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Abstract

Objective—AMH is associated with menopausal timing in several studies. In contrast to prior
studies that were restricted to women with regular cycles, our objective was to examine this
association in women with either regular or irregular menstrual cycles.

Methods—CARDIA is a longitudinal, population-based study that recruited adults ages 18-30
when it began in 1985-86. AMH was measured in serum stored in 2002—03. Natural menopause
was assessed by survey in 2005-06 and 2010-11.

Results—Among 716 premenopausal women, median [25™, 75" AMH was 0.77 [0.22-2.02]
ng/dL at a median age of 42 [39-45] years. Twenty-nine percent of the women (n=207) reported
natural menopause during 9 years of follow up. In fully adjusted discrete-time hazard models, a
0.5 ng/dL AMH decrement was associated with higher risk of menopause (p<0.001). Hazard ratios
varied with time since AMH measurement. The HR (95% CI) for menopause was 8.1 (2.5-26.1)
within 0-3 years and 2.3 (1.7-3.3) and 1.6 (1.3-2.1) for 3-6 and 6-9 years, respectively. When
restricted to women with regular menses, results were similar (e.g., HR=6.1; 95% CI: 1.9-20.0 for
0-3 years).

Conclusion—AMH is independently associated with natural menopause. AMH appears most
useful in identifying women at risk of menopause in the near future (within 3 years of AMH
measurement).
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1. Introduction

Follicles are the functional units of the ovary that each contain an oocyte and its surrounding
granulosa cells. These follicles are necessary for fertility and menstrual cycling and
constitute a woman’s “ovarian reserve”[1]. Menopause represents the loss of ovarian reserve
and is an inevitable life event for all women who live long enough.[2, 3] The timing of this
life event is associated with multiple chronic diseases such as breast cancer (late menopause)
and coronary heart disease, stroke, and osteoporosis (early menopause)[4-9]. Thus,
biomarkers that can estimate ovarian reserve and the onset of menopause may also have
utility in identifying women at low or high risk of common chronic diseases.

Anti-Mullerian hormone (AMH), a dimeric TGF-beta superfamily glycoprotein is produced
by the granulosa cells of ovarian follicles in women.[3] AMH has recently emerged as a
potentially useful biomarker of ovarian reserve and of the timing of future menopause. Its
utility in estimating the onset of menopause has been demonstrated in regularly cycling
women from Dutch, Iranian, and US cohorts.[10-12] A particular strength of AMH as a
biomarker of ovarian reserve is its relative stability across the menstrual cycle as compared
with other ovarian reserve hormones.[13, 14] This makes it especially useful for
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epidemiologic studies with stored biospecimens from women in various reproductive stages
or that that are drawn at a time when the menstrual cycle phase is unclear or unknown.

Our aim in this study was to examine AMH?’s association with incident menopause in
premenopausal women from CARDIA Women’s Study (CWS). These women were
recruited from the general population and inclusion in CWS was not contingent on proven
fertility or status in a certain menstrual cycle phase or reproductive aging stage.

1. Materials and Methods

2.1. Study Population

We utilized data from the Coronary Artery Risk Development in Young Adults (CARDIA)
study, a longitudinal, epidemiologic investigation of the evolution of cardiovascular risk
among young adults [15, 16] and the CARDIA Women’s Study (CWS), an ancillary study
to CARDIA. Participants 18-30 years old were recruited from the populations of
Birmingham, Chicago, and Minneapolis and through a Kaiser Permanente membership plan
(Oakland, California). Baseline examinations were performed in 5,115 participants (51% of
eligible persons contacted) in 1985-86, a sample that included 2,788 women. The
population was balanced according to age (18-24 or 25-30 years), sex, education (less than
high school versus high school or more), and race (black and white) at each CARDIA site. A
description of the methodology for recruiting subjects and performing data collection is
detailed elsewhere[15, 16]. An institutional review board at each site approved all study
procedures; written informed consent was obtained from study participants prior to
assessments.

The CWS was designed to examine the associations of androgens, polycystic ovaries, and
clinical features of the polycystic ovary syndrome with subclinical atherosclerosis. Women
eligible for CWS had to have attended the 2000-01 CARDIA (year 15) examination, have at
least one ovary, and not be pregnant. Women with a history of hysterectomy or menstrual
cycle irregularity were eligible for participation. The CWS examination occurred in 2002—
03 and the examination components that included a blood draw and a trans-vaginal
ultrasound are detailed elsewhere [17-19]. Blood draws for CWS were targeted to the
follicular phase of the menstrual cycle.

2.2. Sample Selection

A total of 1,163 women participated in the CWS and 1,123 of these had serum available for
AMH measurement. For the current analyses, participants were excluded if they reported a
history of prevalent natural menopause or hysterectomy at baseline or were missing
covariates from the CWS baseline examination which occurred between 2002 and 2003.
They were also excluded if data on menopause status were missing from both the 2005-06
and 2010-11 examination or if they reported a history of hysterectomy at either
examination. After these exclusions, 716 women remained in the final sample.
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2.3. Data Collection

2.3.1 Assays—Blood samples were drawn in 2002-03 from the antecubital vein using a
protocol that ensured minimal stasis and immediate refrigeration at 4°C. Within one hour of
blood draw, serum samples were processed into aliquots and frozen at =70°C until shipped
to the ReproSource laboratory (Boston, MA) in 2014 for analyses.

2.3.1.1. AMH: AMH was measured in stored serum samples using Ansh Laboratories
(Webster, TX) Ultra-Sensitive AMH ELISA assay. For this assay, the lower limit of
detection (LLOD) is 0.02; the lower limit of quantification (LLOQ) is 0.09. The intra-assay
CVs ranged from 3-7% and the inter-assay CVs ranged from 5-10% in the Reprosource
Laboratory. For the purposes of this analysis, 0.089 was applied to all AMH values <0.09. In
a pilot project of a random sample of CWS participants (n=129) the Beckman Generation |1
assay was run in parallel with the Ansh Ultra-Sensitive assay. The results of these assays
correlated highly (r =0.99).

2.3.1.2. Estradiol, Progesterone and Follicle Stimulating Hormone (FSH): Estradiol,
progesterone, and FSH were measured in serum with chemiluminescent immunoassays by
the ReproSource laboratory using either the Immulite 2000 or Cobas 411e systems.

2.4. Menopause Definition

The primary outcome was self-reported incident natural menopause. Participants completed
a self-administered questionnaire during the CARDIA year 20 (2005-06) and/or year 25
examination (2010-11) with the question “Have you gone through menopause or the change
of life?” followed by “If yes, how did your periods stop?” with the options of “naturally”
“surgically” or “other”. Participants were asked “How old were you when this occurred?”,
which was used in analysis as age at menopause. Our definition of natural menopause was
also validated against a question regarding the date of last menstrual period. Of the 207
women who reported an incident natural menopause, 202 reported both age and calendar
year at which menopause occurred. Ninety-four percent (191/202) reported a date within +/-
1 year of their reported age at menopause.

2.5. Covariates

2.5.1. Reproductive Characteristics—Participants in CWS (2002-03) completed a
self-administered questionnaire with the question “Are your menstrual periods regular or
irregular. By irregular we mean that you could predict when you period would start at least
half the time”. Participants were also queried regarding their current use of hormonal
contraceptives.

2.5.2. Sociodemographic, Lifestyle, and Anthropometric Data—Race and
birthdate were obtained at the year 0 examination (1985-86). Smoking history was collected
at the year 15 examination (2000-01) and women were categorized as current, past, or never
smokers. Weight (at the CWS baseline examination) and height (2000-01) were measured
according to standardized protocols[20]. Body mass index (BMI) was computed in units of
kg/m2. Total physical activity score was calculated using a previously validated algorithm in
CARDIA[21]
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2.6 Statistical Methods

To summarize characteristics of women in CWS, we distributed them into two groups
depending on whether their baseline AMH levels were below or greater than the median
level (0.77 ng/mL). Medians (25t and 75™ percentiles) for continuous variables and
percentages for categorical variables were computed. The differences in the distributions of
sociodemographic and clinical characteristics by AMH category were tested using Wilcoxon
rank sum test for continuous variables and the Pearson’s chi-squared test for continuous
variables.

For each participant, we computed time from AMH measurement to menopause, loss to
follow-up or year 25 examination, whichever came first. We then grouped women according
to whether they were above or below the median age (42 years) at AMH measurement and
created a four-strata variable (AMH <0.77 ng/mL and age <42 years; AMH <0.77 ng/mL
and age >42 years; AMH >0.77 ng/mL and age <42 years; and AMH >0.77 ng/mL and age
>42 years) which we used to fit a Kaplan-Meier plot. We used the log-rank test to determine
whether the incidence of menopause varied by strata of AMH and age at AMH
measurement.

Next we used discrete-time hazard regression to determine whether AMH is associated with
incident natural menopause before and after adjusting for covariates including age, smoking,
race, education level, estradiol, progesterone, FSH, BMI, hormonal contraceptive use,
regularity of menses, CARDIA study site, progesterone, and alcohol intake. Since we found
a significant association between the Schoenfeld residuals for AMH and time (p < 0.001),
suggesting a violation of the proportional hazards assumption, we report results that allow
the hazard ratio to change over time. In particular, we report the average hazard ratio in
three-year time intervals after AMH collection: 0 to 3 years, 3 to 6 years, and 6 to 9 years.
Goodness of fit was assessed with c-statistics, coefficients of determination (r2), and
likelihood ratio tests. Analyses were performed using R statistical software (version 3.1.3).

Since AMH was positively skewed, we considered sensitivity analyses in which AMH was
either log-transformed or flexibly modeled using restricted cubic splines. The models had
similar fit, so we report regression results from models in which AMH was analyzed as an
untransformed continuous variable. Because previous AMH studies only included women
with regular menses, we conducted an additional sensitivity analysis in which we ran the
fully adjusted model in the subset of women with regular menses. A similar analysis in
women with irregular menses was precluded by the small number (n=113) of such women in
our study population. Next we tested if race modified the association between AMH and the
incidence of menopause by fitting a model with the main effects for race, AMH and their
interaction term.

3. Results

As compared with the final sample (n= 716), excluded women (n=407) were older (43 vs.
42; p<0.001), more likely to be black (64% versus 46%; p<0.001), and current smokers
(27% vs. 19%; p=0.003). Excluded women had lower AMH levels (median 0.56 vs. 0.77
ng/dL; p=0.002), higher FSH levels (7.7 mlU/mL vs. 6.6 mIU/mL; p<0.001) and higher
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BMIs (29.6 vs. 27.8 ; p<0.001) when compared with those included in the analysis. Most of
the excluded women who also had follow-up information at the 2010-11 examination (62%
or 190/304) reported a history of surgical menopause.

In the analysis sample (n=716) at baseline (2002-03), the median age was 42 (39-45) years
and the median (25™, 75™ percentile) AMH level was 0.77 (0.22-2.02) ng/dL. AMH was
positively skewed, with 14% of values below detection, and correlated with age at collection
(Spearman r = -0.54). Participant characteristics according to median AMH are shown in
Table 1. At baseline, women with lower AMH were older, had higher FSH, and were less
likely to be black; otherwise, there were no large apparent differences between the two
groups.

Over nine years of follow up, 207 women reported that they have had natural menopause. In
these 207 women, the median (25, 75™ percentile) age at menopause was 50 (48-52)
years. Women with lower AMH had a significantly higher incidence of menopause. As
shown by the Kaplan-Meier curves, less than 80% of women who were 42 years or younger
and with AMH below the median (<0.77 ng/dL) remained pre-menopausal after 9 years of
follow-up and less than 40% of women older than age 42 with low AMH remained
premenopausal (Figure 1).

In discrete-time hazard models, age at AMH measurement was associated with incident
menopause, but age did not modify the hazard ratios. Stated another way, older participants
(ages >42 years) at baseline AMH measurement had a higher risk of incident menopause
overall, but the hazard for AMH’s relationship with incident menopause was similar in older
(>42 years) and younger women (<42 years).

The relationship between AMH, age at collection, and the probability of menopause is
described in more detail in Table 2 where the proportion of subjects who experienced
menopause within 6 years is stratified by AMH levels and age at collection. None of the
subjects included in the analysis were censored before completing 7 years of follow up,
which allowed us to calculate proportions in Table 2 irrespective of censoring events. For
women who were 34-39 at AMH collection, only one subject experienced menopause in the
subsequent 6 years of follow up, and that subject had an AMH of 0.72 ng/dL. For women
who were either ages 40-44 or ages 45-49 at the time of AMH collection, there is an
association between decreasing AMH concentration and increasing probability of
menopause within 6 years. No women with AMH over 2.0 ng/dL experienced menopause
within 6 years. However, if AMH was below the detection limit, 46% of women from ages
40-44 and 72% of women from ages 45-49 experienced menopause within 6 years.

We also found that the hazard ratio for a 0.5 ng/dL decrement in AMH changes over time
(Table 3). The hazard ratio is highest in the first 3 years after AMH measurement and
decreases with longer length of follow-up. In analyses controlling for age, race, and other
confounding variables, a 0.5 ng/dL lower AMH level was associated with an 8.1-fold (95%
Cl: 2.5 t0 26.1) increase in the risk of menopause within 3 years from AMH measurement.
The adjusted hazard ratio decreases to 2.3 (95% CI: 1.7 to 3.3) and 1.6 (95% CI: 1.3 to 2.1)
for the 3 to 6 years and 6 to 9 years after AMH measurement, respectively. This pattern of a
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lower effect size for AMH with increasing time of follow up remains consistent in both
minimally adjusted models (only age and race) and in fully-adjusted models (age, smoking,
race, education, estradiol, progesterone, FSH, BMI, current hormonal contraceptive use,
examination center, regular menses, and alcohol intake).

In the fully adjusted model, AMH was a significantly associated with time to menopause
after controlling for age and the other covariates. Compared to a model without AMH, the
C-index increased from 0.84 to 0.89, the generalized r2 increased from 0.23 to 0.30, and
AMH was statistically significant by the likelihood ratio test (p < 0.001). In sensitivity
analyses limited to women with regular menses, the association between AMH and natural
menopause was somewhat attenuated but remained significant (HR=6.1; 95% CI: 1.9 to
20.0) and the pattern was similar to that observed in the analyses that used the full sample of
716 women (Table 3).

4. Discussion

Among women ages 34-49 at baseline, the 9-year hazard of natural menopause was high
among women with a low AMH (<0.77 ng/dL). The strength of the association between
AMH and incident natural menopause varied with time since AMH measurement and was
strongest within the first 3 years since AMH measurement. The risk of menopause was over
6-fold higher for a 0.5 ng/dL decrement in AMH, even when analyses were restricted to
women with regular menses and when other known factors associated with menopause were
controlled for.

To date, three prospective studies, each with over 9 years of participant follow-up, have
demonstrated a strong relationship between AMH and the timing of natural menopause[22—
24]. Our study extends the findings of these prior studies to women with more average
reproductive histories as prior studies were limited to women with exceptionally healthy
reproductive characteristics. For example, all prior studies [22-24] required the presence of
menstrual regularity with strict inclusion criteria regarding acceptable lengths of menstrual
cycles (e.g., between 22-35 days for the past 3 months [23]). The largest of these studies
(Tehrani et al., n=1015 [22]) also required proven fertility (defined as a term pregnancy
within one year of stopping pregnancy) for inclusion. In contrast, our findings on AMH
level and the incidence of menopause were gleaned from the population-based CARDIA
study (a study designed to investigate the reasons for disparity in cardiovascular disease
between blacks and whites). The women in CARDIA report histories of infertility [25],
menstrual irregularity, and oligomennorhea [26] commonly, thus making our findings
generalizable to a broader population of late reproductive age women.

Of the three [22-24] prior 9+ year longitudinal studies of AMH and the timing of
menopause, ours is most similar to the Pennsylvania Ovarian Aging Study (POAS) [23]
which recruited equal proportions of black and white women (n=401) from a mid-life age
range of 35-48 (median age 42 years). In POAS, <10% of participants ages 35-39 had an
undetectable AMH. This is similar to the low proportion (3%) of undetectable AMH we
observed in our youngest age group. Among the youngest women with undetectable AMH
in POAS, the median time to menopause was 9.9 years. Given that the median follow-up of
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9.9 years is longer than the maximum length of follow-up for CARDIA, it appears that our
finding of only a single menopause event among the youngest CARDIA women should be
expected. Longer follow-up and larger sample sizes are needed to determine the long-term
clinical significance of low AMH in the youngest women.

CARDIA recruited equal proportions of blacks and whites at its inception in 1985-86.
Because of CARDIA’s overall focus on racial differences in disease development between
blacks and whites, we believe it is important to assess for racial differences in the
relationship between AMH and the timing of menopause. We did not find that race modified
the association between AMH and incident menopause. Thus, based on our findings, it
appears that the association between AMH and menopause is similar in black and white
women. However, our sample size was small and we can only rule out very large differences
between the two racial groups. Whether more modest differences between racial groups
exist remains an open question. Therefore, larger studies or meta-analyses of existing data
are needed.

A major strength of our study is that, AMH, a potential biomarker of menopause, was
assessed in a population-based study of women who were unselected for “healthy”
reproductive characteristics such as proven fertility and menstrual regularity. A potential
limitation in our study is our definition of natural menopause. Our definition was derived
from self-reported questions available in CARDIA at multiple in-person examinations
(2000-01, 2005-06, and 2010-11). The definition was thus a practical definition based on
the questions regarding menopause that were asked at CARDIA examinations and answered
by the largest proportion of CARDIA women. This definition, though based on self-reports,
was found to be valid when it was tested in a subset of CARDIA women with dates of last
menstrual period and has been used in our prior publications[29].

5. Conclusion

AMH is independently associated with incident natural menopause over nine years of
follow-up before and after accounting for age, race and other known determinants of
menopause. Our findings corroborate those from three previous studies among women with
regular menses in which AMH was identified as a potential marker for estimating the onset
of natural menopause. Our findings suggest that the relation between AMH and menopause
can be generalized to populations of women with more average reproductive histories that
include histories of infertility, irregular menses, and oligomennorhea. In summary, AMH
holds much promise as a useful marker for estimating the timing of menopause in mid-life
women.
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Figure 1.

Kaplan-Meier Plot of Incident Menopause by Low/High Anti-Mullerian Hormone Level in
CARDIA Women when measured at ages 34-42 or >42-49 ng/dL (n=716).
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Table 1

Demographic Variables by Low or High Anti-Mullerian Hormone (AMH). in 716 Participants in the CARDIA
Women’s Study.

<0.77 ng/dL >0.77 ng/dL p-value
n=362 n=354
Race, % Black" 148 (41%) 181 (51%) 0.007
Age, years 44 [42, 46] 40 [37, 43] <0.001
Smoking, % 0.31
« Never 211 (58) 215 (61)
« Past 86 (24) 68 (19)
« Current 65 (18) 71 (20)
Estradiol, pg/mL 68 [42,128] 64 [42, 103] 0.36
Progesterone, pg/mL 0.23[0.19-0.44] 0.20[0.19,0.43] 0.11
FSH, mlU/mL 7.9 [5.3-12.4] 5.8[4.2, 7.5] <0.001
BMI, kg/m? 27 [24-34] 28 [24-34] 0.17
Current alcohol use, % 82 (22) 77 (22) 0.91
Total Physical Activity, exercise units 245 [100-416] 222 [107-412] 0.75
Education, years 15 [13-16] 15 [13-16] 0.49
Current Contraceptive Use, % 60 (17) 58 (16) 0.94
Regular Menses, % 297 (82) 306 (86) 0.11

*
Values are medians [25th, 7s5th percentiles] or n (%).

Maturitas. Author manuscript; available in PMC 2016 August 01.



1duosnue Joyiny 1duosnuen Joyiny 1duasnuen Joyiny

1duasnuen Joyiny

Nair et al.

Proportion of 716 CARDIA Women’s Study Participants Reporting Menopause within 6 years of AMH
Measurement by Age at AMH measurement and AMH Levels.

Table 2

Age at AMH Collection

AMH level

Below Detection”
0.09 to 0.99 ng/dL
1.0 to 1.99 ng/dL
2.0 ng/dL and above

34t0 39 40to 44 45 to 49
n=208 n=309 n=199

0.0% (0/6)  45.5% (15/33)  72.0% (46/64)

1.9% (1/54)  9.5% (14/147)  25.0% (25/102)
0.0% (0/46)  1.7% (1/60) 5.0% (1/20)
0.0% (0/102)  0.0% (0/69) 0.0% (0/13)

*
Values are % (menopause events/total n for age and AMH level group)
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Table 3

Hazard ratios and 95% confidence intervals for a 0.5 ng/dL decrement in AMH in fully-adjusted models over
time since AMH measurement in the full sample (n=716) and after restricting to women with regular menses
(n=603). Hazard ratios are reported in 3-year time intervals because the hazard ratios change over time.

HR [95% CI] by years since AMH collection

0-3years 3-6years 6 — 9 years

Unadjusted Model 23.1[6.3,842] 31[2.2,44] 18[15 23]
Age, Race Adjusted Model 14.3[4.1,50.3] 24[1.7,34] 16[1.3,19]
Full Model® 8.1[25,26.1] 23[17,33] 16[1.321]

Full Model” Limited to those with Regular Menses Only (n=603) 6.1[19,200] 22[1531] 18[14,25]

*
Full model adjusted for age, race, CARDIA center, smoking (never, past, current), FSH, estradiol, progesterone, BMI, alcohol use, physical
activity, education, current contraceptive use, regular menses (unless stratified by regular menses).
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