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ABSTRACT

Objective

Current evidencen the association between body mass in@Mlf andage at menopause
remainsunclear We investigaté the relationship betwedBMI andage at menopausesing
data froml1 prospectivestudies.

Methods

A total 0f24,196 women whexperienced menopause aftecruitmentwasincluded. Baseline
BMI was categorisedccording tahe WHOcriteria.Age at menopauseonfirmed bynatural
cessation of mensdsr >12 months wascategorsed as <45ears(early menopau3e45-49,
50-51 (reference categoryb2-53, 5455, and>56 years(late age atmenopause)We used
multinomial logistic regression models to estimataltivariablerelative risk ratis (RRRs)
and 95%confidence intervalsgl) for the associations between BMI aage atmenopause.
Results

The mearf{standard deviatiorggeat menopauseas 51.43.3)years, with 2.5% ahewomen
having early and 8.26 late menopause€Compared with thsewith normal BMI (18.5-24.9
kg/m?), underweight women were ahigher risk of early menopause (RRR 2.15, 95P4.50-
3.06), while overweight (1% 1.3%11.77) and obessomen(1.54, 1.182.01) wereatincreased
risk of late menopaus@verweight and obesity weedsosignificantly associated withround
20% increasedsk of menopausatages 553 and 5455 yearsWe observeho association
between underweight and late menopads$e risk of early menopauseas higher among
obese women albeit not significant (1.23, 0.89-1.71).

Conclusion

Underweight womenhad over twice the risk ofexperiencingearly menopause, while

overweight and obese women had over 50% higher riskpdriencing late menopause.

Keywords Underweight Obesity -Age at menopauseRospective studies



79 INTRODUCTION

80 Age at naturainenopause, defineak the time when a woman has experienced 12 consecutive
81 months of amenorrhehas a range of health implicatioms a marker for biogicalageingand
82  subsequenmorbidity and mortality.Early menopausés associaté with higher risk of
83 cardiovascular diseas€Y{D) mortality, all-cause mortalityj1, 2], type 2 diabete$3], low
84  bone density andsteoporosis [4)while latemenopauseicreaseshe risk ofbreast cancegb]
85 and probably endometrial cancer [6].

86

87 In high-income countries,\@erageage at menopause 51.4 yearg7], but varies between
88  populatiors from 49 to 52 yeard8]. Factorsshown to be associated withe timing of
89 menopause includgenetic,demograplt, and reproductiveharacteristicsas well adifestyle
90 and bodyweight[9]. If a motheras arearly menopauséierdaughter is more likely talso
91 reach menopause eafB; 9]. Early menarche and nulliparity are both lidkeith earlierage
92 at menopausglO] as is also loweeducationand low sociaeconomicstatus[11]. Cigarette
93  smoking,the most establishedodifiable determinant ohge at menopauskastes the onset
94  of menopause bglmost ayear[11].

95

96 Another potentially modifiable factor that might affegje at menopause body mass index
97 (BMI). To date, evidence on the relationship between BMI and age at mendpalsen
98 inconsistentHigh BMI has beetinkedto bothlater[7, 12, 11, 1315], andearlier menopause
99 [16, 17]whilst some studiebavefound no associatiof18-20]. Low BMI has been related to
100 early menopaus¢2l, 14], but some studiegeport no significant relationshipg22, 17]
101 Inconsistent results across studies could be due to differensteslyisamples, tsidy designs,
102  classification of BMI levelsandadjustmentor confounding variables.

103



104

105

106

107

108

109

110

111

112

113

114

115

116

117

118

119

120

121

122

123

124

125

126

127

128

Ouraimwas o investigate the relationship between different categories of BMI anihting
of age at menopauseross several studies that inclada from multiple racial/ethnic groups
of women, whilst taking into account aange of potential confounding factoM/e have
available poled paitcipantlevel datafor over 24,000 postmenopausal womé&om
prospective studies contributibgthe InternationaCollaboration for a Life Gurse Approach

to Reproductive Health and ChronitsBase Events (InterLACE23, 24].

MATERIALS AND METHODS

Study participants

InterLACE has brought togeth28 observational, mostly longitudinal cohort studies with data
on women’s healtlas previously described in detf2l3, 24] Participating studies collected
survey datan keyreproductive, sociodemographic, lifestyémd disease outcome variables

In the present analyses, we used prospective design to examine the associagen betw
baselineBMI categories anége at menopausehich occurred after baseline survéyus,
women who experienced menopause belfaselinewere excludedn=37,691).This pooled
studythereforeconsisted of 24,196 women who were premenopausal at baselineaghdd
menopausat a subsequent survey, had repoege at natural menopaused had complete
data on BMlas well akey covariates at baseline, including smoking status, education level,
racekthnicity, anchumberof children.As a consequenc#l prospective studiegere included
(Table 1) NSHD (1946 British Birth Cohort) and NCDS (1958 British Birth Cohart) birth
cohort studiesvhichcollected information on womenfsproductivehealthfrom 1993 (vomen

aged 47yearg and 2008 omenaged 50yearg, respectively The sampling strategy with

exclusion criteria is present&u Supplementary Figure 1.

Outcome and exposure variables
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The outcomewas age at menopauseonfirmed by at least2 months of cessation of menses

that did notresult fom interventions(such as bilateral oophorectomizysterectomy
chemotherapy, or radiothergpyvomen having these procedures were excludedwomen

who were currently takinpormonereplacement therap§HRT) or oral contraceptive pills
(OCPs)(unless natural or surgical menopausal was specifically reported), wedddfeie
menopausal status separately as “unknown due to hormone use”, and the data on menopause
age were not available for this gro[##]. Age at menopauseas categorisedas <45years

(early menopauge4549, 5051 (reference categorypb253, 5455, or56 years and above

(late menopause)

The exposure variabigeas BMI, basedoneither selfrecordecbr measuredataat thebaseline
survey.BMI was calculatedsweight(kg) divided byheightsquaredm?) and was categorised
according to the WHO criterif25], into: underweight (<18.%&g/n?), normal weigh{18.5 to
24.9 kg/m?), overweight(25 to 29.9 kg/n?) and obese *¥30 kg/m?). Becausethe two birth
cohort studiegNSHD and NCDS¥ollected BMI informatiorat eachollow-up surveyafter
birth, BMI from thesurvey before women reported having undergoeeopaus&as treated

asthebaseline.

The following demographic and lifestyle factors reported at basslineeys (or at mid age
surveys for the birth cohostudie$ were included in the analysis @svariatessmoking status
(never smokers, past smokeaad current smokers), years of educagioro, 11-12,and >12
years),racekthnicity (CaucasiarEuropean, Caucasigkustralian/New Zealand, Caucasian
American/Canadian, ambn-Caucasiaffincluding Asian,African Americans, Middle Eastern
etc)), numberof children fone 1, 2,and3 or more children) and agemenarche<11, 12,

13, 14,and15 years or more). Employment and marital status were not included as esvariat



154  for missing in MCCS and NCDS study. Also, genetic factors, early liféofmcand
155  comorbidities (e.g., cancer and chronic obstructive pulmonary d{&@B®)) were
156  unmeasured and may lead to residual confounding.

157

158  Statistical analysis

159  We used naltinomial (polytomous) logistic regression mosdelith six categories of outcome
160 for age at menopauge45, 4549, 5051, 5253, 5455, 56 years andlden to examine the
161  associations betwedraseline BMIcategoriesandage at menopausé/e used age 561 years
162 at menopausas referencgroup for theoutcome,and BMI 18.5 to 24.9 kg/fmas reference
163  group for the exposur&tatisticalmodels vere adjustedfor smoking status, education level,
164  raceéthnicity, andnumberof children Variables were retained in model Bt < 0.05.
165  Multivariable relative risk ratios (RRR&6] and 95%confidence interval (95% CI)were
166  estimatedfor the relationbetweenBMI categorie and each categorpf age at menopause
167  adjusting forcovariatesAge at menarche is alsopatentialconfounder that could affect the
168  association between BMI and age at menopalises, the models were additionally adjusted
169  for age at menarche but with only ten studies included in the an@iy2%,991) becausao
170  information on age at menarche was availdiden the WHITEHALL study. We also used
171 fractionalpolynomial model t@xamingpossible noinear relationshippetween BMI and age
172 at menopausky treating them as continuous variables using total sample of 24,196 women.
173

174  We undertook everal ensitvity analyse to examine the robustness ofir findings To
175 minimise the possible infience of permenopause on BMat midlife, we analysedhe
176  associatiorof BMI with age at menopauger womenwho experiencednenopauset least
177  oneyear,two years,threeyears,andfive years after the baseline BMI was collectedody

178  weight may increase witage,andwomen enrollecht older ages are likely to have a higher
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BMI and havea higherchance of later menopse We therefore performed sensitivity
analysisby excluding women who enrolleglfter the age of 50 yearSpecific BMI cutoff
points hae been recommended for Asiaf%&/]. Hence we alsodid a sensitivity analysiby
using the “Asian BMI criteria{underweight, <18.5 kg/fnnormal weight,18.5-22.9Kg/nv;
overweight, 23-27.&g/m?, obese> 27.5 kg/nf) for women of Asian ethnicity. We also
performed an analysisxcludng women whose BMWwasobtained by selfeported height and
weight at baseline Additionally, we performed studgpecific regression and randeeffecs
metaanalysidor studies whiclhadsufficient data t@stimate the betweestudy heterogeneity

in the effectsizeestimates.

The SURVEYLOGISTIC procedure was carried out with the gersedallogit link that
estimates sampling errors based on the clustered sample survey from multige and
incorporates that in the estimates. All tests of statistical hypotivesestwo-sided and the
level of significance waS%. Statisticalanalysesvere performedisingSAS (version 9.4, SAS
Institute Inc, Cary, NGlandtheMETAN command irStata yersion 14.0, Stata Corp., College

Station, TX) was used to performetaanalysis

Each study in the InterLACE consortium has been undertaken with ethical appoovahé
Institutional Review Board or Human Research Ethics Committee at each pantcipa
institution, and all participants provided consent for that study.

RESULTS

Study characteristics

Altogether24,196 women experiencathturalmenopause aftdraseline Most of them were
born between 1940 and 19@Bable 1) Themean $tandard deviation, SIBMI was24.9 (4.8)

kg/m? (median 23.%g/n?, interquartile range 21-26.9kg/m?), with 1.6%, 26.5%and 12.8%
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of the womerunderweight, overweight, and obessspectivelyThe mean agatbaseline BMI

was46.0 (3.8)years and he mearage at menopauseas51.4 (3.3)years(median52.0 years,
interquartile rangeb0.0-54.0years) (supplementafables S1 and $2A small percentage
(2.5%) hadearly menopause (age at menopaté® yeary and8.1% late menopase (age at

menopause56 years).

Comparedvith the womerwho wereneversmokersor past smokersvomen who werewrrent
smokers had the highest proportion of underweight (2at8dearly menopauset(0%)and
the lowest proportion of late menopause (5.8%able 3. The proportios of women who
wereboth underweigh{from 2.2% to 1.3%pandhadearly menopaus@rom 3.8% to 1.9%)
decreased withncreasingnumber of children, while theroportionsof overweght/obese
womenandthose withate menopaseincreasedConversely, th increasingage at menarche,
the proportios of womenin the underweightcategoryand with late menopausencreased,

while the proportions of overwght/obesevomen and those witkarly menopause decreased.

Association between BMI andage at menopause

BMI was positively associatedvith age at menopausand the strength of this relationship
remained afteadjusting forraceéthnicity, education level, smoking status, amonberof
children(Table 3) Compared with normal weight women, underweight women had more than
twice the risk of experiencing early menopaBRR: 2.15, 95% C1.50, 3.06 age at
menopause 581 years as the referengeoup). The averweight andobese categoriesere
bothassociated with late menopapggth multivariableRRR of 1.2 (95% CI1.31, 1.77) and

1.54 (95% CI 1.18, 2.01), respectivelgeing overweighibbesewas also significantly
associated witlage at menopausategoriesof 52-53 and 5455 with anapproximagly 20%

higher risk (RRRs range from 1.20 to 1)6The associations were also graphically
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demonstrated in Figure 1. We observed that the assocpmaredinear in the overweight
group, while it followed a seml shape association in the underweight and obese groups. An
increased risk of early menopause was found to be significant fahe obese group (RRR:
1.23, 95% CI 0.89, 1.71Whenfurther adjusted foage at menarche (i.e. WHEHALL study

was not included, data not shown), tstimates n@aned unchangedn addition, when we
considered BMI and age at menopauseaginuous variables, a nonlinear relationship was

observed between BMI and age at menopause (Supplementary Fig. 2).

Sensitivity analyses

The results othe sensitivity analysiswhich took into account whether onset of menopause
occurredne,two, three,andfive years after baseline BNHdicated thatassociations remained
for all groupsand were particularly strondgor the womenin the underweight or obes
categoriesvith BMI data ateastfive yearsprior totheonsetof natural menopauge=13,519)
(Table 4) Theseunderweight women were awer 3-fold higherrisk of experiacing early
menopaus€éRRR 3.11, 95% C2.23- 4.44)while obese women were at nearly twice tisk

of having late menopau$BRR 1.80, 95% CI 1.41-2.31), compakeith womenwith normal
BMI. Senstivity analyseghatexcludedwomen whoenrolled after 50 yearsf ageor women
with selfreported BMI andhatused “Asian BMI criteri&a for women in Asian ethnicitgll

showedresultsconsistent witlthosefrom main analyss (data not shown).

Meta-analyses

Of the 11 studiedpur hadsufficientdata toconduct studyspecific analyss of therelationof
underweightwith early menopause, araght had sufficient data to contribute to the study
specific analyss of the estimates dhe association obverweigh and obeisy with late

menopaus€Figure 2) Randomeffecs metaanalysis of the estimates frotie four studies

10



254  produceda pooled RRR of 24 (95%CI: 121-3.77)for the association otinderweightwith
255 early menopausén addition metaanalysisfrom the eight studiesresultedin a pooledRRR
256 of 152 (95%CI: 1.3-1.79 and 135 (95%CI: 1.14-1.6Q for the effect ofoverweightand
257 obesity on late menopauserespectively We found m significant heterogeneitipetween
258  studies P > 0.095.

259

260 DISCUSSION

261  Our results indicate that underweight womare over twiceas likely to experiene early
262 menopause, anoverweight and obese womanre 50% more likely tohavelate menopause.
263  These associatiswerestrongefor women with underweight or ob@sBMI beingreported at
264 leastfive yearsprior to onset ofmenopausel hesdfindingsprovide strongevidence thabeing
265 underweightmay trigger earlymenopause andonfirm that being overweight or obesay
266 delay menopause.

267

268 In line with our findings, several studies haveportedhigher BMI to be significantly
269 associated with latemenopausd7, 11, 1315], althoughsome studiehave reported no
270  associationfl8-21].A recentsystematiceviewreportel a weak associatidimazardratio (HR)
271 (95% CI): 0.93 (0.91, 0.96)indicating that overweight women were less likelgxperience
272  anearliermenopause. 8 norelatiorship was foundbetweenobesityand later menopause,
273 compared with women withormal BMI[28]. The differences between our findings and those
274  of the systematic reviewnight have arise because thélRs of the systematic review were
275  extracted and pooled frostudies with a mix ofdesigns(heterogeneity test? < 0.0J),
276  includingfive crosssectionalstudiesthreeprospective cohost andoneretrospective cohart
277  In contrastall studiesincluded inour present analysdsad a prospective design. In addition,

278  different BMI cutoff pointswere usedamong studies, ansbme studieslid not control for

11
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smoking an important confoundgdurfindingsindicatethatbeing overweight or obesatails

a 50% higher risk ofate menopauseafter controlling forconfounding including smoking

Two previouscrosssectionaktudieswvith limited sample sizéound overweighf16] or obegy

[17] related to earlier menopause our study, a higher RRR 1.23 (95%CI 0.89, 1.71) for early
menopausamong obese women was suggested but not significant, potentiallytdasriwall
number of case&iven the semi shape of the associations between BMI and early menopause,
the overall findings suggesbesity was not only associated with late menopause bubadso
some association witkarlymenopauserl his wasalsosupportedy the nonlinear relationship

we observedby treating BMI and age at menopause as continuous variables.

Thelink between overweight or obesity and late age at menopaagberexplained byhe
complex functions of adipose tissualipose tissue functions as a specialized endocrine and
paracrine organ. On&f its roles isthe produdion of an array of adipokingl29]. Leptin, he
most investigated adipokine, is produced and secreted in proportion to body faandass
inhibits hungerlt communicates information about body energy reserves, nutristatal and
metabolic shifts to the reproductive axis. Leptin can act peripherally aw#rg or centrally

at the hypothalamus to augment female reproductive funf3i@n31]} A recent study has
shown that early menopause is associated with low leptin IB&IsHowever, specific roles
for adipose tissue and adipokines in maintaining cyclicity and postponing menopaase rem
to be studiedln addition, Sowerset al. [33] has found theaype 1 B17HSD genes were
associated with fiveiisgle nucleotidepolymorphism ENPS variation in obese women. These
SNPs variation were related to a lovestradiols decline rate in thenenopausatransition
period andthe estradids decline raten obese women was half that of robese womernThe
observedyenetic correlations betweeeproductive hormonesnd BMI may suggest gnetic

polymorphismslay a role in the relationship

12



304

305  Ourmajor findingwas thatunderweighBMI was linkedto early menopaus@revious studies
306 which hadwomen with underweighor lower BMI as the referencegroup precluded the
307 possibilityof examning the effect of lower BMI directlypnage at menopau$#9, 7, 13, 15].
308 In our study womenwith normal BMI formedthe reference categgrgnd in comparison,
309 underweight women had ovéwice the risk of early menopauseThis is consistentwith
310 findingsfrom acrosssectional studyHR (95% CIy 1.13 (1.02, 1.25)]14] and a prospective
311  study HR (95% CIy 1.30 (1.02, 1.65)]21], although our adjustedsk estimateis greater
312  Even thoughthe prevalence of underweight among +age women was low (only 1.6%
313  N=398) in this study), and the prevalence of early menopause was less than &g ythed
314  sufficient statistical power to dete@n associationbased on the 24 cases of underweight
315  women with early menopaugeRR: 2.15, 95%CI: 1.53.06).Being underweight maytrigger
316 early menopauses a result ofmalnutrition[34], concurrent or previous chronic illnegsuch
317 aschronic obstructive pulmonary disepfgb], overexercising 36], andweightlossdiet[18].
318 Also, less adipose tissleads tdowerleptin levels, which also relate to early menop488g
319

320 Weight change during the period ofenopausal transition may influence the association
321  between overweight/obesity ande at menqquse Becausesome studiebavefoundthatthe
322 menopausal transitiors associatedvith weight gain[37, 38] causal inference about the
323 relationship between overweight/obesity asge at menopause complicatedif women
324 repored being overwaght/obese during their menopausal transition per@ar sensitivity
325 analysis which examinedhe associatiofior women who experienced onsetraenopause
326 from one tdive years after theollection ofbaseline BMIdatg showedhatboth therelations
327 of underweight and overweight/obesity to age at menopaessmaintained ostrengthened

328 especially for women witBMI not in the normal rangiéve or more years prior to their onset

13
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of menopausel hesestronge resultsfrom the sesitivity analysesuggesthatthe associations
of BMI in themain analysisnayhavebeenpartly attenuated by baseline BMbllectedin the
perimenopaud period. However, thassociation betweemenopausal ansitionand weight
change may not be strorgsing longitudinal dateSWAN showedhatmenopausal status was
not associated with the increase in weilght more with aging and weight gain preceded
changes in serum hormone lev@9]. Also, weight increases with age many populations
[40]. Thus, the women who enrolled at older ages would tend toHaaleehigher BMI and
haveahigherrisk of later menopauseNeverthelessn a sensitivity analysis excluding women

who enrolledafterthe age ob0years, we found resulgsmilar tothose fromthe main analyss.

The main strength of this study wie use of poolenhdividualdevel datarom 11 prospective
studiesacross different geographic regions aacial/ethnigpopulationsThis provided darge
number ofvomenwho werefollowed-upprospectively from pre or pemenopausat baseline
to post-menopauselhe large samplesize also ensured sufficient poweto analge the
association of BMlevelswith six categorie®f age at menopausespeciallywith early and
late menopase while many previous studiesvere limitedby small samplesizesor short
lengths of followup[18, 19, 41, 22, 42, 2Hndwere crosssectional or retrospective in nature
[20, 7, 17, 43, 14, 15Also, the participantevel data in InterLACE enabletlarmonising
variables using common definitions, coding and cut pewnish ae notusuallypossible with

metaanalyses of published results.

A number oflimitationsalsoneed to be acknowledgefirst, InterLACE pooleddatamainly
from longitudinal studies of women in midlifejost of whomwere enrolledvhen they were
in their 40s or 509exceptfor the birth cohorts Thus,the mearage ofbaseline BMI inthe

present studywas46.0years This limitation restrictedour ability to consideraninfluence of

14



354 BMI at earlier ags. Our resultsshouldbe appliedvith some caution to women in younger age
355 groups.Nevertheess,one individual studyNSHD) in InterLACE foundunderweight women
356 at age 36yearshad significantly earlier menopause than normal wengbmen[21]. Two
357 other/studies found obesity at age 18 yefdeé] and higher BMI (BMI in upper 25%) at age
358 40 or 41years[41] was linkedwith laterage at menopaus8econd, ar study only used one
359  single measurement of BMI at midlifé would provide a better understanding with the timing
360 of menopause if the information on BMI history or trajectories of BMI was avail NSHD
361 study has evaluated the BNthjectories(from 20-36 years)and age at menopaussing a
362  prospective cohort design and found no significassociationg21]. Although we have
363 adjusted for a range of confounding factors, some unmeasured confounders, such@s geneti
364 factors, early childhood factors, and comorbidities (e.g., cgaé&¢and COPD[35]), could
365 affect our observed resul&nother limitationwas thatof the 11 prospective studies included,
366 five of themcontribued 31% of the womemwith selfreported baseline height and weight
367 which may have led to some degree of bias, Isenaitivityanalysisconductednly including
368  women with measured baseline BMI shovestimatesonsistentwith the main results.

369

370 In summary, in addition to supportimgoreviously reporte@ssociatiorbetweerhigher BMI
371 andlater menopauseur study also provides strong evideribat tnderweights a risk factor
372 for early menopause. Underweight women are at increased risk of early age aausenop
373  which they should be warned is a risk factor for Q]¢[?2], and osteoporosid]. Obese women
374  are more likely to have late menopause, whschrisk factor for breast cancer and is in addition
375 to the risks of poor health outcomes directly attributed to obesity [46, 5].
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Table 1. Characteristics of womendachstudy of the InterLACE consortium

bg%zlﬁr:e '?‘(gﬁ)\?vt_:]aSt Women's year of birtfpo)
Study Country N P

Mean (SD)  Mean (SD) 19301939 19401949 1950+
Australian Longitudinal Study on Women'’s Healt Australia 5505  47.5 (1.4) 63.3 (3.1) ) 727 273
(ALSWH)
Melbourne Collaborative Cohort Study (MCCS) Australia 2135 48.2(4.1) 59.2 (4.7) 14.9 73.8 11.3
Danish Nurse Cohort Study (DNC) Denmark 145  49.3 (3.4) 63.6 (5.7) 14.5 85.5 -
Women'’s Lifestyle and Health Study (WLH) Sweden 9353 44.7(3.5) 55.5(3.7) - 74.6 25.4
?{I\IRS%BI;ﬂonaI Survey of Health and Developmer UK 679 47.0 539 ) 100.0 )
National Child Development Study (NCDS) UK 2135 50.0 54.8 - - 100
English Longitudinal Study of Ageing (ELSA) UK 600 49.4(3.6) 59.9 (3.8) 0.5 47.2 52.3
UK Women's Cohort Study (UKWCS) UK 765  49.3(3.6) 53.7 (3.5) 0.8 80.0 19.2
Whitehall Il study(WHITEHALL) UK 997  43.3(4.8) 62.6 (4.9) 25.2 65.1 9.7
g‘dg}(ﬁ; Women's Health Across the Nation g 1779 46.4(2.6)  56.0(2.8) . 47.8 52.2
Seattle Middle Women's Health Study (SMWHS) USA 103 41.8(4.2) 49.9 (3.8) 1.9 53.4 44.7
Total 24196  46.5(3.6) 57.9 (5.0) 2.5 65.3 32.2

aln this study, the dataset included all women who had complete informategeat natural menopausedy mass index (BMI), smoking statmsymberof children, education level
and ethnicity at the baseline.

b NSHD (1946 British Birth Cohort) and NCDS (1958 British Birth Cohor#tfiollected information on women’s health in 1988ed 47)and2008 (aged 50), respectively, so we
used 1993 and 2008 as the baseline year for the InterLACE.

Abbreviations: InterLACE, Internation&lollaborationfor a Life CourseApproach taReproductiveHealth and ChroniDisease Events; SBtandarddeviation.
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Table 2.Characteristics of women in different classification of body mass inddxage at natural menopagse24,196)

BMI levels kg/n?)

Age at menopaudgears)

Characteristics Underweight Normal — Overweight  Obese <45 4549 50-51 52.53 5455 >56
<185 18.524.9 ~ 25.029.9 =30 (n=602) (n=5131)  (n=6111)  (n=6084) (n=4308) (n=1960)
(n=398) (n=14292) (n=6410) (n=3096)
RaceEthnicity
CaucasianAustralian 85 (1.5) 3060 (53.9) 1681 (29.6) 856 (15.1) 33(0.6) 713(12.5) 1579(27.8) 1379 (24.3) 1215(21.4) 763 (13.4)
CaucasianEuropean 265 (1.6) 10156 (62.7) 4136 (25.5) 1638 (10.1) 551 (3.4) 3867 (23.9) 3902 (24.1) 4036 (24.9) 2735 (16.9) 1104 (6.8)
CaucasianAmerican 22 (2.2) 473 (46.6)  255(25.1) 264 (26.0) 3(0.3) 255(25.1) 264 (26.0) 299 (29.5) 146 (14.4) 47 (4.6)
Non-Caucasian 26 (2.0) 603 (46.2) 338 (25.9) 338 (25.9) 15(1.1) 296 (22.7) 366 (28.0) 370(28.4) 212(16.2) 46(3.5)
Educatioml attainment
<10 years 131 (1.3) 5240 (52.5) 3054 (30.6) 1562 (15.6) 289 (2.9) 2035(20.4) 2456 (24.6) 2489 (24.9) 1861 (18.6) 857 (8.6)
11-12 years 72 (1.7) 2702 (62.0) 1103 (25.3) 483 (11.1) 131(3.0) 970(22.2) 1126(25.8) 1059 (24.3) 742 (17.0) 332(7.6)
>12 years 195 (2.0) 6350 (64.5) 2253 (22.9) 1051 (10.7) 182 (1.8) 2126 (21.6) 2529 (25.7) 2536 (25.7) 1705 (17.3) 771 (7.8)
Smoking status
Never 198 (1.6) 7067 (57.5) 3354 (27.3) 1662 (13.5) 234 (1.9) 2241 (18.2) 3069 (25.0) 3244 (26.4) 2364 (19.2) 1129 (9.2)
Past 83 (1.1) 4554 (60.6) 1981 (26.4) 899 (12.0) 191 (2.5) 1621 (21.6) 1932 (25.7) 1864 (24.8) 1318 (17.5) 591 (7.9)
Current 117 (2.7) 2671 (60.7) 1075 (24.4) 535 (12.2) 177 (4.0) 1269 (28.9) 1110(25.2) 976 (22.2) 626 (14.2) 240(5.5)
Numberof children
0 67 (2.2) 1893 (60.8) 726 (23.3) 426 (13.7) 118 (3.8) 814 (26.2) 821 (26.4) 714 (22.9) 463(14.9) 182(5.8)
1 58 (1.9) 1866 (61.4) 750 (24.7) 365 (12.0) 89 (2.9) 758(24.9) 738 (24.3) 751 (24.7) 478 (15.7) 225 (7.4)
2 166 (1.7) 6096 (61.1) 2621 (26.3) 1094 (11.0) 240 (2.4) 2061 (20.7) 2520 (25.3) 2554 (25.6) 1801 (18.1) 801 (8.0)
>3 107 (1.3) 4437 (55.0) 2313 (28.7) 1211 (15.0) 155 (1.9) 1498 (18.6) 2032 (25.2) 2065 (25.6) 1566 (19.4) 752 (9.3)
Age at menarchén=21,991)
<llyears 24 (0.7) 1535 (45.7) 1029 (30.6) 771 (23.0) 102 (3.0) 791(23.5) 776(23.1) 856 (25.5) 558(16.6) 276 (8.2)
12years 54 (1.1) 2790 (56.8) 1364 (27.8) 701 (14.3) 133 (2.7) 1092 (22.2) 1275(26.0) 1237 (25.2) 831(16.9) 341 (6.9)
13years 87 (1.3) 3953 (61.0) 1684 (26.0) 756 (11.7) 163 (2.5) 1381 (21.3) 1664 (25.7) 1631 (25.2) 1163 (17.9) 478 (7.4)
14years 88 (2.0) 2800 (64.8) 1059 (24.5) 376 (8.7) 92 (2.1) 871(20.1) 1082 (25.0) 1093 (25.3) 794 (18.4) 391 (9.0)
>15years 84 (2.9) 1937 (66.3) 672 (23.0) 227(7.8) 37(1.3) 526(18.0) 740(25.3) 714 (24.5) 599 (20.5) 304 (10.4)

Datawere presenteds n (%) Abbreviations: BMI, body mass index
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Table 3. Unadjusted and adjusted associatibibody mass index levels at baseline and age at natural

menopausgn=24,196f

BMI levels
(kg/m?)

Age at menopause
(years)

n (%)

Unadjusted
RRR (95% ClI)

Adjusted for smoking,
education, ethnicity and
number of children

RRR (95% Cl)

Underweight, <18.5
<45
4549
5051
52-53
54-55
>56
Overweight, 25.29.9
<45
4549
50-51
52-53
54-55
>56
Obese>30.0
<45
4549
5051
52-53
54-55
>56

24 (6.0)
108 (27.1)
113 (28.4)
83 (20.9)
45 (11.3)

25 (6.3)

125 (2.0)
1215 (19.0)
1514 (23.6)
1686 (26.3)
1235 (19.3)

635 (9.9)

75 (2.4)
575 (18.6)
732 (23.6)
825 (26.6)
594 (19.2)
295 (9.5)

2.12 (1.46, 3.06)
1.11 (0.98, 1.26)
Reference
0.79 (0.59,1.06)
0.61 (0.52, 0.73)

0.83(0.49, 1.9

0.82 (0.66, 1.02)
0.93 (0.84, 1.04)
Reference
1.20 (1.07, 1.34)
1.26 (1.15, 1.37)
1.57 (1.33, 1.84)

1.02 (0.711.45)
0.91 (0.76, 1.09)
Reference
1.21 (1.04, 1.41)
1.25 (1.02, 1.54)
1.51 (1.082.10)

2.15 (1.50, 3.06)
1.08 (0.93, 1.25)
Reference
0.80 (0.59, 1.08)
0.64 (0.55, 0.74)
0.87 (0.50, 1.53)

0.87 (0.69, 1.)
0.97 (0.89.1.06)
Reference
1.20 (1.06, 1.35)
1.24 (1.14, 1.34)
1.52 (1.31, 1.77)

1.23(0.89, 1.71)
0.97 (0.82, 1.14)
Reference
1.22 (1.03, 1.45)
1.26 (1.10, 1.45)
1.54 (1.18, 2.01)

aMultinomial logistic regression model was used to estimate relative risKRRIBR) and 95% confidence interval

(95% ClI).

bThe normal weight (18-24.9) group was taken as reference for the polytomous explanatory variable,cr&Mhe
distribution ofage at menopause this group is: <45, 378 (2.6); 48, 3233 (22.6); 581, 3752 (26.3); 583, 3490
(24.4); 5455, 2434 (1.0); >56, 1005 (7).

Abbreviations: BMI, body mass index; RRR, relative risk ratio.
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Table 4. Relative risk ratiand 95% confidence interval (9% of baseline body mass indeevelsand age at natural menopause which occurred 1, 2, 3 yats after
baseline BMF

BMI

levels Age at Onset of menopaysﬂ leastl Onset of menopaL!sast leas® Onset of menopau_ﬁ leasB3 Onset of menopaqsﬂ leasb
(kg/m?) menopause year aftgrbaselme BMI years aft_ebaselme BMI years aft_ebasellne BMI years aft_ebasellne BMI
b (years) (n=23191) (n=20971) (n=18400) (n=13519)
Underweight, <18.5
<45 2.18 (1.55, 3.08) 2.33 (1.44,3.8) 2.31(1.73, 3.09) 3.11 (2.23, 4.33)
45-49 1.08(0.91, 1.28) 1.13 (0.95, 1.34) 1.11 (0.94, 1.31) 1.23 (1.02, 1.48)
50-51 Reference Reference Reference Reference
52-53 0.82 (0.62, 1.08) 0.85(0.61, 1.9) 0.82 (0.62, 1.08) 0.81 (0.58, 1.13)
54-55 0.65 (0.57, 0.75) 0.70 (0.59, 0.82) 0.65 (0.55, 0.77) 0.66 (0.53, 0.83)
>56 0.90(0.53, 1.53) 0.93 (0.48, 1.78) 0.85 (0.45, 1.62) 0.87 (0.39, 1.93)
Overweight, 25.29.9
<45 0.88 (0.1, 1.10) 0.81 (0.62, 1.06) 0.78 (0.56, 1.09) 0.78 (0.59, 1.04)
45-49 0.96 (0.87, 1.05) 0.98 (0.85, 1.14) 1.00(0.85, 1.18) 1.00(0.76, 1.32)
5051 Reference Reference Reference Reference
52-53 1.20(1.06, 1.35) 1.24 (1.06, 1.45) 1.22 (1.06, 1.@) 1.09 (1.02, 1.17)
54-55 1.24 (1.13, 1.35) 1.28 (1.17,1.4) 1.30(1.17, 1.44) 1.26 (1.13, 1.41)
>56 1.50(1.31, 1.72) 1.55 (1.35, 1.79) 1.51 (1.38, 1.66) 1.54 (1.41, 1.67)
Obesez>30
<45 1.17 (0.8, 1.72) 1.24 (0.84, 1.83) 1.04 (0.64, 1.67) 1.31 (0.81, 2.13)
45-49 0.97 (0.81, 1.15) 1.07 (0.82, 1.@) 1.13(0.81, 1.57) 1.08 (0.67, 1.74)
50-51 Reference Reference Reference Reference
52-53 1.22 (1.02, 1.45) 1.28 (0.97, 1.68) 1.28 (1.03, 1.59) 1.23 (1.11, 1.37)
54-55 1.24 (1.07, 1.44) 1.31(1.07, 1.8) 1.34 (1.08, 1.67) 1.39 (1.18, 1.63)
>56 1.52 (1.16, 1.98) 1.61 (1.21, 2.14) 1.64 (1.212.22) 1.80(1.41, 2.31)

aDatawere presenteth RRR (95% Cl), and all results were adjusted for smoking status, educagbmadeeéthnicity and number of chitdn

b The normal weigh¢18.4-24.9 kg/nf) group was taken akereference for theolytomous explanatory variable of BMI.

Abbreviations: BMI, body mass index



Fig. 1 The associations between body mass index and age at natural menopause after

adjusting for covariates oacegkthnicity, education, smoking status, and number of children

Fig. 2 Forest plot of studgpecific effect of underweight on early menopause (<45 yearsjweight
and obese on late menopause (>56 years). All estimates were fully adjusted for smoking status,

educationyacegéthnicity, and number of children
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Relative Risk Ratios (RRR)

Underweight, <18.5 Overweight, 25.0-29.9 Obese, >=30
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Fig. 1 The associations between body mass index and age at natural menopause ditey

for covariates ofaceéthnicity, education, smoking status, and number of children
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Study Relative Risk %
ID Ratio (95% Cl) Weight
Underweight vs. Normal on early menopause
WLH (Sweden) ————— 1.86 (0.86, 4.02) 54.10
NSHD (UK) —e 4,03(0.81,20.09) 12.57
NCDS (UK) 4 2.04 (0.62,6.70) 22.88
UKWCS (UK) —— 2.28(0.39,13.26) 1045
Subtotal (I-squared = 0.0%, p = 0.864) > 2.14(1.21,377)  100.00
Overweight vs. Normal on late menopause
ALSWH (Australia) —— 1.30(1.06, 1.58) 29.58
MCCS (Australia) +—— 1.35(0.95,1.92) 15.72
WLH (Sweden) —— 1.39(1.12,1.73) 27.60
NSHD (UK) + 4.06 (1.07,15.35)  1.52
ELSA (UK) 2.03(1.12,3.70) 6.71
UKWCS (UK) 2.56 (1.32,4.95) 5.65
WHITEHALL (UK) 2.06 (1.22, 3.50) 8.30
SWAN (USA) - 1.49 (0.73, 3.04) 492
Subtotal (I-squared = 26.8%, p=0.215) 1.52(1.29,1.79) 100.00
Obese vs. Normal on late menopause
ALSWH (Australia) 1.23(0.96, 1.57) 47.53
MCCS (Australia) _ 1.61(1.05, 2.48) 15.66
WLH (Sweden) —— 1.18(0.79, 1.78) 17.27
NSHD (UK) 1.30(0.13,12.69)  0.56
ELSA (UK) 1.49(0.76, 2.91) 6.48
UKWCS (UK) 349(1.19,10.21) 251
WHITEHALL (UK) e 1.28(0.55, 2.99) 4.00
SWAN (USA) 1.62(0.81, 3.26) 5.98
Subtotal (I-squared = 0.0%, p = 0.662) 1.35(1.14, 1.60) 100.00
NOTE: Weights are from random effects analysis

| | I

5 1 10 21

Relative risk ratio

Fig. 2 Forest plot of studgpecific effect of underweight on early menopause (<45 yearsjweight
and obese on late menopause (=56 years). All estimates were fully adjusted for smoking status,

educationraceéthnicity, and number of children
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Table S1. Distribution of body mass index ag#® at natural menopauseesiachstudy (n=24,196)

Distribution of BMI Distribution ofage at menopause
SUY " Underweight  Normal - Overweighit  Obese <5 4549 5051 5253 5455  >56

ALSWH 99 (1.8) 2966 (53.9) 1578 (28.7) 862 (15.7) - 563 (10.2) 1608 (29.2) 1368 (24.9) 1204 (21.9) 762 (13.8)
MCCS 18 (0.8) 901 (46.4) 735 (34.4) 391 (18.3) 44 (2.1) 412(19.3)  493(23.1) 506 (23.7) 402 (18.8) 278 (13.0)
DNC 5 (3.4) 107 (73.8) 25 (17.2) 8 (5.5) - 35 (24.1) 34 (23.4) 33 (22.8) 20 (13.8)  23(15.9)
WLH 143 (1.5) 6500 (69.5) 2161 (23.1) 549 (5.9) 257 (2.7) 2167 (23.2) 2495 (26.7) 2224 (23.8) 1678 (17.9) 532 (5.7)
NSHD 17 (2.5) 397 (58.5) 176 (25.9) 89 (13.1) 39(5.7) 185(27.2) 190(28.0) 173(25.5) 81 (11.9) 11 (1.6)
NCDS 37 (1.7) 1091 (51.1) 626 (29.3) 381 (17.8) 197 (9.2) 894 (41.9) 192 (9.0) 640 (30.0) 212 (9.9) -
ELSA 5 (0.8) 242 (40.3) 218(36.3) 135 (22.5) 2 (0.3) 49 (8.2) 109 (18.2)  155(25.8) 149 (24.8) 136 (22.7)
UKWCS 12 (1.6) 531 (69.4) 169 (22.1)  53(6.9) 28(3.7) 178(23.3) 187 (24.4)  195(25.5) 116 (15.2) 61 (8.0)
WHITEHALL 29 (2.9) 636 (63.8) 249 (25.0)  83(8.3) 24 (2.4) 167 (16.8) 278 (27.9)  252(25.3) 180 (18.1) 96 (9.6)
SWAN 31 (1.7) 762 (42.8) 456 (25.6) 530 (29.8) 11 (0.6) 457 (25.7) 509 (28.6) 504 (28.3) 245(13.8) 53 (3.0)
SMWHS 2 (1.9) 69 (67.0) 17 (16.5) 15 (14.6) - 24 (23.3) 16 (15.5) 34 (33.0) 21 (20.4) 8 (7.8)
Total 398 (1.6) 14292 (59.1) 6410 (26.5) 3096 (12.8) 602 (2.5) 5131 (21.2) 6111 (25.3) 6084 (25.1) 4308 (17.8) 1960 (8.1)

Abbreviations: BMI, body mass index.
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Table S2. Average age at baseline body mass index colkutieaige at natural menopause in each stt

Age at baseline BMI collected
Age at menopause (years)

Study N (vears)

Mean (SD)  Median (Q1, Q3) Mean (SD) Median (Q1, Q3)
ALSWH 5505 47.5(1.4) 47.4 (46.2, 48.7) 52.5 (2.8) 52.0 (50.0, 55.0)
MCCS 2135 48.2(4.1) 48.1 (45.1, 51.1) 51.9 (3.4) 52.0 (50.0, 54.0)
DNC 145 49.3(3.4) 49.0 (47.0, 51.0) 52.1 (3.6) 52.0 (50.054.0)
WLH 9353  44.7 (3.5) 45.0 (42.0, 48.0) 51.1 (3.2) 51.0 (49.0, 53.0)
NSHD 679  42.7 (1.6) 43.0 (43.0, 43.0) 50.8 (3.3) 51.0 (49.0, 53.0)
NCDS 2135 45.2(5.2) 42.0 (42.0, 50.0) 49.4 (3.9) 49.0 (47.0, 53.0)
ELSA 600 49.4 (3.6) 50.0 (47.0, 52.0) 53.4 (3.1) 53.0 (51.0, 55.0)
UKWCS 765  49.3(3.6) 49.4 (47.4, 51.5) 51.1 (3.3) 51.0 (49.0, 53.0)
WHITEHALL 997 43.3(4.8) 43.0 (39.0, 47.0) 51.6 (3.1) 52.0 (50.0, 54.0)
SWAN 1779  46.4 (2.6) 46.0 (44.0, 48.0) 51.1 (2.6) 51.0 (49.0, 53.0)
SMWHS 103 41.8(4.2) 41.8 (38.3, 44.9) 52.2 (2.8) 52.5 (50.0, 54.0)
Total 24196  46.0 (3.8) 46.4 (43.0, 48.8) 51.4 (3.3) 52.0 (50.0, 54.0)

Abbreviations: BMI, body mass index; SD, standard deviation; Q1, 25thnpiéec€3, 75th percentile.
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13 prospective studies with no missing datage at menopause
were included (n=64 050)

Excluded women who experienced menopause
.| before baseline survgp=37 691). SABRE study
"| was excluded for all women experienced
menopause before baseline.

A 4

12 prospective studies included (n=26 359)

Excluded women with missing baseline body mass
index (n=513)

Excluded women witlmissing covariates of
—— | smoking, race/ethnicity, education level and parity
(n= 1650). How study was excludémt missing
parity variable

\4

11 prospective studies with women experienced
menopause after baseline survey were included
(n=24 196)

Supplementary Fig.1 Participant flow chart.
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Supplementary Fig.2 Thelationship between continuous body mass iratekage at menopaug@) Scatter plot, (B) Fitted

curve by usindractionatpolynomial model.
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