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Abstract

Background: A later age at natural menopause (ANM) has been linked to several ageing-
associated traits including an increased risk of breast and endometrial cancer and a de-
creased risk of lung cancer, osteoporosis and Alzheimer disease. However, ANM is also
related to several proxies for overall health that may confound these associations.
Methods: We investigated the causal association of ANM with these clinical outcomes us-
ing Mendelian randomization (MR). Participants and outcomes analysed were restricted to
post-menopausal females. We conducted a one-sample MR analysis in both the Women's
Health Initiative and UK Biobank. We further analysed and integrated several additional
data sets of post-menopausal women using a two-sample MR design. We used <55 genetic
variants previously discovered to be associated with ANM as our instrumental variable.
Results: A 5-year increase in ANM was causally associated with a decreased risk of oste-
oporosis [odds ratio (OR)=0.80, 95% CI (0.70-0.92)] and fractures (OR=0.76, 95% ClI,
0.62-0.94) as well as an increased risk of lung cancer (OR=1.35, 95% CI, 1.06-1.71).
Other associations including atherosclerosis-related outcomes were null.

©The Author(s) 2022; all rights reserved. Published by Oxford University Press on behalf of the International Epidemiological Association

OXFORD

806


https://orcid.org/0000-0003-0709-6722
https://orcid.org/0000-0002-0284-6996
https://orcid.org/0000-0001-9070-5394
https://orcid.org/0000-0003-2098-3844
https://orcid.org/0000-0002-6592-1172
https://orcid.org/0000-0003-2349-0009

International Journal of Epidemiology, 2023, Vol. 52, No. 3

807

Conclusions: Our study confirms that the decline in bone density with menopause caus-
ally translates into fractures and osteoporosis. Additionally, this is the first causal epide-
miological analysis to our knowledge to find an increased risk of lung cancer with in-
creasing ANM. This finding is consistent with molecular and epidemiological studies
suggesting oestrogen-dependent growth of lung tumours.

Key words: Mendelian randomization, menopause, Women's Health Initiative, UK Biobank, age of natural menopause

Key Messages

increased risk of lung cancer.

* As in prior literature, the age of natural menopause (ANM) was observationally associated with increased risk of breast
cancer, endometrial cancer and ovarian cancer, and with a decreased risk of lung cancer, coronary heart disease,
ischaemic stroke, fracture, osteoporosis and Alzheimer disease in the Women'’s Health Initiative and UK Biobank.

* However, these associations may be confounded by overall markers of health, such as smoking, so we used a genetic
instrument variable to look at the causality of ANM on these adverse outcomes using Mendelian randomization.

* A b5-year increase in ANM was causally associated with a decreased risk of fractures and osteoporosis but with an

* This increase in ANM was not significantly associated with other outcomes; notably, there was no causal association
of ANM with coronary heart disease or ischaemic stroke.

* Given the increase in lung cancer risk and prior molecular studies linking lung cancer to oestrogen receptor
expression, randomized—-controlled trials of anti-oestrogen therapies for prevention or treatment of lung cancer
should be considered should these results be replicated in additional studies.

Introduction

The age of natural menopause (ANM) has been linked to
several ageing-associated traits, including oncologic, cardio-
vascular, musculoskeletal and neurocognitive-related ad-
verse health outcomes. Among oncologic outcomes, later
menopause has been consistently associated with an in-
creased risk of breast’* and endometrial cancers®* as well
as a decreased risk of lung cancer.>® Associations with ovar-
ian cancer have been less consistent.” For ageing-associated
traits unrelated to cancer, an older ANM has been consis-
tently associated with a reduced risk of coronary heart dis-

8-11

ease (CHD) and ischaemic stroke as well as a higher

bone mass and a lower risk of fractures and of osteoporosis
defined by the 12,13

Associations with cognition and dementia have been less

bone mineral density T-score.
consistent.'* A strong biological basis exists to explain some
of these associations including for breast cancer, endome-
trial cancer and osteoporosis.'*™'® The biological basis for
the remaining associations, including a protection against
lung cancer and dementia, remains circumstantial.

Residual confounding may be responsible for at least
some of the associations between ANM and ageing-
associated outcomes. For example, a later ANM has been
linked to a lower rate of smoking, higher education, higher
income and higher physical activity,®'” all of which affect

the risk of several chronic diseases. Mendelian randomiza-
tion (MR) represents a well-established approach to guard-
ing against residual confounding.”® A recent large-scale
genome-wide association study (GWAS) of ANM in
~200000 women leveraged <290 genetic variants as
instruments to conduct a two-sample MR between ANM

! The investigators detected

and multiple health traits.”
causal associations between later ANM and an increased
risk of breast and endometrial cancer, as well as a lower
risk of reduced bone mass and fractures.”' Less robust
causal associations were detected with ovarian cancer and
type 2 diabetes, and no association was detected for
CHD.?' An important limitation of this two-sample MR
study was the use of publicly available summary statistics
for GWAS as convenience data sets. Several of these data
sets incorporated a large fraction of men (e.g. CHD) and/
or a substantial number of pre-menopausal women (e.g.
breast, endometrial, ovarian cancers, multiple cardiometa-
bolic risk factors and fractures) making MR inference
much less reliable. Another limitation was the lack of study
of the lung cancer outcome.*'

Here, we overcome these limitations by first conducting
a one-sample MR study within the Women’s Health
Initiative (WHI) and UK Biobank (UKB) using individual-
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level data, restricting to post-menopausal women with
documented non-surgical menopause and including the
lung cancer outcome. We augment this one-sample analy-
sis with additional publicly available individual-level data
sets using a two-sample framework but only after filtering
out men as well as women with outcomes of interest occur-
ring before menopause.

Methods

Data sets

A detailed description of the WHI and UKB study designs
have previously been published.?*** The WHI study popu-
lation consisted of post-menopausal women who had en-
rolled in the study between 1993 and 1998. The UKB data
consisted of women recruited between ages 37 and
73years who had enrolled between 2006 and 2010.
Among the data collected, our study utilized data from
questionnaires, anthropometric measurements and out-
come data collected from self-report, primary care, hospi-
tal records and death records. Data from both sources
included post-menopausal women of European ancestry
who had undergone natural menopause (Supplementary
material, Items 2 and 6, available as Supplementary data at
IJE online). We included for replication any available data
sets in populations of European ancestry with a reported
age of menopause variable and the outcome of interest
(Supplementary Table S1 and Supplementary material,
Item 6, available as Supplementary data at IJE online) that
were downloaded from the National Institutes of Health
database of Genotypes and Phenotypes (dbGaP) and from
the European Genome-Phenome Archive (EGA).

Definitions of exposure and outcomes

We defined the ANM in the WHI as the self-reported
age 1year past the last menstrual period for those who
underwent non-surgical menopause, i.e. excluding women
with a history of bilateral oophorectomy. Women who
had undergone hysterectomy in the absence of bilateral
oophorectomy had an estimated ANM based on their
other
symptoms (Supplementary material, Item 2, available as

responses to questions about menopausal
Supplementary data at IJE online). In UKB, we defined
ANM from the baseline questionnaire data as the self-
reported age that menopause occurred in women without
history of bilateral oophorectomy. Other menopause-
related variables were not included in the questionnaire
and ANM was therefore not available for women who
underwent hysterectomy prior to menopause. We addition-

ally excluded those with these surgeries prior to 2years

after the reported age of menopause to mitigate against re-
call errors. In other data sets downloaded via dbGaP, we
used the provided ANM or derived age of ANM from the
same surgical criteria, where available. If the menopause
phenotype was unavailable in these other data sets, we lim-
ited analyses to events occurring past the age of 55 years
(cases) or to women over the age of 55 years (controls).

Outcomes in the WHI were extracted for adjudicated
cancers (breast, endometrial, ovarian and lung cancers),
adjudicated fractures, incident CHD and ischaemic stroke,
and self-reported osteoporosis and Alzheimer disease
(Supplementary Table S3, available as Supplementary data
at IJE online). In UKB, cancers were extracted from the
UK cancer registry. Fracture, osteoporosis and Alzheimer
disease were extracted from the first-occurrences data,
which report the first date each International Classification
of Diseases code was found in hospital, primary care or
death records, or in self-reported data from the intake sur-
vey (with the majority of our outcomes from hospital
records). Cardiovascular disease (CVD) outcomes were
extracted from a combination of first-occurrences and raw
hospital data (Supplementary Table S5, available as
Supplementary data at IJE online). We restricted analyses
to incident cases.

Covariates

Covariates in observational analysis (Supplementary
Tables S2 and S4, available as Supplementary data at IJE
online) were age at enrolment, body mass index (BMI), sta-
tus of oophorectomy and hysterectomy, status of meno-
pause hormone therapy (MHT), smoking status, alcohol
consumption, energy expenditure from exercise (WHI
only, in weekly kcal/kg) and socio-economic status (for
WHI, education and family income; for UKB, Townsend
index). We additionally adjusted for parity for oestrogen-
related cancers; systolic blood pressure (BP), hypertension
and diabetes for CVD outcomes; history of fracture and vi-
tamin D (for WHI, dietary; for UKB, serum measurement)
for fracture and osteoporosis outcomes; and baseline dia-
betes and history of stroke or transient ischaemic attack
for Alzheimer disease.

Instrumental variable

Our instrumental variables (IVs) for MR analysis were
<55 single-nucleotide polymorphisms (SNPs) previously
discovered through a GWAS of ~70000 women of
European ancestry (Supplementary Tables S6 and S7,
available as Supplementary data at IJE online)*® indepen-
dently of all data sets analysed in this study. We included
all SNPs with a consistent direction of effect on ANM that
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were directly measured or were imputed on >90% of sam-
ples within each data set. We assessed the strength of these
instruments by measuring the F-statistic of the association
between a weighted genetic score constructed from these
55 SNPs with ANM in the WHI and the UKB data sets,
with weights from the discovery GWAS. We also checked
for the association between potential confounders and the
IV to test for the second assumption of MR. Where signifi-
cant associations existed, we conducted sensitivity analyses
using multivariable MR to ensure that the third assump-
tion of MR was not violated with a pathway around the
exposure via these confounders, thus adjusting for the IV-
MHT relationship for all outcomes and additionally for
the IV-BP relationship for CHD, stroke and Alzheimer dis-
ease outcomes. Importantly, we did not use the larger set
of 290 SNPs and insertion/deletions reported in the more
recent larger GWAS of ~200000 women®' as an instru-
ment, as over half of the women included in that study
were UK Biobank participants. Selection of this set of
SNPs could result in an overfitting of instruments and ex-
acerbation of weak instrument bias®® in our study, which
uses UK Biobank as a primary data set for our one-sample
MR.

Statistical analyses

We calculated summary statistics for the exposure, out-
comes and covariates for all patients included in observa-
tional analyses, as well as for the subset with measured
genotypes who were included in MR analyses. Next, we
generated observational associations between ANM and
each outcome in both the WHI and UKB using logistic re-
gression and adjusting for general and outcome-specific
covariates. Observational associations from both cohorts
were then combined using a random-effects meta-analysis.
Our primary MR analysis was a random-effects inverse-
variance weighted (IVW) method. This method combines
the causal ratio estimates from each variant according to
the variance on those estimates, where the ratio is com-
puted as the outcome-IV association estimate divided by
the exposure-IV association estimate. We adjusted each as-
sociation for age at enrolment. We then combined the IVW
results for each outcome in the WHI and UKB through a
random-effects meta-analysis. We further conducted two-
sample IVW analyses from external publicly available data
sets for outcomes where such data sets were available and
pre-menopausal women could be reliably excluded, and
further combined these results with our one-sample MR
analyses through a random-effects meta-analysis. We used
an adjusted false discovery rate test to adjust for multiple
outcomes testing. We conducted MR sensitivity analyses
using weighted median analysis and MR-Egger with

subsequent meta-analysis across cohorts for each method
to compare effect estimates using MR methodology.
Additionally, we used MR-PRESSO to assess for horizon-
tal pleiotropy in the two-sample MR analyses and meta-
analysed any resulting outlier-corrected results with the
main analyses. Analyses were performed using Stata/SE
13.1 (StataCorp LP, College Station, TX), R (https://cran.
r-project.org/) and plink 2.0 (https://www.cog-genomics.
org/plink/2.0/).

Results

Menopausal women eligible for the study comprised
106 853 for the WHI observational analysis, 19 543 for the
WHI MR analysis and 95464 for both UKB analyses
(Table 1). Mean self-reported ANM was 1year lower for
the WHI (49.3) compared with UKB (50.3). The cohorts
were similar in BMI, smoking rates and prevalence of dia-
betes at enrolment. UKB had substantially lower rates of
baseline hysterectomy, largely due to exclusions based on
fewer survey questions related to menopause, and substan-
tially lower rates of MHT use, largely related to differences
in study design and years of data collection.

Observational analyses in the WHI and UKB combined
linked a 5-year increase in ANM to a higher risk of breast,
endometrial and ovarian cancers and a lower rate of lung
cancer, CHD, ischaemic stroke and Alzheimer disease
(Figure 1 and Supplementary Table S8, available as
Supplementary data at IJE online). ANM was also in-
versely associated with the risk of fracture and osteoporo-
sis with the former having borderline significance (Figure 1
and Supplementary Table S8, available as Supplementary
data at IJE online).

We found a weighted genetic risk score constructed us-
ing the ANM IV SNPs to be strongly associated with an
older ANM in both the WHI (F-statistic= 346,
R*=1.8%) and UKB (F-statistic = 5062, R*=5.0%). The
same score was not associated with any other baseline
characteristics in the WHI except for a nominal association
with an indicator for participation in a WHI hormone trial
[per 1-SD increase in genetic risk score, odds ratio
(OR)=0.96, 95% CI, 0.93-1.00] and a history of a bro-
ken, fractured or crushed bone (OR =0.97, 95% CI, 0.94-
1.00). In UKB, we found the genetic risk score associated
only with baseline characteristics of taking MHT
(OR=0.89, 95% CI, 0.86-0.92), age at enrolment
(beta=0.38 years, 95% CI, 0.35-0.42) and systolic BP
(beta=0.53 mmHg, 95% CI, 0.39-0.66) (Supplementary
Figures S1 and S2, available as Supplementary data at IJE
online).

Our main MR results from the meta-analysis of the
WHI and UKB with external data sets showed that an
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Table 1 Characteristics of the Women'’s Health Initiative and UK Biobank participants included in observational and one-sample

instrumental variable (V) analysis

Women’s Health Initiative

UK Biobank

Observational analysis (7 =106 853) IV analysis (=19 543) Observational and IV analysis (n=95464)

Quantitative variables
Main exposure

Mean (SD) or median (first, third quartile)

ANM (years) 49.1 (5.9)

Other

Age (years) 63.6 (7.2)

BMI (kg/m?) 27.5(5.7)

Systolic BP (mmHg) 128.6 (19.2)

Townsend index

Education 4(1.8)

Family income 3(1.8)

Alcohol (drinks/week) 4(4.9)

PA (MET h/week) 9 3(2.5,18.8)

Dietary vitamin D (mcg) 3.8(2.4,5.7)

Vitamin D (nmol/L)

Number of pregnancies/parity 2.6 (1.7)

WHO fracture risk score 9.3 (6.5,14.3)

Binary variables n (%)

HT trial participant 8655 (8.1)

Ca™ & vitamin D trial 11754 (11.0)
participant

Hormone use ever 61868 (57.9)

Takes MHT

Current smoking 6945 (6.5)

Bilateral oophorectomy/ 6091 (5.7)
oophorectomy history

Hysterectomy 31094 (29.1)

Hypertension 23615 (22.1)

Diabetes/T2DM 3312 (3.1)

Broken bone 42955 (40.2)

Osteoporosis 8441 (7.9)

Stroke or transient ischaemic 2885 (2.7)

49.3(5.9) 50.3 (4.5)
65.7 (6.9) 60.6 (5.4)
27.9(5.7) 27(5.0)
131 (19.5) 140.5 (20.3)
-1.7 (2.8)
2(1.8)
1(1.7)
7(5.3) 5.4(6.5)
8 3 (2.3,17.5)
3.8(2.4,5.7)
50.6 (20.6)
2.7 (1.7) 1.9 (1.1)
10.6 (7.5, 15.7)
4534 (23.2)
3733 (19.1)
9674 (49.5)
4409 (4.6)
1446 (7.4) 7480 (7.8)
919 (4.7) 1723 (1.8)
5257 (26.9) 2886 (3.0)
4788 (24.5) 45596 (47.8)
762 (3.9) 3172 (3.3)
8091 (41.4)
1524 (7.8)
625 (3.2) 1350 (1.4)

attack

ANM, age of natural menopause; BMI, body mass index; BP, blood pressure; PA, physical activity; Ca+, calcium; WHO, World Health Organization; HT,

hormone therapy; MHT, menopausal hormone therapy; T2DM, type 2 diabetes.

increasing ANM was causally associated with an increased
risk of lung cancer (OR=1.35, 95% CI, 1.06-1.71 for
each 5-year increase in ANM), in contrast to the protective
effect in the observational analysis. The MR results also
showed a causally protective effect for fracture
(OR=0.76, 95% CI, 0.62-0.94) and osteoporosis
(OR=0.80, 95% CI, 0.70-0.92) consistently with the pro-
tective effects in the observational analysis (Figure 2 and
Supplementary Table S9, available as Supplementary data
at IJE online). The causal associations for lung cancer, os-
teoporosis and fractures remained significant for multiple
testing with a false discovery rate of 0.05 (Supplementary
Table S11, available as Supplementary data at IJE online).
Sensitivity analyses showed similar point estimates for

weighted median and MR-Egger analyses with generally
wider confidence intervals, retaining significance in
weighted median analysis for osteoporosis only
(OR=0.80, 95% CI, 0.68-0.94) (Supplementary Table
S9, available as Supplementary data at IJE online). ANM
was not significantly associated with breast, endometrial
or ovarian cancers, CHD, ischaemic stroke or Alzheimer
disease in the primary analysis. However, a strong trend
towards significance for increased risk was observed for
breast cancer in the overall sample as well as for endome-
trial cancer in our one-sample MR meta-analysis restricted
to the WHI and UKB alone (Figure 2 and Supplementary
Tables S9 and S10, available as Supplementary data at IJE
online). Age at enrolment was already adjusted for in the
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OR[95%CI] Cases  Total

Breast cancer

WHI 1.06[1.03, 1.08) 8087 97703
UKB 115[1.11,1.19] 3192 91205
WHI + UKB summary  1.10[1.01,1.19] 11279 188908

Endometrial cancer

WHI 1.20[1.12, 1.27] 1322 69553
UKB 1.37[1.27, 1.48) 748 95151
WHI + UKB summary  1.28 [1.12,1.46] 2070 164704

Ovarian cancer

WHI 1.07[1.00, 1.13] 899 92111
UKB 1.03[0.94, 1.12) 419 95304
WHI + UKB summary  1.05[1.00,1.11] 1318 187415

Lung cancer
WHI 0.92 [0.89, 0.96] 2509 98113
UKB 0.85[0.81, 0.90] 815 95390

WHI + UKB summary  0.89 [0.83,0.96] 3324 193503
Coronary heart disease

WHI 0.97[0.95,0.89] 4583 94024
UKB 095[0.91,089] 1798 94074
WHI + UKB summary  0.97 [0.95,0.98] 6381 188098

Ischemic stroke
WHI 0.96 [0.93, 0.99] 2726 96969

UKB 0.92[0.87, 0.96] 1171 95273
WHI + UKB summary  0.94 [0.90,0.99] 3897 192242
Fracture

WHI 0.96 [0.94, 0.99) 8055 88112
UKB 0.87 [0.80, 0.94) 481 95258

WHI + UKB summary  0.92 [0.83,1.02] 8536 193370

Osteoporosis
WHI 095[0.93,0.96] 25477 97726
UKB 0.84 [0.82, 0.87] 4962 91547

WHI + UKB summary  0.89 [0.80, 1.00] 30439 189273
Alzheimer disease

WHI 0.94[0.91,0.97] 3611 73798
UKB 0.89[0.83, 0.95] 611 95462
WHI + UKB summary  0.92 [0.88,0.97] 4222 169260

0.67

T 1
1.0 1.5
QOdds Ratio

Figure 1 Results from the meta-analysed observational logistic regression analyses of the association between age of natural menopause and out-
comes in the Women'’s Health Initiative and UK Biobank. Odds ratio for disease given a 5-year increase in age of natural menopause. 95% Cl, number
of individuals who were cases for the disease in each data set and analysis, and total number of individuals (cases + controls) from each data set and

analysis are also shown. ANM, age of natural menopause; OR, odds ratio

MR analyses and a multivariable MR adjusting for MHT
and, where applicable, BP gave similar results to the main
MR results
Supplementary data at IJE online). Lastly, evaluation for hor-
izontal pleiotropy using MR-PRESSO detected pleiotropy in
only a single data set (WTCCC2) for the outcome of ischae-
Table S12,
Supplementary data at IJE online). We therefore updated the

(Supplementary Figure S3, available as

mic stroke (Supplementary available as
meta-analysis using the MR-PRESSO pleiotropy-corrected re-
sult for WTCCC2 (two outlier SNPs removed) and we found
no influence on the meta-analysis outcome (Supplementary

Table $13, available as Supplementary data at IJE online).

Discussion

We estimated causal associations between ANM and sev-
eral ageing-associated traits using the principal of MR in
the WHI, UKB and several other data sets. Our principal
findings are a causal decrease in the risk of fractures and
osteoporosis, a lack of causal association between ANM
and atherosclerotic cardiovascular diseases of CHD and
ischaemic stroke, and a causal increase in the risk of lung
cancer with an increased ANM. Of these three causal

associations, only the findings related to bone health were
consistent with findings from the analogous observational
analysis. Whereas a lack of a causal protective effect be-
tween ANM findings for CHD and stroke may be expected
given results of recent randomized—controlled studies
(RCTs) of MHT, the causal increased risk for lung cancer
has never been previously reported. Our study is the first
to our knowledge to study the causal relationship between
ANM and many of these adverse outcomes using an MR
analysis strictly limited to post-menopausal women. This
segmentation is important to ensuring accurate inference
in an MR study of adverse health outcomes related to
ANM.

The protective effect of older ANM for fractures and
osteoporosis is expected given the compelling basic science
these health
Menopause is accompanied by a well-documented acceler-

and clinical evidence linking traits.
ated rate of bone loss whose mechanism is supported by
extensive experimental evidence demonstrating the adverse
effects of oestrogen deficiency on the basic multicellular
units responsible for bone remodeling.'® Current recom-
mendations for the prevention of osteoporosis include

screening for post-menopausal women and the World
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OR[95% CI] Cases  Total

Breast cancer

WHI 1.82[1.50, 2.21] 3967 17906
UKB 0.98[0.82, 1.17] 3192 91205
NHS 1.59 [0.97, 2.60] 1089 2182

WHI + UKB summary
Summary for all data

1.33[0.73, 2.44] 7159 109111
1.40[0.88, 2.24] 8248 111293

Endometrial cancer

WHI 2.37[1.23, 4.57] 208 13200
UKB 1.37 [0.96, 1.96) 748 95151
E2C2 0.89[0.58, 1.34] 1830 3441
WHI + UKB summary 1.68[1.00, 2.82] 956 108351

Summary for all data 1.35[0.83, 2.18] 2786 111792
Ovarian cancer

WHI 1.19[0.47, 3.00] 134 17059
UKB 1.39[0.85, 2.27] 419 95304
Summary for all data 1.35[0.87, 2.07] 553 112363

Lung cancer

WHI 1.52[0.96, 2.41] 558 17981
UKB 1.34[0.94, 1.89] 815 95390
EAGLE+ATBC+PLCO+CSP-1l GWAS 0.89 [0.47, 1.68] 835 1285
NCI GWAS 1.93[0.83, 4.48) 498 986
High density SNP analysis 1.35[0.51, 3.55] 389 741

WHI + UKB summary
Summary for all data

1.40[1.06, 1.85] 1373 113371
1.35[1.06, 1.71] 3075 116383

Coronary heart disease

WHI 0.83[0.61, 1.13] 1348 17357
UKB 0.94[0.74, 1.19] 1798 94074
CHS 1.25[0.68, 2.31) 468 1902
ARIC 1.04 [0.57, 1.86] 495 4872
FHS 0.55[0.16, 1.84] 118 1294
MESA 2.15[0.42, 10.90] 66 1089

WHI + UKB summary
Summary for all data

0.90[0.74, 1.08] 3146 111431
0.93[0.79, 1.10] 4293 120588

Ischemic stroke

WHI 0.58 [0.40, 0.86] 830 17723
UKB 127094, 1.70) 1171 95273
CHS 1.28[0.55, 2.96) 220 1925
ARIC 0.63[0.24, 1.68) 157 4878
wrceez 0.66[0.29, 1.49] 1593 3193
FHS 0.69[0.10, 4.61) 45 1303
MESA 1.02 [0.08, 13.25] 3z 1089

WHI + UKB summary
Summary for all data

0.87[0.41, 1.86] 2001 112996
0.85[0.58, 1.25] 4048 125384

Fracture
WHI 0.72[0.58, 0.89] 3310 17981
UKB 0.94[0.60, 1.48] 481 95258

Summary for all data 0.76 [0.62, 0.94] 3791 113239

Osteoporosis

WHI 0.95[0.79, 1.14] 4965 17960
UKB 0.74[0.64, 0.86] 4962 91547
Kaiser 0.76 [0.63, 0.92] 5147 27573

WHI + UKB summary
Summary for all data

0.84[0.66, 1.06] 9927 109507
0.81[0.69, 0.94] 15074 137080

Alzheimer disease

WHI 1.06[0.73, 1.54] 933 14740
UKB 0.97 [0.65, 1.45] 611 95462
Summary for all data 1.02[0.77, 1.34] 1544 110202

0.25

T T T 1
0.50 1.0 2.0 4.0
Odds Ratio

Figure 2 Results from the inverse-variance weighted Mendelian randomization meta-analysis between the age of natural menopause and outcomes
in the Women'’s Health Initiative, UK Biobank and other data sources. Odds ratio for disease given a 5-year increase in age of natural menopause
based on a causal genetic instrument variable analysis. 95% Cl, number of individuals who were cases for the disease in each data set and analysis,
and total number of individuals (cases + controls) from each data set and analysis are also shown. IVW, inverse-variance weighted; MR, Mendelian
randomization; OR, odds ratio; WHI, Women's Health Initiative; UKB, UK Biobank; NHS, Nurses Health Study; E2C2, Epidemiology of Endometrial
Cancer Consortium; High density SNP analysis, High Density SNP Association Analysis of Lung Cancer; NCI GWAS, National Cancer Institute (NCI)
Genome Wide Association Study (GWAS) of Lung Cancer in Never Smokers; PLCO+CSP-Il GWAS, Prostate, Lung, Colon, Ovary Screening Trial +
Cancer Prevention Study IlI; ARIC, Atherosclerosis Risk in Communities Study; CHS, Cardiovascular Health Study; FHS, Framingham Heart Study;
MESA, Multi-Ethnic Study of Atherosclerosis; WTCCC2, Wellcome Trust Case Control Consortium 2

Health Organization fracture risk assessment model con-
siders early menopause to be a risk factor for osteoporo-
sis.>”*® Furthermore, multiple RCTs have shown the value
of MHT in the prevention of osteoporosis.”” Whereas this
benefit appears to be maximized when MHT is instituted
immediately after menopause, it is also observed among

women who started MHT at a much later age.

Nevertheless, MHT is approved only for the prevention of
osteoporosis; bisphosphonates are the current recommen-
dation for the management of osteoporosis in both older
men and women given the balance between other benefi-
cial and adverse effects of MHT.?”-*

The convincingly absent causal effect of ANM on ath-
erosclerotic cardiovascular diseases despite a strong inverse
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observational association suggests a substantial role of resid-
ual confounding and does not support the hypothesis that
adverse changes to lipid profiles attributed specifically to
the menopausal transition and independent of age are re-
sponsible for a protection from adverse health-related out-
comes with an older ANM.?*> 2 MHT was originally
studied for lipid profile improvement with two randomized
crossover studies of conjugated estrogens in post-
menopausal women with or without hyperlipidemia finding
modest reductions in low-density lipoprotein of 15% and
24%, respectively.’>** However, the WHI trials found that
MHT slightly increased the risk of both CHD and stroke,
though neither was significant after multiple test correc-
tion.”” These null findings may be due to a combination of
both positive and negative effects of oral MHT on lipids, co-
agulation, inflammation and endothelial function.?*-*

Our study is the first to our knowledge to implicate a
causal association between an older ANM and a higher
risk of post-menopausal lung cancer. Our MR analyses for
this outcome were directionally opposite to the statistically
significant protective effect of increased ANM documented
in our observational analyses as well as that in other stud-
ies. This notable inconsistency suggests the presence of
very substantial confounding that could be driven by fac-
tors such as smoking, diet and exercise.®'? Opposing
directions of observational and MR studies are not com-
mon but have been documented in other settings including
with the moderate use of alcohol.?” Although our study is
the first to link lung cancer and ANM through MR, an-
other MR study of lung function similarly found early
menopause associated with poorer lung function in obser-
vational analysis, but later menopause associated with
poorer lung function in genetically instrumented analy-
sis.>® Similarly to other cancers such as breast and endome-
trial cancers, our findings suggest that a greater length of
exposure to oestrogen with a later ANM may promote the
transformation of lung cells or the growth and spread of
existing subclinical primary lung tumours. In support of
this hypothesis are numerous molecular studies of lung
cancer which have found that oestrogen receptors (ERs)
are present in lung tumours,” that both ER-alpha and ER-
beta expression in cytoplasm are associated with poor lung
cancer prognosis (with mixed evidence for nuclear ER-
beta)>*40

reduces lung cancer proliferation in vitro.*' Multiple clini-

and that suppression of each of these receptors

cal outcome studies among cancer patients also provide
persuasive evidence in support of this hypothesis. For ex-
ample, the use of oestrogen plus progestin was associated
with a statistically significant hazard ratio of death from
lung cancer in the WHI trials.** Furthermore, women who
smoke are at greater risk than men who smoke and an
oestrogen-by-smoking interaction has been hypothesized

to explain this trend.***? Finally, observational analyses of
population cancer data sets have found that anti-oestrogen
therapies improve lung cancer-specific survival among
patients with lung cancer in the presence or absence of
prior history of breast cancer.*** If widely replicated, our
findings suggest that anti-oestrogen therapies could be
repurposed to treat or prevent lung cancers in women at
high risk assuming that well powered RCTs are able to
prove their benefits in this context.

A principal strength of our study was the MR design we
implemented. First, we used two large studies with exten-
sive, reliable and broad ascertainment of health outcomes
to conduct a comprehensive MR study involving multiple
outcomes relevant to the ANM. The one-sample MR de-
sign implemented in the WHI and UKB allowed us to ana-
lyse only post-menopausal women. Whereas ANM was
not always available in the additional replication cohorts,
access to individual-level data allowed two-sample analy-
ses that were still restricted to post-menopausal women.
Lastly, we found that the IV we used was largely indepen-
dent of baseline characteristics that could confound our
associations. We adjusted associations for baseline varia-
bles found to be nominal associated with our IV or found
more significant associations to be inconsequential to the
final results as documented through our multivariable MR
sensitivity analyses.

The main limitation of our MR study was the potential
for inadequate power for some of our outcomes despite the
large sample sizes overall. Power in MR studies of binary
outcomes is a function of sample size, variance explained
of the exposure by the IV, the proportion of cases, the
type-1 error rate specified and the true underlying causal
OR, which is often not known.*® Further, SNPs in the in-
strumental variable were well imputed in the main one-
sample MR analyses involving the WHI and UKB but were
sometimes not as well imputed in other data sets
(Supplementary Table S7, available as Supplementary data
at IJE online), which could reduce precision for these two-
sample MR replication data sets, impacting statistical
power. Such a lack of power may be responsible for some
of the statistically insignificant associations we observed in
our study including for breast and endometrial cancers
where substantial basic science, observational and RCT ev-
idence exists implicating increased risk through the effects
of prolonged exposure to either endogenous or exogenous
estrogens on the cellular transformation of epithelial
cells. 5172947 Eor both breast and endometrial cancers,
we are reassured by the fact that our MR results showed ei-
ther a strong trend towards association overall (breast can-
cer) or in our main one-sample analysis (endometrial
cancer), and that others have found a nominally significant
or strongly positive association with larger sample sizes
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even if pre-menopausal cancers may have been included in
the analysis.”">*”*® Our null association of ANM with
Alzheimer disease has recently also been documented using
MR in an independent study.*” The healthy cohort effect
in UKB is also a known weakness that may have limited
the number of cases and the generalizability of our find-
ings.’ A weakness in phenotype definition was that osteo-
porosis and Alzheimer disease were self-reported in the
WHI. However, the meta-analysis result still remained pos-
itive for osteoporosis and the result for Alzheimer disease
was nearly identical to that of UKB where cases were de-
rived from hospital records. These self-reported pheno-
types therefore did not change the overall findings. This
study included only participants of European ancestry not
only because White women were the majority of partici-
pants in most of the cohorts we examined, but also because
the instruments were discovered through GWAS in pre-
dominantly White women. The causal effects of ANM
should also be studied in more diverse populations as the
diversity of biobank studies increases. Lastly, self-reported
race and ethnicity were used for some cohorts, which could
affect estimates of SNP effects in these cohorts.

In conclusion, we report for the first time that a later
ANM may causally increase the risk of lung cancer despite
decreasing the risk of osteoporosis and fractures. Our find-
ings point to the need for further RCTs of anti-oestrogen
therapies for the prevention or the treatment of lung cancer
among post-menopausal women should our results be rep-
licated in additional population genetic data sets.
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