluded, as were

women with prevalent diagnoses of any of the cardiovascu-

lar diseases under study and those with congenital heart dis-

ease (see the eAppendix in Supplement 2 for relevant Inter-

national Classification of Diseases codes).

Exposures

Reproductivehistory, includinguseofsystemicmenopausalhor-

monetherapy(MHT),wasascertainedat thebaselinestudyvisit

byparticipant self-report. Inprimaryanalyses, tomaintaincon-

sistencywith recentAmericanCollegeofCardiology/American

HeartAssociationguidelines,naturalprematuremenopausewas

defined as menopause occurring before age 40 years without

bilateral oophorectomy. Surgical premature menopause was

defined as bilateral oophorectomy before age 40 years. Preva-

lentcardiovascularriskfactorswerecapturedfrom International

Classification of Diseases codes and/or self-report.

Outcomes

Theprimary outcomewas a composite of incident CAD, heart

failure, aortic stenosis, mitral regurgitation, atrial fibrillation

or flutter, ischemic stroke, peripheral artery disease, and ve-

nous thromboembolism. Secondary outcomes included inci-

dent hypertension, hyperlipidemia, type 2 diabetes, and in-

dividual diagnoses included in the composite primary end

point.Outcomeswerecaptured fromtheappearanceofaquali-

fying International Classification ofDiseases code in themedi-

cal record (eAppendix in Supplement 2). Prior genetic asso-

ciation analyseswith this definitionof CAD in theUKBiobank

showed concordant results compared with those from vali-

dated epidemiologic studies.17,18 Ischemic stroke diagnoses

were centrally validated by UK Biobank study staff.

Power Analysis and Sample Size Calculation

Sample sizewasdeterminedby thenumber of eligible partici-

pants in theUKBiobank. Assuming 1 ormore incident cardio-

vasculardiagnoseswouldoccur in5%ofwomenduring follow-

up, the sample had more than 99% power to detect a hazard

ratio of 2.0 for the primary outcome in both natural and sur-

gical premature menopause groups at an α level of .05.

Key Points

Question Are natural and surgical premature menopause

(occurring before age 40 years) associated with future

development of cardiovascular diseases?

Findings In a cohort study that included 144260postmenopausal

women, prematuremenopause, comparedwith no premature

menopause,was significantly associatedwith increased risk for a

composite outcome that included coronary artery disease, heart

failure, aortic stenosis,mitral regurgitation, atrial fibrillation, ischemic

stroke, peripheral artery disease, and venous thromboembolism.

For natural prematuremenopause, the hazard ratiowas 1.36; for

surgical prematuremenopause, the hazard ratiowas 1.87.

Meaning Natural and surgical premature menopausemay

be associated with increased risk for a composite of

cardiovascular diseases.
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Statistical Analysis

Baseline continuous variables were compared using analysis

of variance or theKruskal-Wallis test, as appropriate, and cat-

egoricalvariableswerecomparedusing thePearsonχ2 test.Cox

proportional hazard models were fitted to estimate associa-

tions of natural and surgical prematuremenopausewith time

to (1) first incident cardiovascular disease diagnosis (primary

outcome); (2) each of the 8 individual cardiovascular dis-

eases under study; and (3) incident hypertension, hyperlipid-

emia, and type 2 diabetes. Women with prevalent hyperten-

sion, hyperlipidemia, and type2diabeteswere excluded from

the corresponding incident disease models. Menopause his-

tory was included in themodels as a categorical, nonordered

variable (menopause at age ≥40 years, natural premature

menopause, and surgical prematuremenopause),withmeno-

pause at age 40 years or older serving as the reference group.

In additional exploratory analyses, hazards associatedwithal-

ternate age thresholdswere comparedwith a reference group

of women with age at menopause of 50 years or older.

All models were adjusted for age at study enrollment, in-

corporated as both a quadratic and linear term to account for

nonlinear effects, and race/ethnicity. Race/ethnicity was sys-

tematically ascertained fromself-report andadapted into con-

solidated categories for analysis (because95.5%of the sample

was white, race was dichotomized as white vs nonwhite in

models), as both cardiovascular disease risk and premature

menopause prevalence vary by race/ethnicity. Models for in-

cident cardiovascular diseases incorporated conventional

ASCVD risk factors (systolic blood pressure, non–high-

density lipoproteincholesterol,prevalent type2diabetes,body

mass index [BMI, incorporated as a continuous variable], and

smoking), use of medications (antihypertensive medica-

tions, lipid-lowering medications, and MHT), and high-

sensitivity C-reactive protein. Models for incident cardiovas-

cular risk factors (hypertension, hyperlipidemia, and type 2

diabetes) were further adjusted for BMI and the other 2 risk

factors not under consideration in each model. The normal-

ity of continuous covariateswas assessed, andC-reactivepro-

tein was log-transformed to achieve normality.

Foreachparticipant, follow-upbeganatenrollmentandwas

measured separately for each diagnosis. Time to censoring for

each outcome was determined by the date a diagnosis ap-

peared in the medical record or last follow-up. The propor-

tionalhazardsassumptionwas testedusingSchoenfeld residu-

als.To interrogate thepossibilityofbiasarising fromdifferential

competing risks (death) across groups, Fine-Gray subdistribu-

tion hazardswere calculated incorporating noncardiovascular

death as a competing risk for incident cardiovascular diagno-

ses and all-cause death as a competing risk inmodels for inci-

dent hypertension, hyperlipidemia, and type 2 diabetes.

In fully adjusted models in the primary analysis, no as-

sumptions were made about missing data, and women with

missing covariates were excluded from incident diseasemod-

els. To interrogate possible nonrandomness ofmissing labora-

torybiomarkerdata,multivariablemodels formissingnesswere

createdusingage,sex, type2diabetes,smokingstatus,BMI,sys-

tolic bloodpressure, andmedicationuseas covariates.Anyco-

variates found to be significantly associated with biomarker

missingness were incorporated, along with age and race/

ethnicity, inpredictivemodels to imputemissingdatausing the

predict() functioninR,andthese imputeddatawereusedinsen-

sitivity analyses. Other missing covariate data were imputed

using predictivemodels based on age and race/ethnicity.

Differences in hazards between natural vs surgical prema-

ture menopause were assessed using the statistical test for

heterogeneity.TheCochran-Armitagetestassessedtrendsincar-

diovascular disease risk across age at menopause thresholds.

Two-sided P< .05 was considered significant. Because of

thepotential for type I errordue tomultiple comparisons, find-

ings for analyses of secondary end points should be inter-

preted as exploratory. Analyses were performed using R ver-

sion 3.5 (R Foundation for Statistical Computing).

Results

Description of the Study Cohort

After exclusions, the final studycohort included 144260post-

menopausalwomen, ofwhom4904 (3.4%) experiencednatu-

ral menopause before age 40 (natural premature meno-

pause) and644 (0.4%)experiencedsurgicalmenopausebefore

age40(surgicalprematuremenopause) (Figure1).Womenwere

followed up for a median of 7 years (interquartile range, 6.3-

7.7; overall range,0-10). Themean (SD) ageof the cohort at en-

rollment was 59.9 (5.4) years, and 95.5% of the cohort was

white. The mean (SD) age at menopause was 50.3 (4.2) years

amongwomenwithoutprematuremenopause, 35.4 (3.9)years

amongwomenwith natural prematuremenopause, and 34.2

(4.2) years among women with surgical premature meno-

pause (P < .001). Althoughdifferences reached statistical sig-

nificance, paritywas numerically similar (median parity of 2)

across groups (Table 1).

Women with natural and surgical premature menopause

were more likely than women without premature meno-

pausetohaveprevalentcardiovascular risk factors, tohaveever

smokedtobacco, andtohaveusedMHTatenrollment (Table 1).

Less than 0.3% of women in all 3 groups initiated MHT after

age 60 years.

Primary Outcome

Assummarized inTable2, 5415women (3.9%)withoutprema-

turemenopause,292(6.0%)withnaturalprematuremenopause,

and49 (7.6%)with surgical prematuremenopausedeveloped 1

ormore incidentcardiovasculardiseasesduring follow-up.The

crudeincidencesofanyASCVD(CAD, ischemicstroke,orperiph-

eral arterydisease)was2143women (1.5%)withoutpremature

menopause, 123 (2.5%)withnaturalprematuremenopause,and

24 (3.7%)with surgical prematuremenopause.

The incidence rate of the primary outcome (composite of

CAD, heart failure, aortic stenosis, mitral regurgitation, atrial

fibrillation, ischemic stroke, peripheral artery disease, and

venous thromboembolism) was 5.70/1000 woman-years for

women without premature menopause, 8.78/1000 woman-

years for natural premature menopause (rate difference,

+3.08/1000 woman-years [95% CI, 2.06-4.10] vs women

without prematuremenopause; P < .001), and 11.27 per 1000
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woman-years for surgical premature menopause (rate differ-

ence, +5.57/1000woman-years [95%CI, 2.41-8.73] vswomen

without premature menopause; P < .001).

In analyses of time-to-first cardiovascular diagnosis, both

natural premature menopause (hazard ratio [HR], 1.36 [95%

CI, 1.19-1.56];P < .001)andsurgicalprematuremenopause (HR,

1.87 [95% CI, 1.36-2.58]; P < .001) were independently asso-

ciated with incident cardiovascular disease after adjustment

for age, race/ethnicity, prevalent type 2 diabetes, ever having

smoked, systolic blood pressure, antihypertensive medica-

tionuse,non–high-density lipoproteincholesterol, cholesterol-

loweringmedicationuse,BMI,C-reactiveprotein, andeveruse

of MHT (Table 3). The proportional hazards assumption was

satisfied in models for the primary outcome. Complete re-

sults for the fully adjustedmodel for theprimary outcomeare

summarized in eTable 1 in Supplement 2. Resultswere robust

tomultiple sensitivity analyses, includingmodels incorporat-

ing death as a competing risk, which are summarized in the

eResults and eTables 2-11 in Supplement 2.

Secondary Outcomes

Incidence of Individual Cardiovascular Diseases

The proportional hazards assumption was satisfied in mod-

els for all incident cardiovascular diagnoses. After multivari-

able adjustment, natural prematuremenopausewas indepen-

dently associated with aortic stenosis (HR 2.37 [95% CI,

1.47-3.82];P < .001), venous thromboembolism(HR, 1.70 [95%

CI, 1.27-2.29];P < .001), ischemicstroke (HR, 1.50 [95%CI, 1.01-

2.25];P = .04), CAD (HR, 1.39 [95%CI, 1.06-1.82];P = .02), and

atrial fibrillation (HR, 1.25 [95%CI, 1.00-1.58];P = .05), butnot

with heart failure (HR, 1.21 [95% CI, 0.81-1.82]; P = .35), mi-

tral regurgitation (HR, 0.73 [95%CI, 0.34-1.55] P = .41), or pe-

ripheral artery disease (HR, 1.34 [95% CI, 0.79-2.26]; P = .27)

(Table 3).

Aftermultivariable adjustment, surgical prematuremeno-

pause was independently associated with mitral regurgita-

tion (HR, 4.13 [95% CI, 1.69-10.11]; P = .002), venous throm-

boembolism (HR, 2.73 [95% CI, 1.46-5.14]; P = .002), heart

failure (HR,2.57 [95%CI, 1.21-5.47];P = .01), andCAD(HR,2.52

[95%CI, 1.48-4.29];P < .001) (Table 3), butnotwith aortic ste-

nosis (HR, 2.91 [95% CI, 0.92-9.15]; P = .06), atrial fibrillation

(HR, 1.60[95%CI,0.91-2.83];P = .11), ischemicstroke (HR,0.43

[95%CI, 0.06-3.12];P = .41), or peripheral artery disease (HR,

1.34 [95% CI, 0.33-5.41]; P = .68).

Inposthocmodels comparing thehazards associatedwith

natural and surgical prematuremenopause, therewas no sig-

nificant difference between natural and surgical premature

menopause for the primary outcome in fully adjusted mod-

els (Table 3).

Incorporation ofMHTUse in Association Analyses

Associations of premature menopause with incident cardio-

vascular disease diagnoses remained similar after incorporat-

ing ever use of MHT, current MHT use, duration of MHT use,

and delayed initiation of MHT 5 or more years after meno-

pause (eTables 12 and 13 in Supplement 2). In apost hocmodel

to assess whetherMHT use for 5 ormore yearsmitigated car-

diovascular riskassociatedwithprematuremenopause, theHR

Figure 1. Creation of the Study Sample FromWomen in the UK Biobank

272 271 Women in the UK Biobank
aged 40-69 y at the baseline
study visit

118 936 Excluded

63 961 Premenopausal

537 Congenital heart disease

111 Discordance between timing of bilateral
oophorectomy and menopause

43 661 Unknown menopausal status

10 666 Missing age at menopause

4904 With natural menopause
at age <40 y

5480 With natural menopause
at age <40 ya

576 Excluded for prevalent
cardiovascular disease

644 With surgical menopause
at age <40 y

746 With surgical menopause
at age <40 ya

102 Excluded for prevalent
cardiovascular disease

138 712 With menopause
at age ≥40 y

147 109 With menopause
at age ≥40 ya

8397 Excluded for prevalent
cardiovascular disease

153 335 Eligible women

Postmenopausal womenwhowere aged 40 to 69 years old at study enrollment

were considered for inclusion. Exclusion criteria included unknownmenopausal

status, missing data on age at menopause, and prevalent diagnoses of coronary

artery disease, heart failure, aortic stenosis, mitral regurgitation, atrial

fibrillation, ischemic stroke, peripheral artery disease, venous

thromboembolism, or congenital heart disease.

a Themean (SD) age at enrollment was 57.4 (7.8) years for the surgical

premature menopause group, 58.9 (7.1) years for the natural premature

menopause group, and 60.0 (5.4) years for the group without premature

menopause.
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Table 1. Baseline Characteristics of the Study Cohort

Characteristic

No. (%)

P Valuea
Women With Surgical Menopause
at Age <40 y (n = 644)

Women With Natural Menopause
at Age <40 y (n = 4904)

Women With Menopause
at Age ≥40 y (n = 138 712)

Age, y 57.4 (7.8) 58.9 (7.1) 60.0 (5.4) <.001

Race/ethnicity

White 613 (95.2) 4629 (94.4) 132 476 (95.5)

.001

Asian 8 (1.2) 96 (2.0) 2500 (1.8)

Black 13 (2.0) 97 (2.0) 1606 (1.2)

Mixed 4 (0.6) 33 (0.7) 645 (0.5)

Other 6 (0.9) 49 (1.0) 1485 (1.1)

Parity 2 (1 to 2) 2 (1 to 3) 2 (1 to 2) .002

No. 4899 138 624

History of gestational
hypertension/preeclampsia

4 (0.6) 36 (0.7) 912 (0.7) .80

History of hysterectomy 585 (90.8) 2524 (51.5) 12 505 (9.0) <.001

No. 641 4888 138 600

Mean age at menopause, y 34.2 (4.2) 35.4 (3.9) 50.3 (4.2) <.001

Current or former smoking 332 (51.6) 2391 (48.8) 57 187 (41.2) <.001

Exercise ≥2 times weekly 120 (50.4) 1079 (54.2) 34 980 (52.4) .23

No. 238 1991 66 770

Alcohol consumption
at least weekly

304 (47.2) 2645 (54.0) 88 357 (63.7) <.001

No. 4898 138 628

Body mass index,
mean (SD)b

28.7 (6.0) 27.9 (5.3) 27.0 (4.9) <.001

No. 629 4814 136 684

Systolic blood pressure,
mean (SD), mm Hg

139.2 (21.6) 139.2 (20.4) 140.5 (20.3) <.001

No. 604 4614 130 586

Diastolic blood pressure,
mean (SD), mm Hg

81.7 (11.4) 81.1 (10.4) 81.2 (10.4) .44

No. 604 4614 130 588

Hypertension 218 (33.9) 1506 (30.7) 37 616 (27.1) <.001

Hyperlipidemia 98 (15.2) 809 (16.5) 16 557 (11.9) <.001

Type 2 diabetes 13 (2.0) 132 (2.7) 1949 (1.4) <.001

Chronic kidney disease 1 (0.2) 25 (0.5) 230 (0.2) <.001

History of any cancer 151 (23.7) 707 (14.5) 14 159 (10.2) <.001

No. 638 4875 138 311

Medication use at baseline visit

Antihypertensive medication 148 (23.0) 1110 (22.6) 26 751 (19.3) <.001

Cholesterol-lowering medication 122 (18.9) 986 (20.1) 18 962 (13.7) <.001

Menopausal hormone therapy
(current use)

174 (27.0) 778 (15.9) 8504 (6.1) <.001

Ever use of menopausal
hormone therapy

544 (84.5) 3490 (71.5) 61 078 (44.1) <.001

No. 4883 138 388

Age at initiation of menopausal
hormone therapy, mean (SD), y

36.7 (5.9) 41.6 (6.3) 48.7 (4.5) <.001

No. 533 3191 56 280

Duration of prior menopausal
hormone therapy use
(not including current users),
median (range), y

10 (5 to 19) 8 (3 to 13) 5 (2 to 9) <.001

No. 392 2468 48 355

Prior use of menopausal
hormone therapy ≥5 y

296 (46.0) 1706 (34.8) 26 081 (18.8) <.001

Time from menopause to initiation
of menopausal hormone therapy
among menopausal hormone
therapy users, median (IQR), y

0 (0 to 2) 4 (1 to 11) 0 (−3 to 1) <.001

No. 533 3191 56 280

(continued)
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for interaction of natural premature menopause and ex-

tendedMHTusewas0.92 (95%CI, 0.61-1.37;P = .67), and the

HR for interaction of surgical premature menopause and ex-

tended MHT use was 0.49 (95% CI, 0.21-1.14; P = .10).

Age atMenopause and Incident Cardiovascular Disease

Aftermultivariableadjustmentasabove,youngerageatmeno-

pause remained independently associated with time to first

incident cardiovascular diagnosis (HR, 1.02/year of earlier age

Table 1. Baseline Characteristics of the Study Cohort (continued)

Characteristic

No. (%)

P Valuea
Women With Surgical Menopause
at Age <40 y (n = 644)

Women With Natural Menopause
at Age <40 y (n = 4904)

Women With Menopause
at Age ≥40 y (n = 138 712)

Initiation of menopausal hormone therapy
>5 y after menopause (% of menopausal
hormone therapy users)

37 (6.9) 535 (16.8) 2618 (4.7) <.001

No. 533 3191 56 280

Cholesterol, mean (SD), mg/dL

Total 233.3 (46.2) 230.7 (44.6) 235.4 (43.1) <.001

No. 608 4560 129 396

HDL 58.7 (13.6) 60.7 (14.7) 63.0 (14.8) <.001

No. 556 4161 117 832

LDL 145.9 (36.2) 142.9 (34.6) 145.8 (33.5) <.001

No. 608 4553 129 170

Triglycerides 146.6 (122.6 to 167.2) 134.2 (95.4 to 191.1) 123.7 (90.6 to 173.0) <.001

No. 607 4560 129 322

Lipoprotein(a),
median (IQR), nmol/L

22.2 (9.3 to 63.9) 22.8 (10.3 to 64.2) 23.3 (10.4 to 61.5) .52

No. 490 3653 9228

High-sensitivity C-reactive
protein, median (IQR), mg/L

2.2 (1.0 to 4.6) 1.8 (0.9 to 4.0) 1.4 (0.7 to 2.9) <.001

No. 606 4555 129 170

Abbreviations: HDL, high-density lipoprotein; IQR, interquartile range;

LDL, low-density lipoprotein.

SI conversion factors: To convert total, HDL, and LDL cholesterol to mmol/L,

multiply by 0.0259; triglycerides to mmol/L, multiply by 0.0113; and

lipoprotein(a) to μmol/L, multiply by 0.0357.

a P values were calculated for continuous variables using analysis of variance

(normally distributed variables) or the Kruskal-Wallis test (non–normally

distributed variables) and using the Pearson χ2 test for categorical variables.

bCalculated as weight in kilograms divided by height in meters squared.

Table 2. Incidence of Cardiovascular Disease and Cardiovascular Risk Factors During the Study Period

Women With Menopause
at Age ≥40 y (n = 138 712)

Women With Surgical Menopause
at Age <40 y (n = 644)

Women With Natural Menopause
at Age <40 y (n = 4904)

Crude
Cumulative
Incidence,
No. (%)

Woman-Years
at Risk, No.

Incidence Rate
per 1000
Woman-Years
(95% CI)

Crude
Cumulative
Incidence,
No. (%)

Woman-Years
at Risk, No.

Incidence Rate
per 1000
Woman, Years
(95% CI)

Crude
Cumulative
Incidence,
No. (%)

Woman-Years
at Risk, No.

Incidence Rate
per 1000
Woman-Years
(95% CI)

Cardiovascular Disease

Any incident
cardiovascular
disease diagnosis

49 (7.6) 4346 11.27 (8.54-14.6) 292 (6.0) 33 254 8.78 (7.83-9.82) 5415 (3.9) 949 268 5.70 (5.55-5.86)

Coronary artery
disease

20 (3.1) 4429 4.52 (2.94-6.70) 79 (1.6) 33 887 2.33 (1.87-2.87) 1312 (0.9) 961 477 1.36 (1.29-1.44)

Heart failure 9 (1.4) 4458 2.02 (1.08-3.54) 41 (0.8) 34 033 1.20 (0.89-1.60) 722 (0.5) 963 530 0.75 (0.70-0.80)

Aortic stenosis 4 (0.6) 4492 0.89 (0.36-1.95) 23 (0.5) 34 067 0.68 (0.45-0.98) 270 (0.2) 964 893 0.28 (0.25-0.31)

Mitral regurgitation 5 (0.8) 4486 1.11 (0.49-2.28) 12 (0.2) 34 086 0.35 (0.20-0.58) 334 (0.2) 964 628 0.35 (0.31-0.38)

Atrial fibrillation 16 (2.5) 4450 3.60 (2.22-5.56) 102 (2.1) 33 816 3.02 (2.49-3.63) 2093 (1.5) 959 120 2.18 (2.09-2.28)

Ischemic stroke 3 (0.5) 4493 0.67 (0.24-1.61) 32 (0.7) 34 048 0.94 (0.67-1.29) 584 (0.4) 963 965 0.61 (0.56-0.66)

Peripheral artery
disease

3 (0.5) 4485 0.67 (0.24-1.61) 22 (0.4) 34 069 0.65 (0.43-0.94) 334 (0.2) 964 671 0.35 (0.31-0.38)

Venous
thromboembolism

11 (1.7) 4416 2.49 (1.40-4.16) 57 (1.2) 33 724 1.69 (1.31-2.16) 989 (0.7) 959 696 1.03 (0.97-1.10)

Cardiovascular Risk Factorsa

Hypertension 50 (11.7) 2844 17.58 (13.35-22.78) 251 (7.4) 22 819 11.00 (9.72-12.40) 5007 (5.0) 688 074 7.28 (7.08-7.48)

Hyperlipidemia 49 (9.0) 3644 13.45 (10.18-17.46) 208 (5.1) 27 840 7.47 (6.52-8.52) 4229 (3.5) 837 466 5.05 (4.90-5.20)

Type 2 diabetes 34 (5.4) 4276 7.95 (5.70-10.84) 177 (3.7) 32 567 5.43 (4.69-6.26) 2747 (2.0) 942 955 2.91 (2.81-3.02)

a Percentages reflect the proportions of womenwith incident hypertension, hyperlipidemia, and type 2 diabetes among those without the corresponding prevalent

disease diagnosis.
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at menopause [95% CI, 1.01-1.03]; P < .001). Compared with

menopause at age 50 years or older, the primary outcome

hazard risk progressively increased with lower menopausal

age thresholds (P for trend for natural premature meno-

pause < .001, P for trend for surgical premature meno-

pause = 0.03; eTable 14 in Supplement 2). Menopause at age

45 to49years, comparedwith at age 50years or older,was as-

sociatedwith amodestly elevated hazard of incident CAD af-

ter multivariable adjustment (HR, 1.25 [95% CI, 1.08-1.46];

P = .004).

Compared with women experiencing menopause at age

50 years or older, an inverse dose-response relationship was

observed between age at menopause and hazard of CAD

(P for trend for natural premature menopause = .02, P for

trend for surgical premature menopause = .004), aortic ste-

nosis (P for trend for natural premature menopause = .04,

P for trend for surgical premature menopause = .004), and,

for natural premature menopause, atrial fibrillation (P for

trend = .04), with the largest hazards observed among

women with menopause before age 30 years (Figure 2;

eTable 14 in Supplement 2). In fully adjusted models, large

hazards for aortic stenosis were still observed among middle-

aged women experiencing natural menopause before age 30

years (HR, 3.56 [95% CI, 1.09-11.63]; P = .03) and surgical

menopause before age 30 years (HR, 17.93 [95% CI, 5.44-

59.07]; P < .001).

Incident Cardiovascular Risk Factors

Theproportionalhazardsassumptionwassatisfied inCoxmod-

els for incident hypertension and hyperlipidemia. Age-

stratified models were fitted in 5-year bins of age at enroll-

ment to satisfy the proportional hazards assumption for

type 2 diabetes.

AsshowninFigure3, the incidenceofhypertension,hyper-

lipidemia, andtype2diabeteswasgreatestamongwomenwith

history of surgical premature menopause and lowest among

womenwithoutprematuremenopause. Inmodelsadjusted for

age, race/ethnicity,BMI,andtheprevalenthypertension,hyper-

lipidemia, andtype2diabetes statusesnotunderconsideration

in each model, natural premature menopause was associated

withanHRof 1.43 (95%CI, 1.24-1.65;P < .001) andsurgicalpre-

maturemenopausewithanHRof1.93(95%CI,1.37-2.74;P < .001)

for incidenthypertension(P forheterogeneity = .11).For incident

hyperlipidemia,natural prematuremenopausewasassociated

withanHRof 1.36 (95%CI, 1.16-1.61;P < .001) andsurgical pre-

mature menopause with an HR of 2.13 (95% CI, 1.50-3.04;

P < .001, P for heterogeneity = .02). For incident type 2 diabe-

tes, greater risk was observed for both premature menopause

(HR range, 0.9-1.6 across age strata) and surgical premature

menopause (HR range, 1.3-4.7 across age strata) (eTable 15 in

Supplement2).Resultswererobust tosensitivityanalyses, sum-

marized in the eResults and eTables 16-18 in Supplement 2.

Missing Data

In fully adjusted models for incident cardiovascular disease,

21.5%ofwomenhad 1ormoremissing covariates,withno sig-

nificantdifference inmissingness acrossgroups (range, 21.5%-

21.8% missingness across the 3 study groups; P = .80). Mod-

els using imputed data to replace missing covariates yielded

similar results to the primary models (eTable 3 in Supple-

ment 2). Further analyses of datamissingness are provided in

the eResults in Supplement 2.

Table 3. Hazard Ratios for Incident Cardiovascular Disease Diagnoses AssociatedWith Natural and Surgical PrematureMenopause

(ie, Menopause Before Age 40 Years)

Sparsely Adjusted Modelsa Fully Adjusted Modelsb

Surgical Premature
Menopause

Natural Premature
Menopause

P Value for
Heterogeneityd

Surgical Premature
Menopause

Natural Premature
Menopause

P Value for
Heterogeneityd

Hazard Ratio
(95% CI)

P

Valuec
Hazard Ratio
(95% CI)

P

Valuec
Hazard Ratio
(95% CI)

P

Valuec
Hazard Ratio
(95% CI)

P

Valuec

First cardiovascular
disease diagnosise

2.21 (1.66-2.92) <.001 1.60 (1.42-1.80) <.001 .04 1.87 (1.36-2.58) <.001 1.36 (1.19-1.56) <.001 .08

Coronary artery
disease

3.76 (2.42-5.86) <.001 1.81 (1.44-2.28) <.001 .004 2.52 (1.48-4.29) <.001 1.39 (1.06-1.82) .02 .05

Heart failure 2.74 (1.42-5.29) .003 1.56 (1.14-2.16) .006 .14 2.57 (1.21-5.47) .01 1.21 (0.81-1.82) .35 .08

Aortic stenosis 3.41 (1.27-9.16) .02 2.48 (1.62-3.80) <.001 .56 2.91 (0.92-9.15) .06 2.37 (1.47-3.82) <.001 .75

Mitral regurgitation 3.40 (1.41-8.27) .007 0.95 (0.52-1.74) .87 .02 4.13 (1.69-10.11) .002 0.73 (0.34-1.55) .41 .004

Atrial fibrillation 1.87 (1.14-3.06) .01 1.44 (1.18-1.77) <.001 .34 1.60 (0.91-2.83) .11 1.25 (1.00-1.58) .05 .44

Ischemic stroke 1.18 (0.38-3.66) .78 1.59 (1.12-2.28) .01 .62 0.43 (0.06-3.12) .41 1.50 (1.01-2.25) .04 .23

Peripheral artery
disease

2.19 (0.70-6.83) .18 1.96 (1.27-3.03) .002 .86 1.34 (0.33-5.41) .68 1.34 (0.79 -2.26) .27 .99

Venous
thromboembolism

2.57 (1.41-4.67) .002 1.68 (1.29-2.20) <.001 .20 2.73 (1.46-5.14) .002 1.70 (1.27-2.29) <.001 .18

a Sparsely adjustedmodels are adjusted for age at enrollment and

race/ethnicity.

bFully adjustedmodels are adjusted for age, race/ethnicity, prevalent type 2

diabetes, ever having smoked, systolic blood pressure, use of antihypertensive

medication, non–high-density lipoprotein cholesterol, use of

cholesterol-lowering medication, bodymass index, C-reactive protein, and

history of menopausal hormone therapy use.

c P values derived from Cox proportional hazards models.

dReflects comparison between hazards associated with natural vs surgical

premature menopause using the statistical test of heterogeneity.

e Comprised of coronary artery disease, heart failure, aortic stenosis, mitral

regurgitation, atrial fibrillation, ischemic stroke, peripheral artery disease, and

venous thromboembolism.
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Discussion

In a large cohort of postmenopausal women, natural and

surgical menopause before age 40 years were associated

with a modest but statistically significant increased risk for

a composite of cardiovascular diseases, with persistent

associations observed after adjustment for conventional

cardiovascular risk factors. Although the HRs met statistical

significance, absolute risk differences were small given low

overall incidence of cardiovascular disease in the study

cohort. In secondary analyses, premature menopause was

associated with incident CAD, heart failure, aortic stenosis,

atrial fibrillation, and venous thromboembolism, as well as

incident hypertension, hyperlipidemia, and type 2 diabetes,

with greater hazards observed at progressively younger ages

at menopause.

The results of this study extend prior findings. In a meta-

analysis of 32 studies including 310000 women, Muka et al7

foundelevatedrisk forCADamongwomenexperiencingmeno-

pause at younger than age 45 years vs age 45 years and older

butdidnot finda significantdifferencebetweenmenopauseat

age45 to49yearscomparedwithat50yearsorolder. Inameta-

analysis of 190000 women, Roeters van Lennep et al8 de-

tected a significant hazard for ischemic heart disease follow-

ing menopause at younger than age 40 years but found no

difference in stroke risk.The findingsof thepresent studyalign

most closelywith amore recentmeta-analysis examining inci-

dentCADandstrokevsageatnaturalmenopause,which found

significanthazardsofCADandstrokeamongwomenwithnatu-

ral menopause between ages 45 and 49 years and larger haz-

ards with progressively earlier age at menopause.19 However,

the present study extends these results by more comprehen-

sivelyadjusting forconventionalcardiovascular risk factorsand

observing persistent independent associations, by finding in-

creased incidenceofmodifiablecardiovasculardisease risk fac-

tors, andby testingassociationswithnon-ASCVDcardiovascu-

lar diseases. These results may have implications for

understandingandmitigating the long-termrisk for cardiovas-

cular disease associated with prematuremenopause.

First, history of premature menopause provides an

opportunity for “primordial prevention”—targeted nonphar-

macologic strategies aimed at reducing the risk of developing

cardiovascular risk factors. In the Framingham Heart Study,

higher premenopausal Framingham risk score was associated

with earlier age at menopause,20 suggesting premature

Figure 2. Hazard Ratios and 95%CIs for Coronary Artery Disease, Aortic Stenosis, and Atrial Fibrillation AssociatedWith Different Age

atMenopause Thresholds

No. of

Women

Age at

Menopause, y

Sparsely adjusted modelsA

Coronary artery disease Atrial fibrillation

0.5 101

Hazard Ratio (95% CI)

<30 541

<35 1731

<40 5548

<45 18 564

<50 53 303

Aortic stenosis

No. of

Women

Age at

Menopause, y

Fully adjusted modelsB

Coronary artery disease Atrial fibrillation

0.5 101

Hazard Ratio (95% CI)

<30 541

<35 1731

<40 5548

<45 18 564

<50 53 303

Aortic stenosis

0.5 20

Hazard Ratio (95% CI)

101

Natural menopause

Surgical menopause

0.5 60101

Hazard Ratio (95% CI)

0.5 60101

Hazard Ratio (95% CI)

0.5 20

Hazard Ratio (95% CI)

101

Groups are inclusive of all womenwith age at menopause below the listed

cutoff. The reference group for all models is menopause at age 50 years

or older. Hazard ratios and 95% CIs are derived from Cox proportional

hazardmodels. A, Sparsely adjustedmodels are adjusted for age and

race/ethnicity. B, Fully adjustedmodels are adjusted for age, race/ethnicity,

prevalent type 2 diabetes, ever having smoked, systolic blood pressure, use of

antihypertensive medication, non–high-density lipoprotein cholesterol,

use of cholesterol-lowering medication, bodymass index, C-reactive protein,

and history of menopausal hormone therapy use.
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menopause may serve as a risk signal instead of causally

influencing future cardiovascular risk.21 In the present study,

however, a greater risk of acquiring cardiovascular risk fac-

tors was observed following premature menopause after

adjusting for prevalent risk factors. Therefore, premature

menopause may not be merely comorbid with conventional

cardiovascular risk factors but may separately heighten the

likelihood of developing these risk factors.5 By identifying

women with premature menopause, allocating resources for

lifestyle modification to prevent the onset of modifiable risk

factors may yield meaningful clinical returns and requires

future study. Additionally, although recent guidelines

prompt clinicians to consider menopause to guide statin pre-

scriptions only among women experiencing menopause

before age 40,12,13 these results suggest premature meno-

pause should be regarded as a risk continuum from age at

onset of younger than 30 years through 45 to 49 years.

Second, thecardiovasculardiseaseriskassociatedwithpre-

mature menopause extended beyond ASCVD. Postmeno-

pausal state is associatedwith increase in cytokines andoxida-

tive stress,22whichmay contribute to osteogenesis of valvular

interstitial cells.23,24 However, whether this represents the

mechanism for the association between premature meno-

pause and aortic stenosis is not known. Furthermore, an asso-

ciationofprematuremenopausewith conventional cardiovas-

cular risk factors was observed, which may have a causal

relationshipwith valvular heart disease aswell as CADaccord-

ing to recent genetic association studies.25 Prior smaller stud-

iesdescribednonsignificantassociationsbetweenageatmeno-

pauseandriskofatrial fibrillation,withconflictingdirectionality

of association.26,27By contrast, in this study, amodest but sig-

nificantanddose-responsiveassociationbetweenearliermeno-

pause and increased risk of incident atrial fibrillationwas pre-

sent. Inaddition,theobservedriskofvenousthromboembolism,

independent ofMHTuse,was similar to findings from theWo-

men’s Health Initiative.28

Third, form ofmenopausemay be associatedwith differ-

ential cardiovascular risk. Although significant differences in

riskbetweennatural vs surgical prematuremenopausedidnot

persist in fullyadjustedmodels, riskdifferencesmaystemfrom

differential development of conventional cardiovascular risk

factors, and the possibility of reduced statistical power can-

notbe ruledout. Prior studies suggested thatpreoperative car-

diovascular risk profile dictates future cardiovascular risk in

women undergoing oophorectomy,29,30 but baseline cardio-

vascular risk profiles between natural and surgical prema-

ture menopause groups in this study were similar. Although

womenwith surgicalmenopause had higher rates and longer

duration of MHT use, effect estimates were unchanged after

adjustment for MHT use. In data collected between 1998 and

2011, ratesofelectivebilateraloophorectomyat the timeofhys-

terectomy in the United States were declining, butmore than

one-third of women undergoing hysterectomy still under-

went elective bilateral oophorectomy.31,32The findings of the

present studymay inform cardiovascular disease risk discus-

sions and surveillance when bilateral oophorectomy is con-

sidered, eg, forwomenwith inherited predisposition to ovar-

ian cancer such as BRCA gene mutation carriers.

Limitations

This studyhas several limitations.First, ageatmenopausewas

self-reported andascertainedyears aftermenopause.Women

were prompted to indicate when they did not know this in-

formation tominimize the risk of misclassification, although

20% of age-eligible women were excluded as a result. Al-

thoughfurther residualmisclassification ispossible, thiswould

Figure 3. Cumulative Incidence of Hypertension, Hyperlipidemia, and Type 2 Diabetes AmongWomenWithout Each Condition at Enrollment
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Women enrolled in the UK Biobank across a 3-decade range of ages. These

cumulative incidence graphs depict the probability of developing hypertension,

hyperlipidemia, and type 2 diabetes in women followed up to a given age,

depicted on the x-axis, among those without each prevalent condition at study

enrollment. Womenwith prevalent hypertension, hyperlipidemia, and type 2

diabetes were excluded from the respective cumulative incidence graph. In

addition, at enrollment, 33.9% of womenwith surgical premature menopause,

30.7%with natural premature menopause, and 27.1%without premature

menopause had hypertension; 15.2%with surgical premature menopause,

16.5%with natural premature menopause, and 11.9%without premature

menopause had hyperlipidemia; and 2.0%with surgical premature menopause,

2.7%with natural premature menopause, and 1.4%without premature

menopause had type 2 diabetes.
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be expected to diminish the magnitude of observed associa-

tions and bias results toward the null.

Second, data regarding indications for prior bilateral

oophorectomy were not available to help clarify risk mecha-

nisms. Sensitivity analyses suggested that observed associa-

tions were not driven by cardiovascular risks associatedwith

cancer survivorship.

Third, although the UK Biobank is very large and well-

phenotyped, a “healthy participant” selection bias has been

noted.33Similarly,becausewomenwererecruitedovera30-year

range of ages and women with prevalent cardiovascular dis-

easeswereexcluded, thesamplemaybebiasedtowardhealthier

individuals. While this may underestimate associations, the

study’s aim was to assess cardiovascular disease risk among

asymptomatic middle-aged women without established car-

diovascular disease, in accordance with current guidelines.

Fourth,whiledataonspecificMHTpreparationsanddoses

used by participantswere not available,multiple analyses ar-

gued against a significant mediating role of MHT in observed

associations, which is consistent with the findings of 2 con-

temporary studies.7,10 In addition, because the study sample

wasmore than 95%white,whether the findings generalize to

other racial/ethnic groups requires further study.

Conclusions

Naturalandsurgicalprematuremenopause(beforeage40years)

were associated with a small but statistically significant in-

creased risk for a composite of cardiovascular diseases among

postmenopausalwomen.Further research isneeded tounder-

stand themechanisms underlying these associations.
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