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Abstract
Objective—To determine the rate of change of antimullerian hormone (AMH) in the late
reproductive years and its associations with time to menopause (TTM). We hypothesized that the
rate of change between 2 measures of AMH reflects follicular atresia and varies among women
independent of age.

Design—14-year follow-up.

Setting—A randomly-identified, population-based cohort (Penn Ovarian Aging Study).

Subjects—293 women with 2 measures of AMH evaluated in survival analysis.

Intervention—None.

Main Outcome Measure—Time to menopause.

Results—The rate of AMH change was a strong independent predictor of TTM in multivariable
analysis after adjusting for AMH baseline, age and smoking (hazard ratio for 1 SD change = 1.82,
95% CI: 1.56 – 2.14, P<0.0001). Among women with similar AMH levels, TTM differed by
approximately 2 years when compared between a slow and fast rate of AMH change. A significant
interaction of AMH rate of change and age (P<0.0001) indicated that a faster decrease in AMH
was associated with an increased risk of menopause in women ages 35–39 years (hazard ratio
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6.97, 95% CI: 3.81– 12.72, P<0.0001), with less dramatic but significant associations in women
ages 40–44 and 45–48 years.

Conclusions—AMH rate of change was independently associated with TTM in late
reproductive-age women and increased the precision of estimates of TTM when included with an
AMH baseline level and age. The rate of AMH change may be a more direct surrogate than age
and increases the precision of estimates of TTM during this clinically important time period.
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INTRODUCTION
Antimullerian hormone (AMH) is increasingly identified as an early predictor of decreased
ovarian reserve (1–4). This hormone appears to modulate two regulatory steps of
folliculogenesis: inhibiting recruitment of primordial follicles and decreasing the sensitivity
of small antral follicles to follicle stimulating hormone (FSH) (5). Serum AMH levels are
shown to decrease with age and are a stronger and more consistent correlate of age than the
number of antral follicles observed on ultrasound, inhibin b or FSH levels (6, 7).
Undetectable levels of AMH in women following ovariectomy as well as in natural
menopause confirm its ovarian source, and transvaginal ultrasonography has demonstrated
the correlation between AMH levels and the number of small antral follicles (8).

Several studies evaluated AMH as a predictor of age at menopause in naturally fertile or
normoovulatory women (9, 10). We previously reported the value of one measure of AMH
levels in late reproductive-age women for determining time to menopause (11). The study
indicated that AMH was a strong predictor of time to menopause, and that inclusion of age
with AMH significantly improved the estimates.

Models that have examined AMH in relation to menopause have assumed a steady rate of
follicular atresia over time. We hypothesized that the rate of change between two measures
of AMH at an interval of a year or more reflects the rate of follicular atresia; this rate of
AMH change varies among women independent of age and may increase the precision of
estimates of time to menopause during this clinically important time period. We further
hypothesized that in addition to age, other risk factors of current smoking, body mass index
(BMI) and race modify the associations between AMH and time to menopause.

MATERIALS AND METHODS
Study participants

The study evaluated 293 women in the Penn Ovarian Aging Study (POAS) who had a
detectable baseline measure of AMH (>= 0.20 ng/mL) and at least one additional AMH
measure one or more years later in order to define the rate of change (slope) of AMH in the
late reproductive years. The cohort was randomly identified by telephone digit dialing to
households in Philadelphia County, PA in 1996–1997, and sampling was stratified to obtain
equal numbers of African American and white women (218 in each group), as described in
previous reports (12). The Institutional Review Board of the University of Pennsylvania
approved the study, and all participants provided written informed consent.

At cohort enrollment, all participants were premenopausal as defined by regular menstrual
cycles in the reference range (22–35 days for the previous three menstrual cycles), ages 35–
48 years, and an intact uterus with at least one ovary. Exclusion criteria included current use
of psychotropic or hormonal medications, including hormonal contraception and hormone
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therapies, pregnancy or breast feeding, serious health problems known to compromise
ovarian function (e.g., diabetes mellitus, liver disease, breast or endometrial cancer et al),
uncontrolled hypertension, alcohol or drug abuse in the past year.

Study design
The cohort was followed for 14 years after enrollment. Follow-up assessments were at
approximately 9-month intervals for the first five years and then annually, with a two-year
gap between assessment 10 and 11. At each assessment period, the study data were collected
at two in-home visits, which were timed to the early follicular phase of the menstrual cycle
(days 2–6) in two consecutive menstrual cycles or approximately one month apart in non-
cycling women.

The study was described to participants as a general women’s health study. Trained research
interviewers obtained menstrual dates, structured interview data on overall health, blood
samples for the hormone assays, and anthropometric measures (height, weight, waist and hip
circumference); participants completed a set of validated self-report measures to assess
health and other behavioral measures of the study.

Study variables
The primary outcome variable was time to menopause (TTM). This was measured in years
from the first study assessment (when all participants were premenopausal) to the first
follow-up assessment where the participant reported no menstrual bleeding for at least 12
months. The point one year before the 12-months of no menstrual bleeding was then defined
as menopause.

AMH baseline level was the first available AMH value for each participant. AMH rate of
change (slope) was calculated as the difference between the first of two consecutive
undetectable log AMH levels (or the last AMH measurement if undetectable levels were not
reached) minus the log AMH baseline level divided by time in years. Covariates that were
selected as possible risk factors for TTM were obtained at the same visit as the AMH
baseline measure and included age, race (African American or white), body mass index (kg/
m2), and current smoker (yes, no).

AMH assays were conducted contemporaneously in 2011 in the Clinical and Translational
Research Center of the University of Pennsylvania, using a second generation AMH
enzyme-linked immunosorbent assay (ELISA) kits (Beckman Coulter Inc, Brea, CA). The
blood samples were obtained at the scheduled study visits (days 2–6 of the menstrual cycle),
centrifuged and frozen in aliquots at −80° C. The AMH assays were conducted for each
participant at each assessment period that frozen samples were available until the
participant’s AMH level was undetectable for two consecutive assessment periods
(approximately 2 years) or the end of the 14-year follow-up, whichever occurred first. The
intra- and interassay coefficients of variation were 4.6% and 6.8%, respectively. The lower
limit of detection was 0.10 ng/mL.

Statistical analysis
A priori power calculations using NQuery Advisor 6.0 assumed type I alpha error of 5% and
80% power. Given that 146 of the 293 women in the study (50%) reached menopause in the
follow-up period, the study has sufficient power to detect hazard ratios of 1.6 or larger for
risk factors with 50% prevalence. The detectable hazard ratio for a risk factor with 30%
prevalence of the women under study is 1.8 and for a 25% prevalence is 2.0.
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Statistical analyses were performed using Kaplan-Meier estimations for TTM (13), log-rank
tests, (14) and univariate and multivariable Cox proportional hazards models (15) to
estimate the risk of menopause over the 14-year follow-up period. The hormone measures
were transformed to natural log values to reduce the influence of their skewed distributions.
To determine the nature of the decline in AMH, inspection of the distribution of log AMH to
its undetectable level (0.10 ng/ml) indicated that the decline was principally linear. AMH
baseline level, AMH rate of change (slope), age, current smoking, BMI and race were each
evaluated for their association with TTM and then evaluated in multivariable models to
identify their independent contributions after adjusting for the presence of the other
variables.

In the Cox proportional hazards models (survival analysis), all participants contributed data
to the analysis. In addition to TTM for women whose menopause was observed during the
14-year study, data from women who did not reach menopause were included and
considered censored at last observed follow-up or study endpoint. Exogenous hormone use
and hysterectomy were exclusions at enrollment in the cohort. Hormone use during follow-
up was low and not associated with TTM. Observations of hormone use during the study
were censored; observations of women who had a hysterectomy during the study were
censored from the point of hysterectomy. A sensitivity analysis conducted for the
multivariable Cox model indicated that the results remained consistent when the 16 women
who reported a hysterectomy prior to menopause were omitted. At some time during the
study, 17 women reported having one ovary (15 were prior to menopause). The rate of AMH
decline did not differ between the women with one ovary and those with two ovaries (mean
rate of change = 0.39 and 0.40, respectively, P=0.88). A sensitivity analysis omitted the
women with one ovary and indicated that results for AMH rate of change remained
consistent with the results in the full cohort (shown in Supplemental Table 1).

In the proportional hazards analyses, hazard ratios with 95% confidence intervals indicate
the estimated ratio for risk of reaching menopause between the exposure variable and its
reference group and the risk of reaching menopause at a time point during the observation
period. Hazard ratios >1.0 indicate greater risk (shorter TTM), and <1.0 less risk (longer
TTM) in the exposure group compared to the reference group. Proportionality of hazards
was evaluated by plots of transformed hazard estimates and smoothed residuals (16, 17). No
violations of modeling assumptions were observed.

The AMH level and slope were evaluated as continuous variables (natural log transformed)
and also as group variables in order to provide more information and larger cell sizes for
evaluating additional variables in multivariable models. When used as a group variable,
AMH rate of change was divided into two groups at the median of the log values. The slope
values above the median had the higher rate of change; values below the median had a
slower rate of change. AMH baseline was divided into two approximately equal size groups
with the cut point at greater or equal to 1.0 ng/mL.

All analyses were conducted using the SAS 9.3 statistical package (SAS, Inc, Cary, NC).
Statistical tests were two-sided with P<0.05 considered significant.

RESULTS
At baseline, the mean (SD) age of the 293 participants was 40.93 (3.29) years (range 35–48
years); all participants had regular menstrual cycles in normal range (22–35 days) and were
premenopausal. During the follow-up interval, 50% (146/293) of the participants were
observed to reach menopause, with a median time to menopause of 10.05 years (interquartile
range 6.07 to 13.05 years). The study variables were compared at baseline between the
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participants and the remainder of the cohort (who were excluded because their baseline
AMH was undetectable or they lacked two AMH measures to calculate a slope); race, BMI
and smoking did not significantly differ. However, the omitted participants were older, had
higher FSH levels, lower inhibin b levels and lower estradiol levels, values that are
consistent with undetectable AMH levels (Table 1).

The median AMH level at baseline was 0.98 ng/mL; range 0.20 to 7.51 ng/mL; inter-
quartile range 0.49 to 1.82 ng/mL. The median time interval between the two AMH
measures (i.e., baseline and the first of two consecutive undetectable AMH values or study
endpoint, whichever occurred first) was 4.93 years (interquartile range 2.54 to 7.27 years).

Table 2 shows the associations of the study variables with time to menopause. AMH rate of
change, AMH baseline and age were each significantly associated with TTM in unadjusted
analysis (P<0.0001). In multivariable analysis, the rate of AMH change was a strong
independent predictor of TTM after adjusting for AMH baseline, age and smoking (hazard
ratio for 1 SD change = 1.82, 95% CI: 1.56 – 2.14, P<0.0001). AMH baseline level and age
also remained independent predictors of TTM in the adjusted model (P<0.0001), as shown
in Table 2. We further investigated whether the small number of women who reported
having only one ovary at some point in the study, impacted these findings. The mean rate of
AMH decline between women with one ovary (N=17) and the remaining sample was
notably similar (0.39, 95% CI 0.29–0.49 and 0.40, 95% CI 0.36–0.44, respectively, P=0.88).
When the women with one ovary were omitted in multivariable analysis, the hazard ratio for
AMH rate of change did not change from the hazard ratio for the full cohort shown in Table
2 (the sensitivity analysis is shown in supplemental Table 1).

We further evaluated the rate of AMH change (fast or slow) in combination with AMH
baseline level (low or high) and age group in estimates of TTM. Figure 1 depicts the curves
for AMH rate of decline during the study by age groups in the subset of women who had a
baseline AMH >=1.0 ng/mL. (The subgroups with a baseline AMH <1.0 ng/ml are not
shown because further AMH decline was minimal and the curves of these subgroups were
nearly identical.

Additional analysis to explore the AMH decline within age groups showed a significant
interaction between AMH rate of change and age in TTM (P<0.0001). The rate of change
had the strongest effect in the 35–39 year age group, where a faster decrease in AMH was
associated with an increased risk of menopause (hazard ratio 6.97, 95% CI 3.81 – 12.72,
P<0.0001). This association was less dramatic but remained significant for ages 40–44 years
(hazard ratio 1.52, 95% CI: 1.21 – 1.91, P=0.0003 and for 45–48 years (hazard ratio 2.39,
95% CI: 1.84 – 3.11, P=<0.0001) (See supplemental Table 2).

Table 3 shows that the three variables of age, AMH rate of change and AMH baseline
provided further refinement in estimates of TTM. For example, with a low AMH level and
fast rate of change, the median TTM was 7.99 years (95% CI 6.26 – 8.69) in the 45–48 year
age group. However, in the 35–39 year age group with the same low AMH level and fast
rate of AMH change, the TTM increased to 10.12 years (95% CI 5.93 - NA).

Smokers had a shorter time to menopause compared to non-smokers, with a median time of
10.12 years (95% CI: 9.27 – 11.08) versus 11.35 years (95% CI: 10.04 – 12.58) for non-
smokers. The association of smoking with TTM was marginally significant when adjusted
for age, AMH rate of change, AMH level (P=0.045) (Table 2). Further examination of
smoking in the multivariable model indicated that its association with TTM was significant
when adjusted for age but decreased with the addition of each AMH term. This decrease in
the association of smoking with the addition of each AMH term suggested that AMH may
be in the pathway between smoking and TTM.
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Although we hypothesized that BMI was associated with TTM, the association was not
significant in adjusted or unadjusted analysis (Table 2). Race (African American versus
white) was not associated with time to menopause in either unadjusted (P=0.69) or
multivariable analysis (P=0.74).

DISCUSSION
Previous studies suggested that a single measure of the AMH level together with a woman’s
age contributed to estimations of time to menopause (9–11, 18). However, the models did
not account for variable rates of follicular atresia over time. We hypothesized that the rate of
change in AMH, a sensitive measure of ovarian reserve, reflects the rate of follicular atresia
independent of age and may contribute to more precise estimates of time to menopause in
late reproductive-age women.

As hypothesized, the rate of AMH change was strongly associated with TTM and provided
greater precision in estimates of time to menopause when included with a baseline measure
of AMH than either a single AMH measure or age alone. When age was included with the
AMH terms, the precision in estimates of TTM increased further. For instance, low AMH
levels (<1.0 ng/mL) were observed for nearly all women in the 45–48-year age group but
were also observed for 39% of the younger women in our sample (ages 35–39 years). With
the same low AMH levels and a slow rate of AMH change, the older women had a median
TTM of approximately 8.6 years while the younger women had a median time of 12.7 or
more years. Although the clinical meaning of low AMH levels in younger menstruating
women (ages 35–39 years) remains unclear, information about the rate of AMH change in
addition to the AMH level improves the estimates of TTM for these women.

Several other covariates including smoking, obesity and race were explored as risk factors
for TTM. We found that smoking had a marginally significant association with TTM in
multivariable analysis adjusted for age and the AMH terms. The toxic effects of smoking on
oocyte and/or granulosa cells may lead to more rapid follicular atresia and ultimately a
shorter time to menopause (19–24). We found no significant association between BMI or
race and TTM.

A limitation to consider is that AMH rate of change (the slope) was based on two time
points (the first detectable value and the first of two consecutive undetectable levels or the
last observed value in the follow-up interval). This definition minimized the overall
variability in the slope estimates while maximizing the time between the two AMH
measures and may not fully describe the “true” trend of the decrease in AMH as women
approach menopause. Other limitations include the possibility of misclassification of AMH
slopes due to differences in measurement of the time interval or other measurement error
that may underestimate the association of AMH slope with TTM. Although the rate of AMH
decline for women who reported having one ovary during the study was similar to women
with two ovaries, the exact timing of removal of one ovary could not be determined and the
small number of women may not fully describe AMH decline in this subgroup. Data were
obtained from a population-based cohort of urban women in general good health with
baseline ages 35–48 years and may not predict the risk of menopause in younger women or
in women with menstrual cycle irregularities, infertility or other health problems.

A strength of the study is the new information about the rate of decline in AMH in a healthy
population of mid-life women. The data were from women had regular menstrual cycles in
normal range at cohort enrollment, the participants were followed annually for 14 years to
provide prospective identification of menopause, and stratification of cohort enrollment on
race provided equal numbers of African American and white women for analysis. AMH and
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all other study measures were obtained at the annual follow-up assessments, and statistical
power was adequate for the aims of the study.

This information on the rate of AMH change and its strong, independent association with
TTM is potentially important for clinical practice when counseling about fertility or
infertility issues or considering adverse health outcomes that are known to be associated
with menopause, such as increased bone loss and risk of coronary heart disease. However, at
this time, the clinical utility of AMH is limited by several factors. Most importantly,
defining a shorter time interval to reliably define the rate of AMH change is needed. We
found that while a median time interval of 3.5 years between two AMH measures might
reliably predict time to menopause, intervals less than approximately three years were
unreliable due to large variability in AMH levels within a woman over time. It also appeared
that at least three annual measures of AMH were needed in order to identify when an
undetectable level of AMH occurred. Second, improved precision of commercial assays for
AMH is needed. In this study, the AMH samples were measured concurrently in the same
laboratory, which likely provided greater precision than can be obtained in clinical practice.
Third, the lower limit of the AMH assay is reached by most women several years before
menopause, and increased sensitivity of the AMH assay is needed for its use as a marker of
TTM. Finally, these statistical models predict a median time to menopause and do not
provide precise individual estimates that are important for clinical practice.

This study indicates that the rate of change in AMH reflects follicular atresia and is a strong
and independent surrogate for ovarian reserve in estimating time to menopause. Further
studies to validate these findings and improve assessments of ovarian reserve will contribute
to greater precision in estimating TTM for individual women.
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Figure 1.
AMH rate of decline over the study interval for women with baseline AMH >=1.0 ng/mL in
5 subgroups. Subgroups are the following (starting at lower left): ages 45–49 years, fast rate
of decline; 40–44 years, fast rate of decline; 35–39 years, fast rate of decline; 40–44 years,
slow rate of decline; 35–39 years, slow rate of decline. The subgroups with AMH <1.0 ng/
mL at baseline had little additional AMH decline and the curves of these subgroups were
nearly identical (not shown).
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Table 1

Baseline Characteristics

Variable Included in study, N=2931 Excluded in study, N=1432 P Value

Age, yrs (mean, 95% CI) 40.93 (40.6 – 41.3) 43.35 (42.8 – 43.9) <0.001

Race, N (%) 0.143

 African American 140 (47.8) 79 (55.2)

 White 153 (52.2) 64 (44.8)

BMI, kg/m2 (N, %) 0.295

 ≥30 108 (37.0) 61 (42.7)

 <30 184 (63.0) 82 (57.3)

Smoker (N, %) 110 (37.5) 56 (39.2) 0.754

AMH (ng/mL)3 0.93 (0.84 – 1.03) 0.18 (0.15 – 0.22) <0.001

FSH (mIU/mL)3 6.49 (6.23 – 6.76) 10.53 (9.45 – 11.74) <0.001

Inhibin b (pg/mL)3 76.60 (71.9 – 81.5) 39.22 (34.6 – 44.5) <0.001

Estradiol (pg/mL)3 36.1 (33.9 – 38.35) 30.9 (27.1 – 35.2) 0.048

1
Study participants had a detectable AMH level (≥0.20 ng/mL) at their first measurement and at least one follow-up measure of AMH in order to

define a slope (rate of change).

2
The excluded women were enrolled in the randomly-identified cohort but did not have an AMH slope due to an undetectable AMH at baseline or

not having at least 1 follow-up measure of AMH to calculate the slope.

3
Hormone values are the geometric mean with 95% confidence interval at baseline.
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