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Abstract
Background: Age at final menstrual period (FMP) and the accompanying hor-
mone trajectories across the menopause transition do not occur in isolation, but 
likely share molecular pathways. Understanding the genetics underlying the en-
docrinology of the menopause transition may be enhanced by jointly analyzing 
multiple interrelated traits.
Methods: In a sample of 347 White and 164 Black women from the Study of 
Women's Health Across the Nation (SWAN), we investigated pleiotropic effects 
of 54 candidate genetic regions of interest (ROI) on 5 menopausal traits (age at 
FMP and premenopausal and postmenopausal levels of follicle stimulation hor-
mone and estradiol) using multivariate kernel regression (Multi-SKAT). A back-
ward elimination procedure was used to identify which subset of traits were most 
strongly associated with a specific ROI.
Results: In White women, the 20 kb ROI around rs10734411 was significantly 
associated with the multivariate distribution of age at FMP, premenopausal estra-
diol, and postmenopausal estradiol (omnibus p-value = .00004). This association 
did not replicate in the smaller sample of Black women.
Conclusion: This study using a region-based, multiple-trait approach suggests a 
shared genetic basis among multiple facets of reproductive aging.
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1   |   BACKGROUND

Ovarian aging is a complex, highly orchestrated phe-
nomenon that reflects declining ovarian reserve (Burger 
et al., 2007). Several cohort studies of midlife women have 
described key characteristics of ovarian aging including 
age at menopause (as defined by age at final menstrual 
period (FMP)), and the timing and longitudinal trajecto-
ries of change in estradiol (E2) and follicle stimulating 
hormone (FSH) levels during the menopause transition 
(Burger et al., 2007; Dennerstein et al., 2007; Finkelstein 
et al., 2020; Freeman et al., 2005; Randolph Jr et al., 2011; 
Sowers et al.,  2008a, 2008b). The transmenopause 
(Greendale et al., 2012) refers to the period from approx-
imately 2 years before the FMP to approximately 2 years 
after the FMP and is characterized by a sharp increase in 
levels of FSH and a sharp decline in levels of E2, with the 
peak and nadir of hormone levels varying across women 
(Burger et al.,  2007; Dennerstein et al.,  2007; Freeman 
et al., 2005; Randolph Jr et al., 2011; Sowers et al., 2008a, 
2008b).

Several candidate gene studies have been conducted on 
age at natural menopause, and serum E2 and FSH levels 
(Dunning et al., 2004; Grigorova et al., 2008, 2010; Prescott 
et al.,  2012; Ruth et al.,  2016; Schüring et al.,  2013). 
Although large genome-wide association studies (GWAS) 
have been conducted for age at natural menopause, few 
GWAS have been conducted for FSH and E2 levels in mid-
life women since few studies of the menopausal transition 
have both measures of hormones and DNA available in a 
large sample of women.

A GWAS meta-analysis of age at natural menopause, 
conducted in nearly 70,000 White women, identified 54 
independent single nucleotide polymorphisms (SNPs) in 
44 genomic loci that were genome-wide significantly asso-
ciated (p < 5 × 10−8) with age at natural menopause (Day 
et al., 2015). Recently, all 54 loci were replicated in a meta-
analysis of age at natural menopause in ~200,000 women 
of European Ancestry (Ruth et al., 2021). The 54 identified 
loci identified by Day et al. (2015) harbored genes involved 
in DNA damage response as well as primary ovarian in-
sufficiency and delayed puberty. The genome-wide signif-
icant SNPs explained approximately 6% of the variance in 
age at natural menopause, and the variance explained in-
creased to 21% using independent SNPs with at least mar-
ginal significance (p < .05).

Importantly, age at FMP and the accompanying hor-
mone trajectories across the menopause transition do not 
occur in isolation, but likely share molecular pathways. 
Understanding the genetics underlying the endocrinology 
of the menopause transition may be enhanced by jointly 
analyzing multiple interrelated traits while account-
ing for between trait correlations rather than by using a 

univariate approach that independently tests one trait at a 
time. Consideration of pleiotropic effects, where the same 
genetic factor can influence multiple traits, can increase 
power and expand understanding of related traits. While 
power for detecting individual SNPs associated with an 
outcome is limited because the causal SNP is not likely to 
be the typed or imputed SNP, considering the joint effect 
of multiple SNPs in a region may be advantageous because 
several SNPs in the region may be in linkage disequilib-
rium (LD) with the causal SNP (Wu et al., 2010). Thus, a 
region-based approach utilizes information from different 
but correlated SNPs in a region and may have increased 
power to detect an association (Wu et al., 2010).

Therefore, we used Multi-SKAT (Dutta et al., 2018), a 
general framework that extends mixed effect models, to 
jointly test associations of multiple menopausal traits (i.e., 
age at FMP and premenopausal and postmenopausal lev-
els of FSH and E2) with selected genetic regions in White 
and Black women from the Study of Women's Health 
Across the Nation (SWAN). The selected genetic regions 
were based on the 54 independent SNPs previously iden-
tified to be significantly associated (p < 5 × 10−8) with age 
at natural menopause (Day et al., 2015).

2   |   METHODS

2.1  |  The Study of Women's health across 
the nation (SWAN)

2.1.1  |  Ethical compliance

The study protocol was approved by the Institutional 
Review Boards at each study site. Participants provided 
written, informed consent at each visit.

The SWAN cohort includes 3302 women (1550 White, 
935 Black, 286 Hispanic, 250 Chinese, and 281 Japanese) 
enrolled in 1996/1997 at 7 clinical sites. Since the baseline 
visit, women have been followed approximately annually 
for 15 follow-up visits, with the study remaining in con-
tact with 75% of surviving participants. Details of the re-
cruitment and enrollment have been described elsewhere 
(Sowers et al., 2000). In brief, a cross-sectional screening 
survey identified women eligible for the cohort study. In 
addition to residence in the geographic area of the site, 
eligibility criteria included being age 42–52 years at base-
line. Women had to have an intact uterus, not be pregnant 
or lactating, and have had at least one menstrual period 
and not used reproductive hormones in the past 3 months.

During follow-up visits 5 and 6, whole blood was 
collected at six of the participating sites to generate ge-
netic materials including extracted DNA and immortal-
ized B-lymphocyte cells which were stored at the SWAN 
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Repository. A separate informed consent was obtained for 
the DNA collection. At the participating sites, 1757 (88.3%) 
of the 1988 women who attended these clinic visits con-
sented to provide genetic materials, representing 52% of 
the White, 44% of the Black, and 60% of the Chinese and 
Japanese women in the original cohort. Immortalized cell 
lines were developed successfully for 1588 (90.4%), 1536 of 
which (96.7%) were processed into distributable diluted, 
extracted DNA. Of those with available DNA, 1464 (95.3%; 
740 White, 368 Black, 139 Chinese, 146 Japanese) were 
successfully genotyped at the genotyping center.

2.2  |  Study design

For the current analyses, we required that women have 
complete data for all measures described below. We 
performed the analyses in two stages. Stage 1 discovery 
analyses were conducted in White women and Stage 2 
replication analyses were conducted in Black women. 
Stage 1 analyses were carried out for all 54 genetic regions 
described below, whereas only genetic regions with sug-
gestive levels of significance (p < .05) in the Stage 1 analy-
ses were analyzed in Stage 2. We chose the White women 
for discovery analyses because of their larger sample size 
compared to Black women. Due to sample size concerns, 
Chinese and Japanese women were not included in the 
current study.

2.3  |  Measures

Each visit included interviewer-administered and self-
administered questionnaires that assessed information on 
menstrual characteristics and current hormone therapy 
use, sociodemographic characteristics including educa-
tion, and lifestyle including smoking. Physical assess-
ments included measurement of height and weight, and 
a fasting blood draw was obtained. At baseline, women's 
history of contraceptive use was ascertained. Women also 
maintained a monthly menstrual calendar where they 
recorded prospectively the days that they bled until they 
reached their FMP or had a hysterectomy.

2.3.1  |  Hormone assays

Serum E2 assays were conducted in duplicate and FSH 
assays in singlicate using an ACS-180 automated ana-
lyzer (Bayer Diagnostics Corp., Norwood, MA). Serum E2 
concentrations were measured with a modified, off-line 
ACS-180 (E2–6) immunoassay. Inter- and intra-assay coef-
ficients of variation averaged 10.6% and 6.4%, respectively, 

over the assay range, and the lower limit of detection was 
1 pg/ml. Serum FSH concentrations were measured with 
a two-site chemiluminometric immunoassay. Inter- and 
intra-assay coefficients of variation were 12.0% and 6.0%, 
respectively, and the lower limit of detection was 1.1 IU/
liter. If the blood draw was prior to menopause, we also re-
corded whether the measurement was taken during cycle 
days 2–5 or outside of this window.

2.3.2  |  Genotype data

Genotyping methods and quality control procedures 
are described in Supplementary Table S1. Samples were 
genotyped on the Illumina Multi-Ethnic Global Array 
(MEGA A1; genome build GRCh37/hg19) at the Center 
for Inherited Disease Research (CIDR) at Johns Hopkins 
University. Imputation to the 1000G Phase 3 v5 reference 
panel was performed using the Michigan Imputation 
Server (Das et al., 2016). SWAN genetic data are available 
from dbGaP (accession number: phs001470). The King-
robust (Manichaikul et al., 2010) method was used to se-
lect a maximum set of unrelated women by removing one 
from each pair of women who showed cryptic relatedness 
at 3rd degree or closer within White and Black women 
separately. Principal component analysis was used to fur-
ther select an unrelated homogenous analysis sample by 
excluding outliers who deviated more than 2 standard de-
viations (SD) from the mean on eigenvector 1 or 2. Then, 
genetic principal components (PCs) were recalculated in 
the remaining White (n = 740) and Black (n = 368) women 
separately. Next, 54 genetic regions of interest (ROI) were 
defined by all variants that fell within ±10 kb of each of 
the 54 independent genome-wide significant SNPs identi-
fied by Day et al. (2015). While the choice of window size 
is arbitrary, we selected a window of 10 kb on either side 
of each lead SNP to include potential regulatory regions.

2.3.3  |  Traits of interest

Age at menopause was defined as age at the FMP, with 
the FMP defined retrospectively after 12 months of amen-
orrhea. Surgical menopause was defined by report of ei-
ther hysterectomy or bilateral oophorectomy. The FMP 
could not be determined in women who began hormone 
therapy and had no subsequent untreated menstrual 
bleeds. Women who had surgical menopause or whose 
FMP could not be determined because of hormone use 
or missing data were excluded from this analysis. For E2 
and FSH, we assessed women's levels at the start and end 
of the transmenopause, using the measurement that was 
closest to the date 2 years before and 2 years after the FMP, 
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respectively (Randolph Jr et al., 2011), in order to capture 
values before the accelerated rise of FSH and the sharp 
decline in E2 marking the late menopausal transition and 
values once the changes plateaued after menopause. Due 
to skewed distributions, all hormone measurements were 
log-transformed prior to analyses.

2.4  |  Statistical analysis

For the current analyses, we required that women have 
complete data for all measures. Of the 740 White women 
and 368 Black women, 12 White and 18 Black women were 
missing baseline risk factor data; 281 White and 114 Black 
women were missing age at FMP; and 100 White and 72 
Black women were missing hormone data. Therefore, the 
analytical samples for Stage 1 and Stage 2 included 347 
White women and 164 Black women, respectively.

Medians and interquartile ranges were calculated for 
each trait as well as for continuous baseline demographic 
and risk factor variables. Frequency and percentages were 
calculated for discrete baseline demographic and risk 
factor variables. Differences between White and Black 
women were evaluated with two-sample nonparametric 
median tests for continuous variables and chi-squared 
tests for categorical variables. The Pearson correlation co-
efficient among the traits of interest was estimated.

2.4.1  |  SKAT-O

We tested for region-based associations between each 
ROI and each of the five traits of interest using the op-
timal unified sequence kernel association test (SKAT-O) 
(Lee et al., 2012; Wu et al., 2011). SKAT-O performs both 
a genetic burden test as well as the SNP-Set (Sequence) 
Kernel Association Test (SKAT) test and adaptively se-
lects the best linear combination of both tests to maximize 
test power. The burden test is a method that evaluates 
whether a composite score of the number of minor alleles 
for the variants in an ROI is associated with the outcome. 
Burden tests are optimal when all the rare variants in the 
ROI have identical effect sizes and directions. SKAT is a 
score-based variance component test that evaluates the 
joint effect of multiple variants in an ROI on an outcome 
of interest. SKAT assumes that the effect size of each in-
dividual SNP in the region follows an arbitrary distribu-
tion with mean zero. The test statistic assesses whether 
the variance of this distribution deviates from zero, testing 
the hypothesis that at least one variant in the ROI is as-
sociated with the outcome. The contribution of individual 
variants to the test statistic can be weighted by minor al-
lele frequency (MAF). We used SKAT-O with a weighted 

kernel [Beta(1,25)] that up-weights rare variants while 
applying some weight to variants with MAF 1%–5% and 
negligible weight to common variants.

We performed analyses separately for each trait, ad-
justing for baseline body mass index (BMI; weight in ki-
lograms divided by height in meters squared), smoking 
status (current/former versus never), education (high 
school degree or less, some college, college degree, or 
more), oral contraceptive use (yes/no), as well as study 
site and the first five genetic PCs. The minimum SKAT-O 
p-value across all 5 traits was defined as the “minPhen” 
(Conneely & Boehnke, 2007) for each of the 54 ROIs. To 
adjust for multiple testing, a Bonferroni correction was 
used to determine statistical significance of the minPhen 
for 54 ROIs (minPhen <0.00093; i.e., 0.05/54 = 0.00093).

2.4.2  |  Multi-SKAT

We tested for pleiotropic effects of each ROI on the five 
traits of interest using multivariate kernel regression 
(Multi-SKAT) (Dutta et al., 2018). Multi-SKAT models the 
association of variants in an ROI on traits through a kernel 
matrix and performs a variance component test of associa-
tion. Multi-SKAT is flexible in modeling the relationships 
between sets of traits and an ROI of variants using both a 
trait kernel and a genomic kernel. Three trait kernels were 
analyzed: 1) homogeneous kernel in which the effect sizes 
on different traits are assumed to be homogeneous; 2) het-
erogeneous kernel in which the effect sizes on different 
traits are assumed to be uncorrelated among themselves; 
3) trait covariance kernel which assumes that the corre-
lation among effect sizes is proportional to that among 
the residual traits after adjusting for nongenetic covari-
ates. The combined results of the different trait kernels 
were evaluated with a minimum p value-based omnibus 
test (minPcom) (Dutta et al., 2018). Models were adjusted 
using the same variables as in the SKAT-O analyses de-
scribed above. To adjust for multiple testing, a Bonferroni 
correction was used to determine statistical significance 
for 54 ROIs (minPcom <0.00093; i.e., 0.05/54 = 0.00093). 
Since the current analyses are exploratory, we further in-
vestigated ROIs considered to be suggestive with a less 
stringent minPcom <0.05.

2.4.3  |  Backward trait elimination

After identifying ROIs at least suggestively associated in 
the multivariate analyses, we performed a backward elim-
ination procedure to identify which subset of traits were 
most strongly associated with the specific ROI (Ionita-
Laza et al.,  2014). This procedure iteratively removes 
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traits, one at a time, based on the minPcom of the reduced 
set of traits. Removing a strongly associated trait will 
likely result in an increase of the minPcom while remov-
ing a trait that is contributing noise will likely lead to a 
decrease in the minPcom. For Step 1: Start with the full set 
of five traits, Vc = {v1, …, v5}, and compute the minPcom. 
Step 2: Remove each of the traits one at a time from Vc 
and compute the corresponding minPcom for the remain-
ing traits. Step 3: If the minimum minPcom of a reduced 
set is less than the minPcom for Vc, then remove the trait 
that led to the smallest minPcom. Continuing iteratively, 
repeat Steps 2 and 3; if the current p-value cannot be im-
proved, then return the current set of traits.

2.4.4  |  Backward variant elimination

Backward variant elimination was used to help us deter-
mine which variants were contributing signal versus noise 
to the overall association of an ROI with the determined 
subset of multivariant traits. For each of the final Multi-
SKAT models identified in the backward trait elimination 
procedure described above, we reran the final model leav-
ing out one variant at a time for each variant in the ROI. 
If the minPcom decreased after removing a specific vari-
ant, then it could be assumed that the variant was adding 
noise to the model that included all remaining variants in 
the ROI. Conversely, if the minPcom increased after re-
moving a specific variant, then it could be assumed that 
the variant was adding signal to the model that included 
all remaining variants in the ROI. We followed a similar 
iterative procedure as described above, removing variants 
with the smallest minPcom, one at a time from the ROI. 
Rather than stopping when the minPcom could not be im-
proved, we continued to remove variants until only two 
variants remained in the dataset. The backward variant 
elimination results were presented graphically by plotting 
the -log10(minPcom) versus the iteration in which the 
variants were removed from the ROI. Thus, each point in 
the plot reflects the minPcom at the iteration including 
the subset of variants remaining in the ROI.

The minPcom from the backward variant elimination 
is not easily interpretable due to the large and variable 
number of variants in each ROI. Therefore, we performed 
a simulation study to estimate the distribution of the ROI-
specific minPcom under the null hypothesis to determine 
the Type 1 error rate for the minPcom in the original data. 
We simulated 100 data sets by permuting the traits/co-
variates together and conducted Multi-SKAT analyses for 
each set of 100 permuted traits/covariates using the same 
final model of traits determined in the original backward 
trait analyses. We then used backward variant elimination 
on each simulated dataset and estimated 95% confidence 

intervals for the empirical minPcoms. The Type 1 error 
rate was defined as the proportion of empirical minPcoms 
that were less than the observed minPcom of the best sub-
set of variants in the original analysis for the respective 
ROI. Finally, the Type 1 error rate at alpha  =  0.05 was 
Bonferroni corrected for the number of ROIs evaluated 
with backward variant elimination.

For the best subset of biallelic variants in an ROI, we 
examined pairwise LD statistics for the respective popu-
lation using LDmatrix (Machiela & Chanock, 2015). Next, 
these variants were thinned by LD using an R2 threshold 
of 0.1 and MAF threshold of 0.01, to identify a set of inde-
pendent variants in the ROI. Finally, we queried the Atlas 
of GWAS Summary Statistics (Watanabe et al.,  2019) to 
identify associations between these independent variants 
and any traits at p < .001.

2.4.5  |  Stage 2 replication analyses

Multi-SKAT analyses were conducted for the ROIs at least 
suggestively associated (p < .05) in the Stage 1 Multi-SKAT 
analyses. For these analyses, the same subset of traits most 
strongly associated with the specific ROI in Stage 1 back-
ward trait elimination was investigated in Stage 2 analy-
ses. Due to differences in linkage disequilibrium structure 
and allele frequencies between White and Black women, 
backward variant elimination was not conducted in the 
Stage 2 replication analyses.

3   |   RESULTS

3.1  |  Participant characteristics

Characteristics of women in the current investigation are 
presented in Table 1. In the Stage 1 discovery sample of 
347 White women, the median (IQR) age at FMP was 52.0 
(3.8) years. Over one-half (60%) of women had a college 
or post-college education and over three-quarters (76.4%) 
had used oral contraceptives; 15% were current smok-
ers. Median (IQR) BMI was 26.0 (9.5) kg/m2. The me-
dian (IQR) premenopausal and postmenopausal E2 was 
50.1 pg/ml (88.4) and 16.1 pg/ml (12.2), respectively. The 
median (IQR) premenopausal and postmenopausal FSH 
was 25.4 IU/L (28.4) and 105.1 IU/L (56.5), respectively.

In the Stage 2 replication sample of 164 Black women, 
the median (IQR) age at FMP was 52.0 (3.9) years. 11% 
of women had a college or post-college education and ap-
proximately three-quarters (74.4%) used oral contracep-
tives prior to baseline; 28% were current smokers. Median 
(IQR) BMI was 30.5 (10.9) kg/m2. The median (IQR) pre-
menopausal and postmenopausal E2 was 46.4 pg/ml (71.9) 
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and 21.1  pg/ml (14.0), respectively. The median (IQR) 
premenopausal and postmenopausal FSH was 25.6 IU/L 
(30.0) and 81.6 IU/L (60.2), respectively.

Median postmenopausal E2 was significantly lower 
in White compared to Black women (16.1  pg/ml vs. 
21.1  pg/ml, respectively; p  <  .0001), and median post-
menopausal FSH was significantly higher in White 
compared to Black women (105.1  IU/L vs. 81.6  IU/L, 
respectively; p <  .0001). Median BMI was significantly 
lower in White compared to Black women (26.0 vs. 
30.5 kg/m2, respectively; p < .0001). There were signif-
icant differences (p < .0001) in educational attainment 
between White and Black women. The percentage of 
women who were current smokers was significantly 
less among White versus Black women (15.0 vs 28.0%, 
respectively; p < .0001).

3.2  |  Correlation among age at 
menopause and hormone levels

Pearson correlation coefficients among age at FMP and 
log-transformed hormone levels are presented in Table 2. 
In the Stage 1 discovery sample of White women, pre-
menopausal measures of E2 and FSH were negatively 
correlated (r  =  −0.594 [p  <  .001]), as were postmeno-
pausal measures of E2 and FSH (r = −0.428 [p < .001]). 
Postmenopausal E2 was negatively correlated with pre-
menopausal FSH (r = −0.168 [p < .01]). Premenopausal 

and postmenopausal measures of FSH were positively cor-
related (r = 0.184 [p < .001]).

In the Stage 2 replication sample of Black women, 
premenopausal measures of E2 and FSH were negatively 
correlated (r  =  −0.556 [p  <  .001]), as were postmeno-
pausal measures of E2 and FSH (r = −0.303 [p < .001]). 
Premenopausal and postmenopausal measures of FSH 
were positively correlated (r = 0.203 [p < .001]).

3.3  |  Stage 1 discovery in white women

3.3.1  |  Distribution of variant types across 
54 ROIs

The mean (SD) number of all variants per ROI across 
all ROIs was 215.65 (62.13) (Supplementary  Table S2). 
The mean (SD) number of monomorphic variants per 
ROI was 46.06 (24.31). The mean (SD) number of rare 
(MAF < 0.01), low frequency (0.01 ≤ MAF < 0.05), and 
common (MAF ≥ 0.05) variants per ROI was 102.06 
(36.86), 20.07 (13.27), and 47.46 (26.19), respectively.

3.3.2  |  SKAT-O for each trait of 
interest and ROI

Supplementary  Table S3 shows SKAT-O p-values 
and the minPhen for associations of each ROI with 

T A B L E  1   Descriptive statistics of women in the Study of Women's Health Across the Nation (SWAN) with complete data for traits of 
interest, genetic regions of interest (ROI), and risk factors

Stage 1 discovery White women 
(N = 347)

Stage 2 replication Black women 
(N = 164)

p*Median (IQR) Median (IQR)

Age at FMP (years) 52.0 (3.8) 52.0 (3.9) .9485

E2 premenopausal (pg/ml) 50.1 (88.4) 46.4 (71.9) .7276

E2 postmenopausal (pg/ml) 16.1 (12.2) 21.1 (14.0) <.0001

FSH premenopausal (IU/L) 25.4 (28.4) 25.6 (30.0) .9758

FSH postmenopausal (IU/L) 105.1 (56.5) 81.6 (60.2) <.0001

BMI (kg/m2) 26.0 (9.5) 30.5 (10.9) <.0001

N (%) N (%)

Education <.0001

High school degree or less 50 (14.4) 45 (27.4)

Some college 89 (25.6) 81 (49.3)

College degree or more 208 (60.0) 38 (11.0)

History of oral contraceptive use 265 (76.4) 122 (74.4) .6262

Current smoker 52 (15.0) 46 (28.0) .0005

Abbreviations: BMI, body mass index; E2, estradiol; FMP, final menstrual period; FSH, follicle stimulating hormone.
*P: p-value from two-sample nonparametric median tests for continuous variables and chi-squared tests for categorical variables.
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each trait of interest. Quantile-quantile (QQ) plots for 
the minPhen for each trait of interest are shown in 
Supplementary Figure S1. Since the ROIs were selected 
for previously identified variants associated with age at 
FMP, the plots appear to show inflation. The lambdas 
ranged from 1.22 to 2.32.

Two ROIs, around rs10734411 (minPhen  =  0.00003) 
and around rs3741604 (minPhen  =  0. 00015), were 
each statistically significant with at least one of the five 
traits of interest. The ROI around rs10734411 was sig-
nificantly associated with premenopausal E2 (SKAT-O 
p-value = .00003), and there was suggestive evidence of an 
association with age at FMP (SKAT-O p-value = .01220). 
The ROI around rs3741604 was significantly associated 
with postmenopausal FSH (SKAT-O p-value  =  . 00015), 
and there was suggestive evidence of an association with 
premenopausal E2 (SKAT-O p-value = .03642) and post-
menopausal E2 (SKAT-O p-value  =  .00248). The ROI 
around rs707938 was suggestively associated with post-
menopausal E2 (SKAT-O p-value = .01522).

3.3.3  |  Multi-SKAT

Supplementary  Table S4 shows Multi-SKAT results for 
associations of each ROI with all five traits. The QQ plot 
for the minPcom is shown in Supplementary Figure S2. 
Table  3 shows the minPhen from the single trait analy-
ses and Multi-SKAT results for three ROIs with minPcom 
<0.05. The minPcom from the Multi-SKAT analyses in-
cluding all five traits of interest was always greater than 
minPhen which indicates the lowest SKAT-O p-value 
across the individual traits. The ROI with the overall 
strongest association in Multi-SKAT analyses was around 
rs10734411 (minPcom  =  0.00151); the SKAT.Omni 
p-value for this ROI was 0.00059.

3.3.4  |  Backward trait elimination

The three ROIs with Multi-SKAT minPcom <0.05 are pre-
sented in Table  4. The best multivariate reduced model 

T A B L E  2   Correlation among the age at FMP and four log-transformed hormone levels in the Study of Women's Health Across the 
Nation (SWAN) sample (347 White women and 164 Black women)

Age at 
FMP 
(years)

E2 
premenopausal 
(pg/ml)

E2 
postmenopausal 
(pg/ml)

FSH 
premenopausal 
(IU/L)

FSH 
postmenopausal 
(IU/L)

Age at FMP (years) White 1.000

Black 1.000

E2 premenopausal 
(pg/ml)

White −0.095 1.000

Black −0.039 1.000

E2 postmenopausal 
(pg/ml)

White 0.024 0.099 1.000

Black 0.014 −0.068 1.000

FSH premenopausal 
(IU/L)

White 0.057 −0.594*** −0.168** 1.000

Black 0.090 −0.556*** 0.026 1.000

FSH postmenopausal 
(IU/L)

White 0.006 0.063 −0.428*** 0.184*** 1.000

Black 0.092 0.141 −0.303*** 0.203** 1.000

Abbreviations: E2, estradiol; FMP, final menstrual period; FSH, follicle stimulating hormone.
**.001 ≤ p < .01; ***p < .001.

T A B L E  3   Stage 1 discovery p-values for significant and suggestive 20Kb ROIs associated with age at FMP and 4 log-transformed 
hormone levels in 347 White women from the Study of Women's Health Across the Nation (SWAN). These are the ROIs that will be further 
explored with backward trait elimination

ROI CHR POS minPhen SKAT.Omni Burden.Omni minPcom

rs707938 6 31,729,359 0.01522 0.05720 0.01569 0.02873

rs10734411 11 32,541,784 0.00003 0.00059 0.10599 0.00151

rs3741604 12 66,696,410 0.00015 0.02203 0.01747 0.03182

Notes: minPhen: minimum SKAT-O p-value from single trait analyses across all 5 traits (i.e., age at FMP and four log-transformed hormonal measures). SKAT.
Omni: Multi-SKAT minimum p value based on omnibus test across all SKAT kernels. Burden.Omni: Multi-SKAT minimum p value based on omnibus test 
across all Burden-type kernels. minPcom: Multi-SKAT minimum p value based on omnibus test across all SKAT and Burden-type kernels.
Abbreviations: CHR, chromosome; FMP, final menstrual period; ROI, region of interest; POS, position of SNP (build GRCh37/hg19).
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for the ROI around rs10734411 was statistically signifi-
cant (minPcom  =  0.00004) and included the traits age 
at FMP, premenopausal E2, and postmenopausal E2. 
While the omnibus SKAT test for this model was statis-
tically significant (SKAT.Omni = 0.00003), the omnibus 
burden test was only suggestively significant (Burden. 
Omni = 0.01528). After backward trait elimination analy-
ses, the ROIs around rs707938 and rs3741604 were sug-
gestively significantly associated (minPcom  =  0.00924 
and 0.00370, respectively), each with a different subset of 
traits as shown in Table 4.

3.3.5  |  Backward variant elimination

The influence of single variants was investigated for the 
best set of traits identified in the backward trait elimi-
nation analyses for each of the three ROIs investigated 
above. Figure 1 shows the change in minPcom as variants 
were iteratively removed one-by-one for each of the three 
ROIs. Supplementary Figure S3 shows the distribution of 
the ROI-specific minPcoms under the null hypothesis as 
determined in the simulation study of 100 permuted data-
sets. After Bonferroni correction for three ROIs, statisti-
cal significance for the Type 1 error rate was defined as 
0.01667 (i.e., 0.05/3 = 0.01667).

The best subset of variants in the ROI around 
rs10734411 (minPcom  =  2.44 × 10−15) included 58 vari-
ants out of 221 polymorphic variants in the original data. 
In the simulation study, the mean (95% CI) minPcom was 
0.0009 (0.0005, 0.0014) and the minimum minPcom was 
1.33 × 10−15. There was one empirical minPcom less than 
the observed minPcom resulting in a Type 1 error rate of 
0.01.

The best subset of variants in the ROI around 
rs707938 (minPcom  =  2.2 × 10−9) included 42 variants 
out of 137 polymorphic variants in the original data. In 

the simulation study, the mean (95% CI) minPcom was 
0.0009 (0.0001, 0.0018) and the minimum minPcom was 
1.40 × 10−12. There were six empirical minPcoms less 
than the observed minPcom resulting in a Type 1 error 
rate of 0.06.

The best subset of variants in the ROI around rs3741604 
(minPcom = 8.87 × 10−7) included 94 variants out of 162 
polymorphic variants in the original data. In the sim-
ulation study, the mean (95% CI) minPcom was 0.0066 
(0.0032, 0.0101) and the minimum minPcom was 3.33 × 
10−12. There were two empirical minPcoms less than the 
observed minPcom resulting in a Type 1 error rate of 0.02.

3.4  |  Stage 2 replication in black women

The three ROIs at least suggestively associated in the 
Stage 1 Multi-SKAT analyses (rs707938, rs10734411, and 
rs3741604) were examined in Stage 2 replication analyses 
in 164 Black women from SWAN.

3.4.1  |  Distribution of variant types across 
three ROIs

The mean (SD) number of all variants per ROI across the 
three ROIs was 235.33 (47.01) (Supplementary Table S5). 
The mean (SD) number of monomorphic variants per ROI 
was 16.33 (23.97). The mean (SD) number of rare, low fre-
quency, and common variants per ROI was 95.33 (21.96), 
45.67 (15.53), and 78.00 (33.78), respectively.

3.4.2  |  Multi-SKAT

Table 5 shows Multi-SKAT results for associations of each 
of the three ROIs with the best subset of traits as found 

T A B L E  4   Stage 1 discovery backward trait elimination results for top ROIs in Table 3 showing the traits and Multi-SKAT p-values for 
the best multivariate model in 347 White women from the Study of Women's Health Across the Nation (SWAN)

ROI Traits in best multivariate model SKAT.Omni BURDEN.Omni minPcom

rs707938 Age at FMP
E2 premenopausal
FSH premenopausal
FSH postmenopausal

0.03290 0.00452 0.00924

rs10734411 Age at FMP
E2 premenopausal
E2 postmenopausal

0.00003 0.01528 0.00004

rs3741604 E2 premenopausal
FSH postmenopausal

0.00200 0.00251 0.00370

Notes: SKAT.Omni: Multi-SKAT minimum p value based on omnibus test across all SKAT kernels. Burden.Omni: Multi-SKAT minimum p value based on 
omnibus test across all Burden-type kernels. minPcom: Multi-SKAT minimum p value based on omnibus test across all SKAT and Burden-type kernels.
Abbreviations: E2, estradiol; FMP, final menstrual period; FSH, follicle stimulating hormone; ROI, region of interest.
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in Stage 1 discovery backward trait elimination analyses. 
None of the 3 ROIs reached a suggestive level of evidence 
for an association with the indicated traits of interest in 
Stage 2 replication among 164 Black women.

4   |   DISCUSSION

This study jointly analyzed associations between five in-
terrelated menopausal traits and selected genetic ROIs 
related to age at natural menopause (Day et al.,  2015) 
using a multivariate kernel regression approach. We 
used backward elimination to identify the best subset of 
traits associated with an ROI as well as the best subset of 
variants within the ROI. After backward trait elimination 
analyses in 347 White women from the SWAN Study, the 
ROI around rs10734411 was statistically significantly as-
sociated (minPcom = 0.00004) with age at FMP, premen-
opausal E2, and postmenopausal E2 in a multivariate 
model. Suggestive levels of evidence were found for ROIs 
around rs707938 and rs3741604 with minPcom = 0.00924 
and 0.00370, respectively. These findings suggest a pleio-
tropic relationship between these ROIs and sets of meno-
pausal traits as evaluated in the current study.

4.1  |  Pleiotropy

Investigations of genetic pleiotropy, the association of a 
single gene or locus with more than one trait, may im-
prove our understanding of the underlying genetic archi-
tecture of complex traits (Schaid et al.,  2016). Biologic 
pleiotropy occurs when a single gene has a direct biologic 
effect on multiple traits (Schaid et al.,  2016; Solovieff 
et al., 2013). A single variant in a gene may be associated 
with different traits or different variants in a gene may be 
associated with different traits. Mediated pleiotropy may 
be observed when one trait is causally associated with a 
second trait and the gene that is associated with the first 
trait is indirectly associated with the second trait. A gene 
may also appear to be associated with multiple traits due 
to spurious associations or various biases such as trait 
misclassification or ascertainment bias.

As reviewed by Solovieff et al. (2013), one approach to in-
vestigating pleiotropy is to compare the univariate marginal 
associations of a locus with multiple traits. Another ap-
proach is to reduce the number of traits by estimating prin-
cipal components and then conducting the analyses with 
the principal components. In the current analyses, we used 
a multivariate regression approach to regress multiple traits 
on an ROI. The multivariate approach is generally more 
powerful than a univariate approach (Galesloot et al., 2014).

4.2  |  ROI around rs10734411

In the current study, the ROI around rs10734411 was 
significantly associated (minPcom  =  0.00004) with the 

F I G U R E  1   Backward variant elimination: Change in 
minPcom as variants were iteratively removed one-by-one for 
each of the three regions of interest (ROI) in Stage 1 discovery 
in 347 White women from the Study of Women's Health Across 
the Nation (SWAN). minPcom: Multi-SKAT minimum p 
value based on omnibus test across all SKAT and Burden-type 
kernels
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multivariate distribution of age at FMP and pre- and post-
menopausal E2 levels in 347 White women. This multivar-
iate finding did not replicate in Black women (minPcom = 
0.1565). Importantly, the number of women in the sam-
ple of Black women (N = 164) was less than one-half of 
the number of women in the sample of White women 
(n = 347). Additionally, there are known differences in LD 
patterns and allele frequencies between White and Black 
populations (Reich et al., 2001).

In univariate SKAT-O analyses (Supplementary Table 
S3), the ROI around rs10734411 was significantly asso-
ciated with postmenopausal E2 (minPhen  =  0.00003) 
and marginally associated with age at FMP (min-
Phen  =  0.01220) but not with premenopausal E2 (min-
Phen  =  0.06163). Thus, it appears that the univariate 
association with postmenopausal E2 drives the observed 
multivariate association with age at FMP and pre- and 
postmenopausal E2.

The closest gene to rs10734411 is eukaryotic transla-
tion initiation factor 3 (EIF3M; 11p13; OMIM accession 
number: 609641; GenBank: NM_006360.6, NP_006351.2) 
(Day et al., 2015). This gene encodes a protein that is part 
of the eurkaryotic translation initiation factor 3 complete 
(eIF-3) required for protein synthesis. This gene is overex-
pressed in the ovary in women.

The backward variant elimination conducted in this 
study is one approach to identifying a subset of variants in 
an ROI for further consideration with computational fine 
mapping and/or follow-up functional studies (Ionita-Laza 
et al., 2014). The best subset of variants in the ROI around 
rs10734411 included 58 variants (minPcom  =  2.44 × 
10−15). The index variant, rs10734411 (MAF = 0.49), was 
not in the subset of variants found to be most significant 
after backward variant elimination. Due to limited sam-
ple sizes, we were not able to conduct meaningful inves-
tigations of the associations between individual variants 
within the ROI and the traits of interest.

We constructed a heatmap matrix of pairwise LD 
statistics (Supplementary Figure S4) for the 50 biallelic 
variants in the ROI using Utah Residents from North 
and West Europe (CEU) as the reference population 
(Machiela & Chanock,  2015). These 50 variants were 
then thinned by LD using an R2 threshold of 0.1 and 
MAF threshold of 0.01, revealing 12 independent vari-
ants. Three of these variants (rs11031842, rs181823223, 
rs12285345) were in LD (R2  =  0.58, 0.14, and 0.32, re-
spectively) with the index variant (rs10734411) that de-
fines this ROI. Among the remaining nine variants, six 
(rs182674327, rs35371236, rs192792544, rs567330231, 
rs201699741, and rs76500960) were not associated with 
any traits at p  <  .001 in the Atlas of GWAS Summary 
Statistics (Watanabe et al.,  2019). Three variants 
(rs11031851, rs558036469, and rs186872950), however, 
were associated at p  <  .001 with traits in several do-
mains. These domains include respiratory, neurological, 
endocrine, and immunological and suggest traits for fu-
ture investigation of pleiotropic effects.

Importantly, to place these univariate findings in con-
text, our Multi-SKAT results are based on analyses of a set 
of variants in the ROI, not single individual variants, and 
the Multi-SKAT test up-weights rare variants and down-
weights common variants. Furthermore, the Multi-SKAT 
test evaluates the association of a set of variants with the 
multivariate distribution of multiple traits, not with the 
distribution of a single univariate trait.

4.3  |  ROIs around rs707938 and rs3741604

Suggestive levels of evidence were found for ROIs around 
rs707938 and rs3741604. The closest gene to rs707938 is 
MutS Homolog 5 (MSH5; 6p21.33, OMIM accession num-
ber: 603382; GenBank: NG_011611.1) (Day et al.,  2015). 
Polymorphisms in this gene have been linked to premature 

T A B L E  5   Stage 2 replication Multi-SKAT p-values in 164 Black women from the Study of Women's Health Across the Nation (SWAN) 
for top ROIs and traits remaining in the best model in Stage 1 discovery (as shown in Table 4)

ROI Traits in best multivariate model SKAT.Omni BURDEN.Omni minPcom

rs707938 Age at FMP
E2 premenopausal
FSH premenopausal
FSH postmenopausal

0.2300 0.5318 0.3979

rs10734411 Age at FMP
E2 premenopausal
E2 postmenopausal

0.0879 0.2343 0.1565

rs3741604 E2 premenopausal
FSH postmenopausal

0.8544 0.5685 0.8056

Notes: SKAT.Omni: Multi-SKAT minimum p value based on omnibus test across all SKAT kernels. Burden.Omni: Multi-SKAT minimum p value based on 
omnibus test across all Burden-type kernels. minPcom: Multi-SKAT minimum p value based on omnibus test across all SKAT and Burden-type kernels.
Abbreviations: E2, estradiol; FMP, final menstrual period; FSH, follicle stimulating hormone; ROI, region of interest.
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ovarian failure. The closest gene to rs3741604 is DNA 
Helicase B (HELB; 12q14.3, OMIM accession number: 
614539; GenBank: NM_001370285.1, NP_001357214.1) 
(Day et al., 2015). This gene is involved in DNA replica-
tion, repair, recombination, and transcription.

4.4  |  Previous studies

In a previous paper evaluating polygenic risk scores (PRS) 
for age at menopause in SWAN, we reported that an in-
creased menopause PRS was significantly associated with 
later age at menopause, as well as with length of the repro-
ductive lifespan and length of the menopausal transition 
in White women, but not Black women (Zhao et al., 2021). 
These findings also suggest genetic pleiotropy of traits re-
lated to reproductive aging.

A few single nucleotide polymorphisms (SNPs), most 
notably in the CYP19A1 gene in European ancestry and 
multi-ancestry studies (Eriksson et al.,  2018; Prescott 
et al.,  2012), are reported to be significantly associated 
with E2 levels. A recent GWAS from the Twins UK study 
(n  =  2913), which included about 11% perimenopausal 
and 52% postmenopausal women, reported an association 
between E2 levels and an intronic SNP, rs117585797, in 
ANO2 (Ruth et al., 2016). FSHB is a key locus associated 
with both FSH level and age at menopause (Grigorova 
et al., 2010; Rull et al., 2018; Ruth et al., 2016; Schüring 
et al., 2013). In the Twins UK GWAS, the C allele of an 
FSHB intergenic SNP, rs11031005 (chromosome:11; 
GRCh37/hg19 position:30,226,356), was associated with 
lower FSH levels (Ruth et al.,  2016). This same SNP is 
in perfect LD (R2= 1.0; D’ = 1.0) with rs11031006 (chro-
mosome:11; GRCh37/hg19 position:30,226,528) which 
was among the top genome-wide significant loci associ-
ated with delayed menopause in the Day et al. study (Day 
et al.,  2015). In the current analyses, the ROI around 
rs11031006 was not significantly associated with age at 
FMP (SKAT-O p-value = .07188) or premenopausal FSH 
(SKAT-O p-value = .07882) (Supplementary Table S4).

A multi-ancestry meta-analysis of age at menopause 
was conducted in The Population Architecture using 
Genomics and Epidemiology (PAGE) Study (Fernández-
Rhodes et al.,  2018). Participants consisted of African 
American, Hispanic/Latina, Asian American, and 
American Indian/Alaska Native women. Genetic data in-
cluded ~200,000 SNPs of primarily cardiometabolic loci 
genotyped on the MetaboChip (Illumina, Inc., San Diego, 
CA, USA). Genetic data for only 14 (approximately 25%) 
of the previously identified genetic loci associated with 
age at natural menopause were available. While two of 
these genetic loci were significantly associated with age 
at natural menopause in Hispanic/Latina women, none 

were significantly associated with age at menopause in 
the 20,398 African American participants.

As FSH and E2 fluctuate across the menopausal tran-
sition and within a menstrual cycle, one annual measure 
may not precisely assess between-woman differences, 
which may have weakened the associations with hor-
mone levels, particularly prior to menopause. Large-scale 
genetic studies with frequent hormonal assessments are 
needed to better understand the underlying genetic archi-
tecture of the menopausal transition. Further, the meno-
pause GWAS used to identify the 54 ROIs included only 
European ancestry populations. Future large-scale GWAS 
that focus on non-European or multi-ancestry cohorts are 
needed to better understand the genetic risk profiles of re-
productive aging in those populations. In the current anal-
yses, we used a weighted kernel [Beta(1,25)] that weights 
variants in the ROI based on their MAFs. Kernels are flex-
ible and future work could incorporate alternate weight-
ing schemes such as weighting on functional information 
(Lee et al., 2012).

4.5  |  Limitations and strengths

Black women were more likely than women of other 
race/ethnicities to have had a hysterectomy at the time of 
SWAN enrollment making them ineligible to participate, 
which may have led to differential patterns of selection 
bias. Black women were also somewhat less likely to par-
ticipate in the SWAN Genetic Study, but participants and 
nonparticipants did not differ by age at menopause, or by 
education, smoking status, BMI, or contraceptive use. The 
small sample size limited study power and missing infor-
mation on age at menopause and hormone levels, largely 
due to use of hormones, further limited power. SWAN is 
the largest cohort to date to document the natural history 
of the menopausal transition and one of the few such co-
horts to have obtained genome-wide genotype data; thus, 
we are currently unable to replicate our findings in ex-
ternal cohorts. Strengths of this study include the multi-
ancestry population, the prospectively collected data on 
reproductive aging traits that ensures more precise meas-
ures of menopause timing, and availability of serial hor-
mone measurements enabling assessment of hormone 
levels before and after the FMP. Another strength is the 
use of a multiple traits simultaneously.

5   |   CONCLUSIONS

In conclusion, this Multi-SKAT analysis suggests a 
shared genetic basis among multiple facets of repro-
ductive aging, including age at menopause and specific 
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hormone levels before and after the FMP. Larger scale 
genetic studies with multiple hormone measurements 
across the menopausal transition are needed, as are 
studies that more explicitly consider the shared genetic 
basis of complex biological events such as reproductive 
aging.
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