Journal of Assisted Reproduction and Genetics (2021) 38:3019-3025
https://doi.org/10.1007/510815-021-02281-3

REPRODUCTIVE PHYSIOLOGY AND DISEASE q

Check for
updates

Early-life factors and adult anti-Miillerian hormone levels
Uri Pinchas Dior' - Gilad Karavani’ - Valerie Soloveichick? - Yechiel Friedlander® - Hagit Hochner®

Received: 18 December 2020 / Accepted: 15 July 2021 / Published online: 29 July 2021
© The Author(s), under exclusive licence to Springer Science+Business Media, LLC, part of Springer Nature 2021

Abstract

Aim This study aims to examine whether early-life factors are associated with adult ovarian reserve, measured by anti-
Miillerian hormone (AMH) levels.

Methods The work is based on the Jerusalem Perinatal Study (JPS), an extensive birth cohort with detailed information on
all pregnancies and deliveries in Jerusalem between 1974 and 1976. A subset of individuals participated in a follow-up study
that took place between 2007 and 2009 in which they completed questionnaires and were physically examined at mean age
of 32. A blood sample was additionally drawn from each participant, and AMH was measured in a sample of 239 women.
The associations between each early-life factors, including birth weight, maternal pre-pregnancy weight, gestational weight
gain (GWGQ), socioeconomic position at birth, and parental smoking during pregnancy, were assessed with AMH levels at
the age of 32.Multivariable regression models were used to examine the associations with AMH, adjusting for potential
confounders at birth and at the age of 32.

Results Low birth weight was significantly associated with lower ovarian reserve reflected by lower levels of AMH at age
32 (range 30-36), independent of other early-life factors and after adjusting for confounders (#=0.180, p =0.03).
Conclusions This prospective study demonstrates the association of birth weight and adult ovarian reserve. Underlying
mechanisms are yet to be fully understood.
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Introduction

The association between early-life factors, especially dur-
ing the fetal period, and permanent physiologic and meta-
bolic changes in the developing organism is well-established
[1, 2]. The Developmental Origins of Health and Disease
(DOHaD) paradigm attributes morphologic development
and long-term function of an organism to early-life insults [3,
4]. As early-life environment cannot be measured directly,
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it is often assessed by factors reflecting this environment.
Numerous studies have shown that birth weight represents
the intrauterine environment and is hence associated with
future health [5-11].

Anti-Miillerian hormone (AMH) is a glycoprotein hor-
mone exclusively produced by the granulosa cells sur-
rounding pre-antral and small antral follicles. The hormone
secretion from these cells is independent of the gonadotropic
position or the menstrual cycle [12]. As such, AMH is an
established marker of ovarian follicle pool [13] and serves as
a biochemical marker of ovarian reserve in various clinical
conditions [7, 14-16].

Heritability is considered to highly impact ovarian aging
[17], and indeed, maternal age at menopause is used for eval-
uating ovarian reserve in the reproductive age [18]. How-
ever, early-life environment may have an additional impact
on ovarian reserve later in life. As the number of primordial
follicles in the ovary reaches its maximum at 20-26 weeks
of gestation [19, 20], adverse intrauterine environment
and early-life exposures during this period may thus have
an unfavorable effect on follicular development, impairing
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later life reproductive health. Younger age at menarche
and at menopause, polycystic ovarian syndrome, and other
reproductive and metabolic conditions have been previously
associated with intrauterine nutrition disorders, suggesting
a pivotal effect of the intrauterine environment on female
reproductive maturation and function [21]. Additionally,
some studies have previously demonstrated the association
of birth weight and other early-life exposures with AMH
levels in infancy and adolescence [22-24].

In this study, using 30-year follow-up data from the Jeru-
salem Perinatal Study (JPS) birth cohort, which includes
detailed information on all births in Jerusalem between 1964
and 1976 [16], we sought to determine if various early-life
exposures, including prenatal factors, affect ovarian reserve,
estimated by AMH levels, in adult women of child-bearing
age.

Materials and methods

The Jerusalem Perinatal Family Follow-up Study
cohort

The Jerusalem Perinatal Study (JPS) population-based
cohort includes a sub-cohort of all 17,003 births to residents
of Western Jerusalem, between years 1974 and 1976, con-
sisting of extensive perinatal data obtained from birth certifi-
cates, maternity ward logbooks, and interviews of mothers
on the first or second day of postpartum. Detailed informa-
tion on data collection has been previously described [8, 9].

The JPS Family Follow-up study includes a sample of
offspring from the original 1974—1976 birth cohort, all of
Jewish ancestry. Eligible for the follow-up study were unre-
lated singleton offspring born at term (> 36 weeks) without
congenital malformations. A stratified sampling approach
was carried out based on maternal pre-pregnancy body mass
index (BMI) and birth weight. Participants were interviewed
and physically examined between 2007 and 2009. Complete
interviews, physical examinations, and fasting blood samples
were obtained for a final sample of 1,473 offspring, of which
732 (49%) were women [25].

Study population

Selection of women offspring into the current study from
the JPS Follow-up cohort was based on birth weight. We
used a population-based intrauterine growth chart developed
by Nicolaides et al. [26], to define birth weight (BW) per-
centiles. This growth chart was chosen as it is one of the
only charts reflecting intrauterine fetal biometrics, rather
than neonatal weight. All women offspring with low BW
(i.e., under the 10th percentile) were selected into the study
(n=113). Women with normal BW (i.e., between the 10th
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and the 90th percentiles) were selected to obtain approxi-
mately 1:1 low-to-normal BW ratio using the following
approach: normal BW was subdivided into 4 groups (i.e.,
10-30th, 30-50th, 50-70th, and 70-90th), and approxi-
mately 30 women from each group were randomly selected
to ensure the sampling represents the entire distribution of
normal BW. The study population selection is described in
Fig. 1.

Anti-Miillerian hormone testing
Frozen plasma samples, stored at — 80 °C, from the selected

participants were identified and transferred to a laboratory
for AMH measurement. AMH was measured using the

JPS
1974-1976 cohort
(17,008 live births)

y

98% completed
postnatal interview
(16,663)

y

2007-2009
follow-up cohort
(2935 recruited)

’

Final
follow-up sample
(1440)
Male
> (722)
Female
(718)
High BW
<90th percentile
(119)
y
Low BW Normal BW
<10th percentile 10-90th percentile
(144) (455)
Low BW babies Normal BW babies
included in the included in the
study study
(113) (126)

Fig. 1 Study population
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automated Ultra-Sensitive AMH/MIS ELISA kit (Ansh labs)
with a quantitative three-step sandwich type immunoassay.

Study variables

The primary outcome of the study, ovarian reserve, was esti-
mated by Anti-Miillerian hormone levels and assessed as a
continuous variable.

The following factors were investigated: (1) BW (kg,
continuous and divided into 6 percentile categories: < 5th,
5-10th, 10-30th, 30-50th, 50-70th, 70-90th); (2) mater-
nal pre-pregnancy body mass index (mppBMI, kg/m?,
continuous and divided into quartiles: Q1 <21.0 kg/m?;
Q2 21.0-23.8 kg/m?; Q3 23.9-26.4 kg/m?; Q4>26.4 kg/
m?); (3) gestational weight gain (GWG, kg, continuous and
divided into quartiles: Q1 <9 kg; Q2 9-11 kg; Q3 12-14 kg;
Q4> 14 kg); and (4) maternal and paternal smoking during
pregnancy (as two separate variables, dichotomous).

We addressed the following covariates at time of birth:
(1) maternal age at the time of birth (years, continuous);
(2) paternal age at the time of birth (years, continuous);
(3) maternal medical conditions (dichotomous, based on
whether the mother had suffered from any of the following
diseases: diabetes, hypertension, heart disease, or toxemia);
(4) ethnicity based on mother’s father country of birth (cate-
gorized as Israel, other West Asia, North Africa, and Europe/
America, and other industrialized countries); (5) average
parental years of education at the time of birth (years, con-
tinuous); and (6) socioeconomic position (SEP) based on
father’s occupation at the time of birth (low, medium, and
high). This SEP scale was shown to have predictive valid-
ity [27] and has the advantage of allowing classification of
occupational groups unique to the Israeli population, such
as Rabbis and yeshiva students, in a dimension that differed
from education and ethnic group. We also assessed the fol-
lowing covariates measured in adulthood: BMI at age 32
(kg/mz, continuous), smoking status (current vs. else), and
use of oral contraceptives. As AMH measurements in 16 of
the 239 samples were carried out a few months earlier as
part of a pilot study, a dummy variable (pilot study vs. rest)
was introduced to all models to adjust for potential batch
effects.

Statistical analysis

Values of AMH were log transformed to normalize the dis-
tribution, as previously described [4]. Pearson correlation
coefficient and one-way analysis of variance (ANOVA) were
used to investigate the univariable associations of early-life
factors, assessed as continuous and categorical variables,
respectively, with AMH at the age of 32. Next, we applied
multivariable linear regression models for examining
independent associations of early-life factors with AMH.

Associations were assessed using the following model: the
independent associations of the exposures with AMH were
assessed by entering all exposures together into the model,
adjusted for ethnicity, parental education and SEP at time of
birth, maternal and paternal age at delivery, maternal medi-
cal conditions during pregnancy, and the participant’s BMI
at age 32. Although only term pregnancies (> 36 weeks)
were included in the follow-up study, all models were also
adjusted for gestational week to account for residual con-
founding and for potential batch effect.

We report beta coefficients (), 95% confidence interval
(CI), and two-tailed P values. P value below 0.05 was con-
sidered statistically significant.

Analyses were carried out using the IBM SPSS version
24.0 statistical package (SPSS, Inc., Chicago, IL) and Stata
12.0 (StataCorp, College Station, TX).

Power calculations focused on BW demonstrated that this
study has sufficient power to detect associations with AMH.
Our sample size (n=239) provides 80% power (a=0.05)
to detect a modest difference of 0.375 standard deviation
in AMH levels between women with low BW (approxi-
mately 50%) and normal birth weight and a beta coefficient
of +0.134 for the regression of AMH on BW.

The study was approved by the institutional review board
of our medical center. All participants provided informed
consent.

Results

Table 1 presents parental and offspring characteristics meas-
ured at birth and in adulthood. AMH levels were assessed
in a total of 239 adult women. The mean age of women
was 32.3 + 1.2 (range 30-36). The median AMH level of
the entire cohort was 3.5 ng/ml (interquartile range 1.9-6.2).
There were no significant differences in characteristics meas-
ured at birth between the 239 women included in this study
and the 479 who were not included (socioeconomic status
(P=0.925), parents’ average years of education (P =0.620),
paternal (P=0.372), and maternal smoking (P =0.925)).

Univariable associations between each early-life fac-
tor and AMH levels (log transformed) are presented in
Table 2. A statistically significant positive correlation was
observed between continuous BW and AMH levels (r=0.18,
P =0.006). Similarly, while not statistically significant, the
mean AMH level at age 32 was lowest in the very low BW
group (< 5%) and highest in the highest percentile (70-90%)
group. The mean AMH level at age 32 was similar in the dif-
ferent maternal pre-pregnancy BMI and gestational weight
gain quartiles, and correlations with continuous maternal
characteristics also yielded non-significant results. Addition-
ally, the mean AMH levels did not differ when comparing
maternal and paternal smoking status.
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Tab!e 1 Study characteristics Variable Mean+SD or % Range Median
at birth and at the age 32 years (min, max) (Q1,Q3)
(n=239)
Early-life factors
Birth weight (kg) 2.96+0.55 147,42
Gestational weight gain (kg) 10.06+4.02 —-4.0,23.0
Maternal pre-pregnancy BMI (kg/m?) 23.79+3.78 16.8, 39.7
Maternal smoking (%) 17.57
Paternal smoking (%) 48.32
Socioeconomic status (%)
Low 22.07
Medium 42.25
High 35.68
Characteristics at birth
Gestational age (weeks) 39.96+1.56 36.1,43.4
Maternal age at birth 27.68+5.37 18.7,42.5
Paternal age at birth 31.16+6.26 20.9,51.1
Average parental years of education 11.97+2.96 3.0,23.0
Maternal medical condition® (%) 9.62
Ethnic origin (%)
Israel 14.23
Middle east 28.03
North Africa 19.67
Ashkenazi 38.08
Measurements at follow-up
Age 32.34+1.23 30, 36
AMH serum concentration (ng/ml) 4.81+4.52 0.13, 28.08 3.5(1.9,6.22)
AMH log transformed 0.51+0.41 —-0.89, 1.45 0.54 (0.28, 0.8)
BMI (kg/m?) 26.09+5.74 17.09, 46.89
Current smoking 17.37
Use of oral contraceptives 25.22

Note: AMH, anti-Miillerian hormone; BMI, body mass index; /QR, interquartile range

“Diabetes, hypertension, heart disease or toxemia

Results of multivariable linear regression analyses are
presented in Table 3. BW (adjusted for gestational age) was
positively associated with AMH serum concentration at the
age of 32, independent of all other early-life factors as well
as all confounders, including participant’s BMI at the time of
AMH measurement (f=0.180, P=0.003). Estimates for this
associations remained similar in weighted models account-
ing for the stratified sampling scheme (f=0.160, P=0.066).

Other early exposures (i.e., mppBMI, GWG and parental
smoking) demonstrated a trend of an inverse relationship
with ovarian reserve. However, those associations were not
found to be statistically significantly.

A set of sensitivity analyses were carried out to assess
if several factors potentially related to AMH levels impact
the observed associations. In a model excluding six par-
ticipants who were diagnosed with cancer (all reported
having regular menses), results for BW remained largely
unchanged (f=0.171, P=0.005). Further excluding
one woman with surgical premature menopause did not
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impact the findings. To assess the impact of current smok-
ing and use of oral contraceptives on the reported find-
ings, we introduced both variables to the model, and these
too did not impact the BW-AMH association (§=0.177,
P =0.004). Restricting the analysis to 170 women (75%)
who did not use oral contraceptives yielded similar results
(#=0.166, P=0.022). It is noteworthy that in this study,
univariable and multivariable associations of AMH with
both current smoking and oral contraceptive use were non-
significant. Lastly, although all study participants reported
having regular menses (except for the one with surgical
menopause), to explore the potential effect of PCOS
on the reported results, and given that data on PCOS is
unavailable, we reran the analysis excluding 48 women
whose AMH levels were at the top 15% of the distribution
(AMH > 8.5 ng/ml), as higher AMH levels were shown to
be associated with PCOS [28]. Again, the association of
BW with AMH remained the same (f=0.178, P=0.002).
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Table 2 Early-life factors and

- Variable
ovarian reserve at age 32

Correlation coef-  Log transformed mean P value®

ficient AMH*
Birth weight, kg 0.18 0.006
Birth weight, percentiles® 0.27
<5% 0.43+0.44
5-10% 0.55+0.38
10-30% 0.49+0.45
30-50% 0.55+0.35
50-70% 0.52+0.41
70-90% 0.64+0.31
Maternal pre-pregnancy BMI, kg/m? 0.02 0.76
Maternal pre-pregnancy BMI, quartiles 0.77
Q1 0.51+0.44
Q2 0.48+0.42
Q3 0.50+0.39
Q4 0.56+0.39
Gestational weight gain, kg —-0.04 0.51
Gestational weight gain, quartiles 0.90
Q1 0.53+0.38
Q2 0.52+0.42
Q3 0.50+0.45
Q4 0.46+0.36
Maternal smoking during pregnancy 0.44
No smoking 0.50+0.41
Active or past smoking 0.55+0.38
Paternal smoking during pregnancy 0.62
No smoking 0.50+0.42
Active or past smoking 0.53+0.40

“Log-transformed values (base 10) due to asymmetrical distribution

PP values based on either Pearson correlations for exposures assessed as continuous variables or one-way
analysis of variance (ANOVA) for exposures assessed as categorical variables

“Percentiles were defined based on a population-based intrauterine growth chart developed by Nicolaides
et al. [Poon LCY, Volpe N, Muto B, Syngelaki A, Nicolaides KH. Birthweight with gestation and maternal
characteristics in live births and stillbirths. Fetal Diagn Ther 2012;32:156-65]

Note: AMH, anti-Miillerian hormone; BMI, body mass index

Table 3 Associations between early-life factors and anti-Miillerian
hormone levels at age 32: multivariable linear regressions®

Early-life factors i} 95% CI P value
Birth weight (kg) 0.180  0.06,0.30  0.003
Maternal pre-pregnancy BMI (kg/ —-0.003 -0.02,0.01 0.73
2
m°)

—-0.010 -0.02,0.00 0.16
0.085 -0.07,0.24 0.27
0.002 -0.11,0.11 0.97

Gestational weight gain (kg)
Maternal smoking (yes/no)
Paternal smoking (yes/no)

2All exposures were introduced together into the model, adjusted for
gestational week, batch, ethnicity, parental education, socioeconomic
position at birth, maternal and paternal age at delivery, maternal med-
ical conditions, and participant’s BMI at age 32

Discussion

In this study, lower BW was found to be significantly associ-
ated with lower ovarian reserve in adulthood, as reflected by
decreased AMH serum levels.

The association between BW and AMH serum concen-
tration of the offspring is controversial. The Avon longitu-
dinal study of parents and children (ALSPAC) [24] found
no association between small for gestational age BW and
AMH levels in adolescence. These findings are in line with
other reports as well [23, 29-31]. However, Sir-Petermann
et al. demonstrated increased AMH plasma concentration
in both high and low birth weight infant girls (measured
at 2-3 months of age), suggesting possible ovarian dys-
function at both tails of birth weight distribution [32]. The
conflicting results may be related to the wide age range in
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which AMH was measured in different studies, ranging
from infancy [32], through pre-pubertal age 9 and adoles-
cence [23, 24], to young adulthood [30], with the oldest
age at assessment being 24 years of age. In our research,
AMH level was assessed at 32—34 years of age, resulting in
a minimum age difference of almost a decade between the
participants in previous and our studies. Follicular dynamics
throughout childhood and adolescence [33] compared to an
adult population may account for the differences observed.
Moreover, the mean age in which women desire to conceive
is approximate to the range of 32-34 years of age [34], and
therefore, measurement of ovarian reserve in this age group
is of high clinical relevance.

Other studies have examined the associations of various
early-life exposures and ovarian reserve later in life. Simi-
larly to the aforementioned ALSPAC study [24], in which
several factors such as parental age, maternal body mass
index, and child’s birth weight were not associated with
offspring’s AMH levels, we have not found an association
between maternal pre-pregnancy BMI and AMH levels [4].
Similarly, and while maternal smoking was previously asso-
ciated with end-organ damage in the offspring [35, 36], in
our study as well as in others, parental smoking was not
linked to offspring ovarian reserve [24, 37]. Socioeconomic
position is a complex exposure variable. The PROGRAM/
PREMS cohort study has shown lower AMH levels in young
adult females (aged 18-24 years) from low socioeconomic
position [30] that was determined according to the partici-
pant’s educational level at adulthood. Adjustments for cancer
diagnosis, smoking status, and use of oral contraceptives
showed similar results.

The main strength of this study is its detailed medical,
lifestyle, and socio-demographic information on parental
and offspring characteristics at pregnancy and birth, as well
as the long-term follow-up data at the mean age of 32.

This study has several limitations. Information regarding
fragile X mental retardation 1 pre-mutation, chromosome
X derangements, ovarian surgery not manifesting in early
menopause (unilateral oophorectomy or ovarian cystec-
tomy), and infertility diagnoses such as unexplained infer-
tility, which are possible causes of reduced ovarian reserve
and poor ovarian response [38], was not available. Addition-
ally, data regarding familial primary ovarian insufficiency or
maternal infertility diagnoses (such as polycystic ovary syn-
drome) were not collected as well as other ovarian reserve
markers, such as follicular-stimulating hormone (FSH)
and estradiol levels. Though to date biomarkers indicating
diminished ovarian reserve were not shown to be associ-
ated with reduced fertility, among the existing biomarkers
of ovarian reserve, AMH is the most reliable [39] and only
slightly affected by hormonal cycle phase [40] and therefore
was chosen as an indicator for this study.
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Lastly, we preselected the participants based on their birth
weights to assure sufficient power to detect associations
with AMH, including non-linear. This may have resulted in
decreased power to detect associations with other factors,
yet this would be considered a conservative approach where
some findings may have been missed, yet more importantly
the observed associations are not expected to be biased as
a result.

Our study included a selective sub-sample of 239 women
out of the total 718 women who participated in the JPS fol-
low-up study. This sub-sample was selected based on birth
weight. While approximately half of this sample were of low
birth weight, we assured an even dispersion of normal birth
weights by using stratified sampling by percentiles within
the normal range.

In summary, this study provides further evidence con-
necting adverse intrauterine environment, reflected by lower
birth weight, with subsequent health.

Further research is required to further characterize the
relationship of early-life factors, including prenatal expo-
sures, and adult ovarian reserve and its clinical implications.
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