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Abstract

Objective: To examine the association of anti-Mullerian hormone (AMH) with indicators of
concurrent and prospective measures of adiposity over ~9 years of follow-up.

Methods: Participants were 697 parous women from the Project Viva pre-birth cohort without
polycystic ovarian syndrome. We measured AMH at ~3 years postpartum (baseline). Outcomes
were weight, body mass index (BMI), and waist circumference (WC) assessed at baseline, 4, and
9 years later; % body fat was assessed by bioimpedance at the 4- and 9-year visit. We used linear
mixed-effect models including all outcome time-points and accounting for age across follow-up,
hormonal contraception prescription, and in an additional model, we further adjusted for height.

Results: Median AMH was 1.97 ng/ml (IQR 0.83, 4.36), 29.1% had AMH <1.0 ng/ml, and
mean age at AMH measurement was 36.7 years (SD 4.9; range 20-48). AMH was inversely
associated with average weight, BMI, and WC over follow-up. In age adjusted models, women
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with AMH <1.0 vs. 21.0 ng/ml were 4.92 kg (95% CI 2.01 to 7.82) heavier, had a 2.51 cm (95%
C1 0.12 to 4.89) greater WC, and a 1.46 kg/m?2 (95% CI 0.44 to 2.48) greater BMI across the 9
years of follow-up. Findings were similar after covariate adjustment and when AMH was modeled
continuously. AMH was also inversely associated with higher fat mass %, however the Cls crossed

the null.

Conclusion: Low AMH at baseline was associated with greater adiposity concurrently and
across ~ 9 years of follow-up. Whether low AMH is a useful marker of metabolic risk across
mid-life requires further research.
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Introduction

Markers of fertility and ovarian reserve have been associated with cardiometabolic risk

in females®-2. Decline in estradiol, which is primarily produced in the ovaries, has been
associated with the development of obesity-related disease via its role in mediating
cardiomyocyte function and energy homeostasis. However, as a marker of ovarian reserve,
Anti-Mullerian hormone (AMH) which is predominantly produced by the ovarian granulosa
cell and is partially regulated by adipoinsular axis hormones (e.g., insulin, leptin)3-9, is used
more often in clinical fertility settings over other markers0. The preferred use of AMH is
because it is less affected by menstrual cycle phase than to other circulating markers such
as follicle stimulating hormone or estradioll, and less prone to the types of measurement
error that impact ultrasonographic assessment of antral follicle count!2. At the ovary, AMH
is thought to primarily act to downregulate folliculogensis, as well as mediating preantral
follicular recruitment and dominant follicle selection!2.

The role of circulating systemic AMH is less clear; however, given that it is a valid proxy
of overall ovarian reserve and thus reflecting the production of ovarian endocrine hormones,
AMH may also serve as a marker for future obesity-related cardiometabolic disease risk
across midlife. Distilling the relationship between AMH levels and adiposity is challenging
as increasing age is linked to both a lower ovarian follicular pool and thus lower AMH, as
well as a predisposition toward weight gain and changes in body composition3. Therefore,
in the absence of robust direct measures of the ovarian follicular pool, careful consideration
of the age range of the study population is important when interpreting the relationship
between AMH and body composition. Further, current understanding of the directionality of
the association between AMH and adiposity is hampered by the cross-sectional design of
most published papers on this topic, and indirect measures of adiposity such as BMI. For
instance, two studies have reported a positive correlation of AMH and BMI among younger
women of normal weight13:14, whereas studies among women with a greater age range

and higher prevalence of obesity have reported either an inverse association with BM|15.16
or no association with BMI1/~19 when assessed cross-sectionally. Longitudinal studies

that capture the prospective relationship between AMH levels and subsequent repeated
assessment of adiposity across middle adulthood are limited. In one longitudinal study

of 1,015 Iranian women aged 20 to 50 years at enrollment, there were no differences in
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baseline BMI across AMH levels, and no difference in the trajectory of adiposity over 16
years of follow-up between the lowest versus highest age-adjusted AMH levelsZ0.

In the current study, we aimed to describe the association of AMH levels and adiposity
by modeling both concurrent associations and differences in adiposity indicators over
time. To achieve these objectives, we leveraged longitudinal measures of adiposity from

a large cohort of parous women in the Project Viva study with baseline AMH measured at
approximately 3 years postpartum, with follow-up over an average of 9 years.

Study population

This study used data from women participating in Project Viva, an ongoing prospective
cohort of women and their children. Details on recruitment and eligibility are described
elsewhere?!, Briefly, Project Viva was initially established to examine associations of
prenatal nutrition with maternal and child outcomes. Subsequent a priori funded grant aims
focused on other questions including the association of infertility markers with women’s
health long-term, the topic of this analysis. Project Viva recruited pregnant women at

Atrius Harvard Vanguard Medical Associates, a multispecialty group practice in eastern
Massachusetts, between 1999 and 2002 at ~10 weeks gestation. Following delivery, women
returned for follow-up visits at 3 years postpartum (considered the baseline visit for the
present analysis), and subsequently 4 and 9 years later. At baseline, women provided a blood
sample. We excluded from the current analysis women without blood collection (n=1081),
women without AMH measured (n=228), and women who were pregnant at blood collection
(n=53) (Figure 1). Given that polycystic ovarian syndrome (PCOS) is related to higher
AMH, faster AMH decline, as well as greater BMI22:23, we also excluded women with
PCOS (n=41). We based PCOS categorization on 3 sources, 1) prenatal medical records
from study enrollment, 2) self-report at the 9-year visit, or 3) irregular menstrual cycle with
a baseline free testosterone that exceeded the 90th percentile of regular menstruating women
(1.824 pg/mL). Testosterone was measured using an immunoassay from Roche Diagnostics,
Indianapolis, IN USA). The analytic sample thus included 697 women. We excluded data
on adiposity parameters at a the 4 and 9 year visits the woman reported being pregnant

at the time of the visit. Women who were included (n=697) vs. excluded (n=1403) from

the present analysis were on average one year older, had higher educational attainment,

and were more likely to be White. All participants provided written informed consent at
enrollment and at each study visit. The institutional review board of Harvard Pilgrim Health
Care approved all study protocols.

AMH assessment

Women’s blood was collected at baseline, and we measured plasma AMH using an ultra-
sensitive ELISA assay from ANSH Labs (Webster, TX, USA).

Adiposity indicators

Trained research assistants measured weight, height, and waist circumference at baseline,
and at the 4- and 9-year follow-up visits. We calculated body BMI as weight (kg)/ [height
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(m)]2. Research assistants also measured body fat in kg and as a % of total body weight
via bioimpedance (Tanita scale model TBF-300A, Tanita Corporation of America, Arlington
Heights, IL USA) at the 4- and 9-year visits.

At study enrollment, women reported their age, race/ethnicity, education level, marital
status, annual household income, and history of type 1 or type 2 diabetes via interview

and self-administered questionnaire. At this time, women also reported on lifestyle
behaviors including smoking habits (former, current, or never). We abstracted from women’s
outpatient medical records the dosing, duration, and refill date of hormonal contraceptives
and derived a variable to indicate whether women had an active hormonal contraceptive
prescription within 3 months of AMH measurement.

Statistical analysis

Preliminary analyses—-Prior to formal analysis, we examined univariate distributions of
AMH as well as bivariate associations of AMH in relation to background characteristics of
the participants. Because AMH is an age-dependent biomarker that is inversely associated
with age, we age-adjusted AMH levels. To do this we used linear regressions centered on
mean participant age and then used this adjusted variable in bivariate analyses to identify
covariates for the main analysis (AMH and adiposity across follow-up) while controlling for
extraneous variation by age at AMH assessment.

To assess for a non-linear relationship between concurrent measures of AMH, age, and

the four adiposity measures at baseline, we tested the significance (p-value<0.05) of linear,
quadratic, and cubic age terms. With this approach, we identified significant linear and
quadratic terms for age and therefore, included them in all models. We also assessed for

a nonlinear relationship between continuous AMH and repeated adiposity measures across
follow-up using restricted cubic splines and adjusting for a linear and quadratic term for age
at AMH measurement, as well as longitudinal age at the 4- and 9-year visit. These age terms
(age and age? at time of AMH measurement, longitudinal age at the 4- and 9-year visit) are
referred to as Model 1 covariates from here on forth. We tested 21 different spline values
using an automatic selection process and specifying p-value=0.05 for retaining the spline
value in the model. No spline variables were selected (test for curvature p-value=0.53),
therefore we assessed continuous AMH as a linear term in regression analyses. We described
the association of AMH with adiposity at baseline and each follow-up visit by plotting the
least square mean difference and 95% CI of each adiposity indicators by AMH status (<1.0
vs. =1.0 ng/ml) while adjusting for Model 1 covariates.

AMH levels and adiposity across follow-up—For the main analysis, we considered
AMH continuously and dichotomously as <1 vs. =1 ng/ml given that this cutoff has been
associated with women’s reproductive success and as such may have biological relevance??.
We used separate unadjusted, and covariate adjusted, multivariable mixed-effects linear
regression models to assess the association of AMH with repeated measures of the four
adiposity indicators of interest across follow-up (3 repeated assessments of weight, waist
circumference, BMI; and 2 assessments of % fat mass). In these models, the explanatory
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variables included AMH (continuous or dichotomized), a random slope and intercept for
each woman, an unstructured correlation matrix, and covariates. Estimates from these
models can be interpreted as the average difference in the adiposity indicator outcome
across follow-up for each 1 ng/ml increase in AMH, or for AMH <1 vs. = 1 ng/ml as the
referent. We tested for an interaction between AMH and age (linear term only) at each visit
as an indicator for time to determine whether outcome trajectories (i.e., the rate of change in
adiposity indicators across the follow-up) differed by AMH status. The interaction term was
not significant; therefore, we did not include it in the final mixed-effects models.

We also modeled the association of AMH with repeated adiposity parameters measured

at the 4- and 9-year visits while adjusting for the baseline value of that parameter as a
covariate. We used this approach rather than adjusting for baseline adiposity and modeling
outcomes at all 3 visits to avoid introducing bias into the estimate of association between an
exposure and repeated measures of an outcome over time 2526, Estimates from these models
can be interpreted as the difference in average adiposity across 4 to 9 years of follow-up with
respect to baseline AMH levels that is not explained by differences in adiposity at the time
of AMH assessment.

In covariate adjusted analyses, we considered three sequential models. Model 1 included
only age terms. In Model 2, we further included hormonal contraceptive prescription

given that this variable was associated with AMH levels and hormonal contraceptive use

is associated with slightly lower AMHZ’. Finally, given that a major determinant of between-
person variation in weight is height, we included height in Model 3. We used a complete
case analysis given that at least 95% of the participants had complete data on all outcomes
and covariates. SAS version 9.4 (SAS Institute, Cary, NC, USA) was used for all other
analyses.

Sensitivity analyses—To assess the robustness of our findings we conducted a subgroup
analysis excluding women with type 1 or type 2 diabetes due to the interrelationships among
AMH secretion, the adipoinsular axis, and adiposity.

The median (range) of AMH was 1.97 ng/ml (0.01, 25.48) and the mean (standard deviation)
age at AMH measurement was 36.7 years (4.96). At baseline, 18% of women had obesity
(BMI = 30.0 kg/m?2), and approximately half of the women (53%) had a normal BMI
(18.5-<25.0 kg/m2). AMH levels were inversely associated with age (Table 1). Age-adjusted
AMH levels did not differ by race/ethnicity, education, history of smoking, or diabetes.
Women with an active hormonal contraceptive prescription had lower levels of AMH ng/ml
(mean + SE) (2.81 + 0.20 vs. 3.09 £ 0.44).

of age-adjusted AMH and adiposity indicators at baseline and each follow-up

Low AMH (< 1.0 vs. = 1.0 ng/ml) was associated with greater weight and BMI at baseline,
the 4-year, and 9-year visits (Figure 2), adjusting for age at baseline and follow-up. For
instance, women with AMH < 1.0 ng/ml were 5.07 kg (95% CI: 2.06 to 8.09) heavier and
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had 2.83 cm (95% C1: 0.05 to 5.60) larger waist circumference and 1.33 kg/m?2 (95% Cl:
0.18 to 2.48) higher BMI at the 9-year visit. AMH < 1 ng/ml was minimally related to
greater fat mass % at the 4-year visit.

Longitudinal association of AMH levels and average adiposity across follow-up

Over nine years of follow-up, each 1ng/ml decrement in AMH was associated with higher
weight and waist circumference in unadjusted analysis (Table 2). Prior to adjusting for

age, AMH was not associated with BMI, likely because of extraneous variation in the
relationship due to age, as indicated by the fact that after age-adjustment, the estimates

of association were of greater magnitude and more precise. For instance, in age-adjusted
models, women with AMH < 1.0 ng/ml weighed 4.92 kg (95% ClI: 2.01 to 7.82) more, had
2.51 cm greater waist circumference (95% Cl: 0.12 to 4.89), and 1.46 kg/m? greater BMI
(95% CI: 0.44 to 2.48) than those with AMH =1.0 ng/ml (Table 2). These estimates were
minimally changed following additional adjustment for hormonal contraception prescription
(Model 2), or adjustment for height (Model 3). AMH both continuously and dichotomously
were inversely associated with higher fat mass %, however the confidence intervals crossed
the null.

After accounting for differences in baseline adiposity, the estimates of association of AMH
and the adiposity indicators across the 4- and 9-year visits were reduced by ~77% and no
longer statistically significant (see Table, Supplemental Digital Content 1).

Sensitivity analyses

Exclusion of women with diabetes at enroliment (n=5) did not change the results.

Discussion

In this large prospective study of 697 women aged ~35 years at baseline, AMH <1.0 vs.

>1 ng/ml was associated with greater weight, waist circumference, and BMI measured
concurrently as well as across an average of 9 years of follow-up. These results suggest that
lower AMH levels are associated with greater adiposity indicators across mid-life, which

is a transitional life stage when many women gain weight and risk of many obesity-related
chronic diseases emerge?8, and therefore, a time when body composition may be especially
important.

Previous studies on the relationship between AMH and adiposity have yielded conflicting
findings1314.18.19 Djscrepancies in the literature are due, in part, to the predominantly
cross-sectional designs, as well as variation in multiple study sample characteristics related
to the ovarian follicular pool, such as age, menstrual cycle, population-level obesity
prevalence, and the adipoinsular axis which regulates weight and metabolism. Therefore,
in the sections that follow we discuss prior findings in the context of these factors and the
characteristics of the study sample.

Similar to the direction of association in our study, low AMH (e.g., lowest AMH tertile
<1.47 ng/ml) has been associated with current obesity status in two cross-sectional studies
in which participants had mean ages =35 years and >28% of the sample had obesity1:16,
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In another study among younger women aged 23-34 years, with >80% prevalence of
overweight/obesity and median AMH of 3.2 ng/ml, continuous AMH was inversely
associated with current BMI2%, Additionally, the women were asked to recall their weight

at 18 years of age, and it was found that AMH was significantly lower among women with
obesity at both 18 years and at study enrollment compared to women who developed obesity
later on29. The finding that AMH was lower among women who maintained obesity as they
approached prime reproductive age, in conjunction with our finding that lower AMH levels
was associated with greater adiposity across mid-life, indicate that lower AMH levels are an
important characteristic of sustained excess adiposity.

On the other hand, in two studies where women had a mean AMH level of 2.4 ng/ml, AMH
was positively correlated with BMI only in subgroup analyses of younger women with a
BMI in the normal range!3:14. Three studies have reported no difference in AMH levels
across BMI stratal318.19 These three studies were conducted among women with a range
of ages (mean ages 24 — 46) and a range of prevalence of BMI =30 kg/m? (14%-51%).

In these prior studies, the positive association or the lack of difference in AMH levels
across BMI strata may be due to how age was accounted for (e.g., stratification or lack

of statistical adjustment). Indeed, in the current analysis we found that prior to adjusting
for age, AMH was not associated with BMI, likely because of extraneous variation in the
relationship due to age, as indicated by the fact that after age-adjustment, the estimates of
association were of greater magnitude and more precise. This latter point highlights the
importance of accounting for age and potentially a non-linear relationship of age and AMH
when examining BMI related outcomes..

Of note, when we examined the association of AMH with adiposity across the 4-year and
9-year visits while adjusting for adiposity at baseline, the magnitude of the association
estimate of AMH and adiposity over follow-up was reduced. This was expected given that
the inverse relationship between AMH and adiposity was apparent at baseline. This finding
is similar to those from a large longitudinal study of 1,015 Iranian women, wherein the
authors found that low AMH was not associated with adiposity over 16 years of follow-up
after adjusting for baseline BMI 20, These findings suggest that AMH is likely to be a
marker of ongoing processes related to higher adiposity sustained throughout midlife, rather
than a causal agent of subsequent adiposity gain.

In considering the biological context of our findings, we acknowledge that the consequences
of low AMH and adiposity are inextricably linked with the adipoinsular axis as well as
ovarian hormones. Low AMH and sustained higher weight as women age may reflect
declines in ovarian hormone production, and the alterations of glucose metabolism that

is a typical result of aging and changes in adipose deposition3%-31, AMH synthesis and
secretion are partially regulated by levels of insulin, leptin, and adiponectin®-9, all of which
are interconnected with increased adiposity32. In humans, higher levels of serum leptin

have been associated with lower AMHZ2. Although leptin directly impacts the efficiency

of glucose metabolism, paradoxically in obese states, higher circulating concentrations of
leptin and reductions in the soluble leptin receptor are observed and thought to represent
leptin resistance, which has been analogized to insulin resistance 33:34, Of particular interest
to future studies may be how AMH production, and specifically reductions in AMH, are
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impacted by chronically high circulating levels of leptin, which may reflect a longer period
of sustained elevations in weight in a woman’s life. Beyond the role of the adipoinsular

axis in maintaining energy balance, estrogens have been implicated in regulating energy
homeostasis via their action on the hypothalamus, with higher levels of estrogens related to a
protective impact on the development of metabolic complications33:38. Thus, the association
of lower AMH and greater weight across mid-life may reflect the crosstalk between the
reproductive and adipoinsular axis and serve as a marker of ovarian endocrine aging37:38.

Strengths and limitations

A primary strength of the current study was our ability to examine prospective associations
of AMH with precisely measured adiposity across mid-life, a time when substantial changes
in weight and women’s lifestyle can occur. This unique data enabled us to capture
associations that persist over nearly a decade, as opposed to those that may be transient
and/or affected by temporary lifestyle factors such as the adoption of less healthy dietary
choices. In addition, we had access to rich covariate data that allowed us to examine
subgroup analyses, such as those among women without a prescription for hormonal
contraception that may introduce extraneous variability into the association of interest.

There are a few limitations of the current study that are important to consider. First, we

did not have a direct measure of follicle reserve such as antral follicle count. Regardless,
AMH is a valid biomarker of follicle count!::12 and is particularly useful in large
epidemiologic studies for which regression analyses capitalize on ranking of individuals
within a population rather than absolute accuracy. Second, we excluded women with PCOS,
which we defined as having an irregular menstrual cycle lengths and free testosterone
>1.82 pg/ml, these criteria may be imperfect proxies for PCOS and therefore we may have
excluded some women without PCOS but who have irregular menstrual cycles. Third, the
results reported herein are likely only directly generalizable to women with AMH measured
while still regularly menstruating, to women of a similar age demographic, and whom have
a comparable prevalence of obesity. We emphasize this latter point as prior findings appear
to be dependent on the underlying characteristics of the study sample. Finally, we note that
since all participants were women recruited during pregnancy, our findings may be less be
generalizable to women with low fertility who never achieve a pregnancy.

Conclusions

Our study adds to the limited prior prospective data by providing a comprehensive report of
the cross-sectional, prospective, and longitudinal association of AMH and several measures
of body composition. We found that low levels of AMH (<1.0 ng/ml) were associated with
higher average weight, waist circumference, and BMI across nearly a decade of follow-up.
Therefore, low AMH may serve as a flag for women who maintain a higher average
adiposity over a transitional period during which many chronic metabolic diseases begin

to manifest. The extent to which lower AMH is a useful marker of future development

of adiposity and metabolic risk across mid-life requires further research, including studies
starting earlier in the lifecourse.
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Women enrolled
N=2100

Page 12

Excluded women without blood
collection
N=1081

Excluded women
without AMH measured
N=228

Excluded women who were
pregnant at AMH blood collection
N=53

Excluded women
with PCOS
N=41

Excluded observations from women
pregnant at follow-up visit
4-year visit: N=5
9-year visit: N=2

Analytical Sample

Women without PCOS and
with AMH measured

N=697

| Women with at least one outcome measure |

|

:

N=693

Baseline 4-year visit

N=627

Figure 1: Participant flow chart
Pregnant women were enrolled in project viva between 1999-2002. After delivery women

completed three in-person follow-up visits: baseline (3 years postpartum), and 4, and 9 years

after baseline.

}

9-year visit
N=623

Abbreviations: AMH, anti-Mullerian hormone; PCOS, Polycystic ovarian syndrome
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Figure 2: Least square mean differences and 95% confidence intervals for each adiposity
indicator with respect to AMH < 1 vs. = 1 ng/ml across follow-up (N=697).

Abbreviations: AMH, anti-Mullerian hormone; BMI, body mass index; NA, not applicable
P-values = Type 3 tests for main effects derived from generalized linear models adjusted for
age + age?.

(A) Association of AMH < 1 vs. = 1 ng/ml at baseline with weight (kg) at baseline, 4, and 9
years later. At each timepoint, AMH < 1ng/ml was associated with greater weight compared
to AMH = 1ng/ml

(B) Association of AMH < 1 vs. = 1 ng/ml baseline with waist cir. (cm) at baseline, 4, and 9
years later.

(C) Association of AMH < 1 vs. > 1 ng/ml baseline with BMI (kg/m?) at baseline, 4, and 9
years later. At the 4-year and 9-year visits, AMH < 1ng/ml was associated with higher BMI
compared to AMH = 1ng/ml

(D) Association of AMH < 1 vs. = 1 ng/ml at baseline with fat mass % at 4 and 9 years later.
Fat mass % was measured only at the 4-year and 9-year visits.
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Bivariate associations of Anti-Mullerian hormone (AMH) with baseline characteristics of 697 women in

Project Viva

Table 1:

Characteristic

AMH ng/ml
Age at blood draw, years
<25
25-29
30-34
35-39
240

Race/ethnicity
Asian
Black

Hispanic

Other #
White

Education statusb
High School/GED or less
Some college/ assoc. degree
4 years of college

Graduate degree

Annual Household Income[7
<$70,000
>$70,000
Active hormonal birth-control prescription at blood draw
No
Yes

History of smokingb
No
Yes

History of diabetesb’c

No
Yes

Crude AMH (ng/ml)

Median (range)
1.97 (0.01, 25.48)

4.68 (1.15 to 9.90)

5.36 (0.42 to 11.58)

2.77 (0.18 to 19.64)

1.97 (0.01 to 25.48)

0.91 (0.01 to 11.85)

Age-adjusted AMH (ng/ml)
Mean + SE

2.79+0.12
2.90 £0.52
3.80+0.33

2.79+0.46
2.99+0.12

2.25+0.98
3.24£0.55
2.84+0.30
3.16+0.18

2.82+0.14
3.13+0.14

3.09+0.44
2.81+0.20

3.03+0.43
2.97+0.20

3.01+2.50
2.64+1.25

Full sample

P N (%)
- 697

<.001 18 (2.6)
42 (6.0)

175 (25.1)

274 (39.3)

188 (27.0)

0.44 30 (4.3)
91 (13.1)
40 (5.7)

28 (4.0)
508 (72.9)

035 40 (5.7)
144 (20.7)
266 (38.2)
247 (35.4)

020  227(35.6)
424 (60.8)

<001  504(72.3)
193 (27.7)

079 497 (71.3)
198 (28.4)

077  692(99.3)
5(0.7)

Abbreviations: Anti-mullerian hormone (AMH), general education development (GED), associate (assoc.)

a"includes 27 participants with >1 race/ethnicity and 1 person who indicated race/ethnicity as “other”.

b:
assessed at enrollment.

Menopause. Author manuscript; available in PMC 2024 March 01.



1duosnuepy Joyiny 1duosnue Joyiny 1duosnuepy Joyiny

1duosnuey Joyiny

Francis et al.

C"Type 1 diabetes: n=3, Type 2 diabetes: n=2.

a: . . .
For categories of age, education, and pre-pregnancy BMI the p-value represents a test for linear trend.
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