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ORIGINAL ARTICLE: REPRODUCTIVE ENDOCRINOLOGY
Longitudinal antim€ullerian hormone
and its correlation with
pubertal milestones

Meghan B. Smith, M.D.,a Jacqueline Ho, MD, M.S.,a Lihong Ma, M.D.,a Miryoung Lee, Ph.D.,b

Stefan A. Czerwinski, Ph.D.,b Tanya L. Glenn, M.D.,c David R. Cool, Ph.D.,c Pascal Gagneux, Ph.D.,f

Frank Z. Stanczyk, Ph.D.,a Lynda K. McGinnis, Ph.D.,a and Steven R. Lindheim, M.D., M.M.M.c,d,e

a Division of Reproductive Endocrinology and Infertility, Department of Obstetrics and Gynecology, University of Southern
California, Los Angeles, California; b Department of Epidemiology, HumanGenetics and Environmental Sciences, University
of Texas Health Science Center at Houston, School of Public Health, Brownsville, Texas; c Department of Obstetrics and
Gynecology, Boonshoft School of Medicine, Wright State University, Dayton, Ohio; d Center for Reproductive Medicine
Renji Hospital, School of Medicine, Shanghai Jiao Tong University, Shanghai, People’s Republic of China; e Shanghai Key
Laboratory for Assisted Reproduction and Reproductive Genetics, Shanghai, People’s Republic of China; and
f Department of Pathology, Glycobiology Research and Training center (GRTC), University of California San Diego,
California
Objective: To examine the changes in AMH levels longitudinally over time and their relationship with both body composition, partic-
ularly abdominal adiposity, and milestones of pubertal development in female children.
Design: Secondary analysis of a prospective, longitudinal study.
Setting: University affiliated research center and laboratories.
Patient(s): Eighty-nine females were examined between 1990 and 2015 to study child growth and development.
Intervention(s): Demographic, anthropometric, growth, and pubertal milestone data with serum samples stored and subsequently
analyzed for AMH.
Main Outcome Measure(s): Longitudinal change in AMH and predicted AMH levels based on body composition, age, and pubertal
milestones including, pubarche, thelarche, and menarche.
Result(s): Natural log-transformed AMH (AMHlog) levels appeared to have a nonlinear relationship with age, decreasing between 10
and 14 years of age, increasing until 16 years. A mixed effect linear model demonstrated that increased abdominal adiposity (waist/
height ratio, WHtR) was significantly associated with the predicted increased AMHlog levels (b¼1.37). As females progressed
through the Tanner stages, the model predicted decreasing AMHlog values when adjusting for age and WHtR.
Conclusion(s): Declining AMH levels during puberty may not be reflective of diminished ovarian reserve as observed in adults, but
may suggest a permissive role of AMH in the activation of the hypothalamic-pituitary-ovarian axis. (Fertil Steril Rep� 2021;2:
238–44. �2021 by American Society for Reproductive Medicine.)
Key Words: Antim€ullerian hormone, menarche, puberty, pubarche, thelarche

Discuss: You can discuss this article with its authors and other readers at https://www.fertstertdialog.com/posts/xfre-d-20-00028
A ntim€ullerian hormone (AMH),
a member of the transforming
growth factor-b family, is pro-

duced by the granulosa cells of the
ovary and prevents excessive recruit-
ment of primordial follicles by pituitary
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gonadotropins (1). Most of the studies
on AMH levels have been conducted
in infertile adult women. AMH levels
are believed to be a surrogate marker
of the remaining follicular pool (2)
and are regarded as a marker of ovarian
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reserve that may be useful in predicting
the response to ovarian stimulation (3).
These previous findings suggest that
AMH levels both reflect the remaining
follicular pool and provide some in-
sights into ovarian function. However,
despite these relationships observed in
the infertile female population, AMH
levels do not appear to be predictive
of spontaneous conception, as
measured by positive pregnancy testing
(4). Thus, the relationship between
AMH levels and reproductive potential
in the general population remains
controversial.
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Intrigued by this potential marker of ovarian function,
several investigators have evaluated the natural course of
AMH production in childhood and adolescence to gain a bet-
ter understanding of the reference values in the noninfertile
population. In cross-sectional and longitudinal studies,
AMH levels tend to rise in childhood and adolescence, peak
in young adulthood and decline until ovarian senescence
(5-7). Moreover, some studies have established that obese
children have higher AMH values than normal-weight chil-
dren and will reach puberty earlier (7, 8). Paradoxically,
studies on factors that affect AMH levels in adults have found
that obese adult females have lower AMH values compared
with their normal-weight counterparts (9, 10). To our knowl-
edge, no studies have previously examined AMH levels
through the entire pubertal transition period into adulthood
with respect to body composition (7). We postulate that
AMH levels will decrease throughout puberty in female chil-
dren, but the changes will be variable depending on their body
composition, especially abdominal adiposity. Thus, we seek to
examine longitudinal changes in AMH from childhood to
adulthood, analyzing its relationship with both develop-
mental pubertal milestones and body composition.
MATERIALS AND METHODS
Data Collection

This study was approved by the University of Southern Cali-
fornia Institutional Review Board (IRB #HS-16-07659) and
Wright State University (IRB #HSC 3187) and was a second-
ary analysis of the Fels Longitudinal Study, which is the oldest
continuous study of growth, development, and aging in the
world (11). The Fels Longitudinal Study was initiated in Yel-
low Springs, Ohio, in 1929 to follow child growth and devel-
opment during the Great Depression to help protect the health
of children. Throughout the years, more data have emerged on
the risk factors for various chronic diseases such as cardiovas-
cular disease (CVD) and obesity, as well as establishing
growth charts to follow maturation (11). Since its inception,
the Fels Longitudinal Study participants have not been
selected based on health status or any other obesity, CVD,
or diabetes-related traits. At enrollment, the participants lived
in Southwestern Ohio within a 30-mile radius of Yellow
Springs, Ohio. Enrollment in the study began with approxi-
mately 10 newborns per year, increasing since the 1930s to
15–20 per year, with the oldest participants with long-term
serial data from birth now in their late 80s. Participants
were not examined during menstruation, pregnancy, or
when there were any transient conditions (e.g., infectious dis-
ease) that could affect data quality (11). The Fels Longitudinal
Study population comprised of 98% non-Hispanic European
Americans.

Informed consent for participants was obtained at all
visits at Wright State University in Dayton, OH. At each study
visit, demographics, physical growth parameters, pubertal
milestones, body composition measurements, and fasting
blood samples were collected annually. All female partici-
pants with available frozen, serum (at �80 �C) were included
in our analysis. We included 89 participants, aged 8 to 18
years, who had between 1 and 7 visits, totaling 226 visits
VOL. 2 NO. 2 / JUNE 2021
between the years of 1990 and 2015. Scheduled study visits
were set for specific target ages, but this has not always
been feasible (e.g., health conditions at the target age study
visit). Due to this, study participants were examined at
different ages, and subsequently time intervals between serial
examinations varied by visits and by study participants (visit
range, 1–7 visits). On average, the available data span an in-
terval of approximately 4.7 years (SD, 2.3 years) between the
first and last follow-up among participants with more than
one study visit. A total of 36 participants had one study visit,
15 participants had 2 study visits, and 38 participants hadR3
visits.

Demographic, anthropometric, growth, and pubertal
milestone data were recorded and kept in a secure database
at Wright State University. Parameters collected included:
age; height; weight; body mass index (BMI); age and sex-
adjusted BMI percentile; waist circumference; and estimated
ages at reaching individual pubertal milestones. At each visit,
weight (kg), stature (cm), and waist circumference (cm) were
obtained, using techniques similar to corresponding measure-
ments in the Anthropometric Standardization Reference
Manual (12, 13) or to corresponding measurements in the Na-
tional Health and Nutrition Examination Survey (NHANES)
III and the current NHANES. BMI was calculated using the
formula, BMI ¼ weight (kg)/height2 (m2), and age-specific
and sex-specific BMI percentiles were calculated. Each child
also used a standardized method to self-assess her sexual
maturity according to the stages of breast and pubic hair
development. This standardized self-assessment was origi-
nally described by Reynolds and Wines using the Fels Longi-
tudinal Study data and was later popularized by Tanner
(14, 15). The purpose of the self-assessment was explained
in private to each study participant, and the participants
were shown sex-appropriate sets of standardized photographs
along with verbal descriptions matching participants’ devel-
opmental stages (Tanner stages I to V)(14, 15). Self-asssess-
ment has been validated against physical examination,
correlates well with pubic hair stages, and has amoderate cor-
relation with the breast and genital stages (16–18). Pubertal
milestones were defined as Tanner stage II for both
thelarche and pubarche, and the onset of the first menses
for menarche. Reproductive history including gynecological
health status was collected for age at menarche (in years)
and for supplemental hormone use. Self-reported oral contra-
ceptive use was included as either present or absent.

For laboratory collection, venipuncture was performed
during study visits after at least eight hours of fasting. Serum
samples were processed within 60 minutes after blood collec-
tion and were stored at �80 �C until analysis for AMH as
described below.
Antim€ullerian Hormone Measurement

Frozen, unthawed, and deidentified serum samples were ship-
ped on dry ice to the Reproductive Endocrine Research Labo-
ratory at the University of Southern California for biomarker
assays. The Ultrasensitive AMH ELISA from Ansh Labs
(Webster, TX) was used to determine AMH levels, with an
assay sensitivity of 60 pg/mL. The interassay coefficient of
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variation was 9.7% at 1.6 ng/mL and 12.0% at 4.5 ng/mL,
respectively.
Statistical Analysis

Pubertal milestones were dichotomized as present or absent
for analysis at each study visit. BMI percentile and waist to
height ratio (WHtR) were used for body composition. Due to
the lack of normal distribution, AMH values were natural
log-transformed (AMHlog) for analysis. A generalized linear
mixed effect (LME) model with a random participant intercept
and unstructured covariance matrix was used for analysis be-
tween AMHlog levels and milestones of pubertal development
and body composition. The best model including significant
body composition variables was based on the approach using
the information criteria such as the Akaike information crite-
rion and Bayesian information criterion (19). The final statis-
tical LME model based on WHtR, rather than BMI due to
model fit, was used to calculate the predicted AMH values
based on a subject’s age and BMI as well as before and after
reaching thelarche and pubarche to illustrate the associations
using Figures. All data were analyzed using SAS version 9.4.
P values < .05 were set as statistically significant.

RESULTS
Descriptive characteristics of participants on their first visit
are represented in Supplemental Table 1 (available online).
At their first visit, of the participants included in the analysis,
12.4% were obese and 11.2% were overweight. A total of 83
participants (93.3%) were non-Hispanic Whites. Mean � SD
for the age of menarche was 12.6 � 1.2 years. Mean BMI
was 19.4 � 4.3 kg/m2 and WHtR was 0.47 � 0.06. Approxi-
mately 19.6% of study visits were examined at Tanner stage
II; 27.3% at Tanner stage III; 25.9% at Tanner stage IV; and
7.3% at Tanner stage V. Overall, the mean AMH from all visits
was 5.3 � 3.4 ng/mL and the median was 4.2 ng/mL (inter-
quartile range: � 4.4 ng/mL). Mean AMH values for study
subjects on reaching thelarche, pubarche, and menarche
were 4.3 � 2.2 ng/mL; 4.3 � 1.8 ng/mL; and 3.9 � 2.7 ng/
mL, respectively. Overall, 7 participants reported using oral
contraceptives at their last study visit, resulting in 8 observa-
tions out of 226 study visits.

A significant, nonlinear association was observed with
AMHlog levels over time (Fig. 1), decreasing between ages
10 and 14 years of age then increasing until 16 years. The
relationship between oral contraceptive use and AMHlog
was negative (b¼-0.007), but it was not significantly associ-
ated with AMHlog levels (P¼ .966). Using values from our
study subjects and a mixed effect linear model, we calculated
the predicted AMH levels at each age for those of normal
weight and those with a WHtR one SD above the mean.
Increased abdominal adiposity significantly correlated with
an increase in AMHlog levels (Fig. 2, b¼1.37, P¼ .035).
AMHlog levels for subjects with a WHtR one SD above the
mean were consistently higher, while still following the over-
all nonlinear trend seen throughout childhood and adoles-
cence in normal-weight counterparts (Fig. 2).

Our model also allowed us to examine predicted AMH
levels on the basis of pubarche and thelarche status in those
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with a normal WHtR. At each age, the predicted AMHlog level
of a girl who reached pubarche was lower than one who had
not reached pubarche, provided she had a normal WHtR
(Fig. 3). For example, in 12-year-old girls, the predicted,
back-transformed AMH value for having reached pubarche
was 4.15 ng/mL compared with 4.72 ng/mL for those who
had not reached pubarche. The overall trajectory of predicted
AMHlog levels throughout adolescence in our pubarche model
matched those seen from the analysis of AMH values in our
study subjects, demonstrating a nonlinear trend with an
initial decrease in predicted AMH levels at age 10 and then
a subsequent rise around age 14.

Similarly, after age 9, girls with a normal WHtR who had
reached thelarche had lower predicted AMHlog levels than
those who had not reached thelarche (Fig. 4). For 12-year-
old girls, the predicted, back-transformed AMH value for
those having reached thelarche was 4.05 ng/mL compared
with 6.85 ng/mL for those who had not reached puberty.
However, the overall trend of predicted AMH levels did not
follow the same nonlinear curve, as seen in the other analysis.
Rather, predicted AMH levels in those who had not yet
reached thelarche start below those at ages 8 and 9, with a
shift seen around 9-and-a-half years of age.
DISCUSSION
Following the discovery of an association between AMH and
ovarian reserve, several studies have analyzed how this rela-
tionship influences fertility outcomes, especially in relation to
assisted reproduction. However, the function of AMH, the
changes in its levels over time, and the consequences of those
changes on fertility in the general population have remained
elusive. Of particular interest is the function of AMH at the
time of pubertal development. Given that prior studies
showing obese girls undergo puberty at earlier ages, it is inter-
esting that our study found that changes in AMH levels are
not only correlated with pubertal milestones but also with
body composition, specifically abdominal adiposity. Indeed,
this secondary analysis of a prospective study was designed
to investigate and understand this trend in relation to obesity
and pubertal development. To our knowledge, this is the
largest study to date specifically to analyze the changes in
AMH levels throughout puberty with respect to body
composition.

A previous longitudinal study also examined the changes
in AMH over time. Hagen et al. studied Danish girls from birth
through menopausal adults, and reported an elevation of
AMH right before puberty, which remained stable until
approximately 25 years of age, then slowly declined until
menopause (20). Our study was more focused on the narrow
age range across puberty and the possible effects of childhood
body composition on AMH changes. Similar to Hagen et al.
(20), we found a high level of AMH before puberty but we
could also detect a marked decline in AMH, correlating with
the transition through puberty (approximately 14 years) and
then a return of AMH to the higher levels by the age of 17.
Our study included multiple samples over time from individ-
ual girls, a data set that may have allowed more sensitivity to
slight changes in AMH during the transition window.
VOL. 2 NO. 2 / JUNE 2021



FIGURE 1

Longitudinal change in AMHlog of study participants. The blue line is the predicted value from mixed effect modeling. The blue shade is 95%CI
prediction interval. Log-transformed AMH values from each participant are also plotted (individual lines).
Smith. Longitudinal AMH and pubertal milestones. Fertil Steril Rep 2021.

FIGURE 2

Predicted AMHlog levels by waist to height ratio across different ages. The red line (squares) is the sample mean WHtR (0.40). The blue line
(diamonds) is one SD above the mean WHtR (0.54).
Smith. Longitudinal AMH and pubertal milestones. Fertil Steril Rep 2021.
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FIGURE 3

Predicted AMHlog levels by pubarche status across different ages. Back-transformed AMH values as follows: 1.55 ¼ 4.72 ng/mL; 1.42 ¼ 4.15
(ng/mL). Red ¼ pubarche; blue ¼ no pubarche.
Smith. Longitudinal AMH and pubertal milestones. Fertil Steril Rep 2021.

FIGURE 4

Predicted AMH levels by hypothetical thelarche status across different ages. Back-transformed AMH values as follows: 1.92 ¼ 6.85 ng/mL;
1.40¼ 4.05 (ng/mL). Red ¼ thelarche; blue ¼ no thelarche.
Smith. Longitudinal AMH and pubertal milestones. Fertil Steril Rep 2021.
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Importantly, from both studies, it can be inferred that
decreasing values of AMH during puberty are not necessarily
reflective of diminishing ovarian reserve, as occurs in adult
females. This dip in AMH levels during puberty may indicate
an oscillation in the number of growing follicles during the
window of transition, although only ultrasound or histologic
data may be used to directly corroborate this.

Our study also characterized the changes in predicted
AMH levels with the development of pubertal milestones,
observing that the onset of thelarche and pubarche were asso-
ciated with lower predicted AMH values compared with those
who have not yet reached these milestones. Moreover, we
found that the predicted AMH levels in those who have not
reached thelarche remained higher than in those who have.
Given that thelarche signals the successful initiation of
gonadotropin stimulation of the ovary with concomitant
sex steroid production, we hypothesize that the decrease in
AMH around the initiation of puberty is either necessary or
a function of the pubertal transition.

Previous studies have examined differences in AMH
levels in those with central precocious puberty (CPP), or pre-
mature thelarche (PT). Savas-Erdeve et al. (21) evaluated
AMH levels in individuals with CPP (n ¼ 21) and PT
(n ¼ 24) compared with age-appropriate controls (n ¼ 22).
Those with PT had higher AMH levels than those with CPP.
Similarly, Sahin et al. (22) reported that AMH levels were
significantly lower in those with CPP vs. PT, again helping
delineate those who are undergoing the progressive changes
of puberty versus those in whom estrogen-stimulated breast
development has occurred, but are otherwise halted in further
pubertal development. Given that PT is not necessarily pu-
berty, which must be coupled with a progressive sequence
of defined events, it does appear that AMH levels could be
used to distinguish between female children in whom a pro-
gressive process is occurring and in whom it is not. Chen
et al. (23) analyzed 83 individuals with CPP and observed
lower levels of AMH in those that have more rapidly progres-
sive CPP and ultimately required treatment to achieve full
adult height, suggesting that the decrease in AMH around pu-
berty signals a fully functional hypothalamic-pituitary-
ovarian axis. Additional studies should explore the potential
diagnostic value of AMH in CPP. However, this is not
currently feasible because AMH cutoffs are yet to be
established.

Our study spanned 25 years between 1990 and 2005.
Therefore, it may have been influenced by changes in dietary
trends and environmental exposures during that period. The
calendar time of study visit may serve as an overall indicator
of any specific secular trends. Thus, we examined the rela-
tionship between sample collection timing (study visit date)
by decades (e.g., visit between 1990 and 2000 as first visit
group) and AMH levels. However, we did not observe any sig-
nificant visit time effect on AMH levels in LME model
analyses.

With respect to the interplay between anthropomorphic
attributes and initiation of puberty, our analysis revealed
that girls with a WHtR or waist circumference adjusted for
height one SD above the mean had higher AMH levels
throughout puberty compared with those who had normal
VOL. 2 NO. 2 / JUNE 2021
WHtRs. However, the overall trend in terms of AMH over
timemirrored that of normal-weight counterparts, with an in-
flection point around the pubertal transition. Some previous
studies have reported that women with polycystic ovarian
syndrome (PCOS) often have high AMH levels, and, from
our data, it appears that a transient decrease in AMH is asso-
ciated with the start of normal folliculogenesis regardless of
WHtR. At present, it is unclear whether being an obese adoles-
cent with higher AMH levels confers an increased risk of
abnormal folliculogenesis and development of PCOS, as our
study was not able to evaluate PCOS versus non-PCOS.
Although PCOS is very difficult to diagnose during adoles-
cence, it is an area that requires further investigation For
instance, the analysis of androgen values may provide useful
insights into the relationship between obesity and AMH in
this study population.

The strengths of this study include its longitudinal nature
and the large number of females observed from early adoles-
cence into their reproductive years. This enabled us to connect
pubertal milestones with hormonal and anthropomorphic
data. Some of the limitations of our study include its retro-
spective nature, the fact that the accuracy of the recorded in-
formation could not be verified, and the difficulty of
generalizing our results generalized to populations other
than non-Hispanic European Americans. Moreover, diag-
nostic criteria have changed over time as well as the coding
of metabolic disease(s), particularly PCOS. As such, we could
not include PCOS status in our analysis, which may have been
illuminating in the context of the available anthropometric
data. Lastly, given that the attainment of puberty was charac-
terized as a dichotomous variable, we were unable to track
AMH levels with all five of the specific Tanner stages.
CONCLUSION
Overall, our finding of a significant, nonlinear relationship
between AMH levels and a noted decrease around the onset
of puberty suggests that AMH levels may be a biochemical
marker of ovarian activity. Moreover, this suggests that a
decrease in AMH value in puberty is not necessarily reflective
of diminished ovarian reserve, although subsequent fertility
was not recorded. The elevated AMH levels seen with elevated
abdominal adiposity, represented as WHtR, is an association
that requires further investigation in terms of the cause-
effect relationship. Whether this influences the development
of PCOS remains unclear, but it is strongly suggestive of a
larger number of activated and growing follicles in adoles-
cents with highWHtR (24). Our data also suggest a permissive
role of AMH in the activation of the hypothalamic-pituitary-
ovarian axis, although this needs to be further investigated.
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