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Abstract
Purpose We explored whether AMH, as a surrogate for oo-
cyte supply, varies by FMR1 genotype in women diagnosed
with diminished ovarian reserve (DOR), a subset of the Pri-
mary Ovarian Insufficiency phenotype. Research is inconsis-
tent on the relationship between AMH and FMR1 repeat
length, controlling for age.
Method Seventy-nine cycling women diagnosed with DOR,
and without a family history of fragile X syndrome, provided
blood for FMR1 and AMH testing. DOR was defined as
elevated FSH and/or lowAMH and/or low antral follicle count,
with regular menses. FMR1 CGG repeats were stratified by the
larger allele <35 repeats (n=70) v. ≥35 repeats (n=9). Quadratic
and linear models were fit to predict log (AMH) controlling for

age. The AMH sample used as the outcome variable was drawn
at a later date than the diagnostic AMH.
Results Serum AMH concentration median was 0.30 ng/mL;
Ages ranged from 26–43 years. A quadratic model (including
age2) did not show a relationship with FMR1 CGG level
(p-value=0.25). A linear model of log (AMH), corresponding
to an exponential decline of AMH with increasing age, was
significantly different, and had a steeper slope, for women with
≥35 CGG repeats than women with <35 repeats (p=0.035).
Conclusion Findings suggest a greater rate of follicular loss that
starts at later ages in women with DOR and ≥35 CGG repeats.
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Introduction

Anti-mullerian hormome (AMH), also known as Mullerian-
inhibiting substance, is a dimeric glycoprotein. It is produced
by Sertoli cells of the testis in males and by ovarian granulosa
cells in females. AMH is increasingly used by clinicians to
measure ovarian reserve in pre-menopausal women and the
volume of publications using AMHmeasurements has signif-
icantly increased. As reviewed by Nelson and La Marca [16],
AMH has several unique characteristics: it appears that circu-
lating AMH in females is produced solely by the ovarian
granulosa cells from primary to small antral follicles (≤4-
6 mm) [33,34]. In a sample of 42 ovaries obtained by oopho-
rectomy, the age-adjusted correlation between serum AMH
and ln (number of primordial follicles) was 0.48, supporting
the view that AMH reflects, in part, the size of the oocyte pool
[8]. The literature is inconsistent on the variability of AMH
throughout a menstrual cycle [7,9], with 1 report indicating
greater variability in younger women with higher AMH levels
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[27]. Controversy also exists as to whether AMH is influenced
by current use of hormonal therapy [11,18,29].

While a reduction in oocyte quantity and quality with
advanced age is a normal physiologic occurrence, some wom-
en experience declines in ovarian reserve before the mid-
forties and thus become prematurely infertile. This is termed
“diminished ovarian reserve” (DOR) [25], and is diagnosed in
approximately 10 % of women seeking fertility assistance
[15,23].Womenwith DOR continue to have regular menstrual
periods and their DOR diagnosis is generally a surprise as they
believe they are fertile because they menstruate regularly [4].

A full mutation of the Fragile X Mental Retardation
(FMR1) gene (over 200 FMR1 CGG repeats) results in si-
lencing of the FMR1 protein and Fragile X Syndrome (FXS)
in a majority of the males and a lesser proportion of females
with this genetic mutation. Repeats in the range of 55–199 are
termed “premutation”, repeats in the range of 45–54 are
termed “gray zone” or “intermediate”, and fewer than 45
repeats are considered phenotypically normal. Research since
2000 has provided evidence that women with a premutation
allele [12,26], and potentially women with a high normal
[19,30] or gray zone [5,12] level repeat have an increased risk
of primary ovarian insufficiency (specifically, a diagnosis of
diminished ovarian reserve and/or premature ovarian failure).

Given that FMR1 is associated with early ovarian aging
and AMH is a common measure of ovarian reserve, it is
logical to investigate AMH levels by FMR1 CGG repeat.
The scant literature (six publications) on this topic is incon-
sistent, with some papers reporting an inverse association of
AMH and FMR1 CGG repeat length [6,21,28], no association
[3,13], and a positive association [2]. Our purpose was to use
mathematical modeling to explore whether AMH, as a surro-
gate for follicular loss, might vary by FMR1 genotype in
women diagnosed with DOR, after adjustment for age.

Materials and methods

This was a cross-sectional analysis of a multi-center cohort
study of infertile women diagnosed with DOR who were
enrolled between March 2005 – February 2013. Seventy-
nine women clinically diagnosed with DOR, and without a
family history of fragile X syndrome, provided blood for
FMR1 and AMH testing specifically for research purposes.
As described previously [19], DOR was defined as elevated
FSH and/or low AMH and/or low antral follicle count, with
regular menses. Note that the outcome of interest was AMH
measured at the time of study participation, and not the pre-
vious AMH measurement used for clinical assessment of
ovarian reserve. This cohort was enrolled from several sites:
academic Reproductive Endocrinology and Infertility clinics
in California (54 %), and North Carolina (9 %), plus private
fertility practices in Virginia (32 %, formerly an academic

clinic) and North Carolina (5 %). This study was approved
by the Human Ethics Boards at all academic sites (IRB #:
11448, 11–1535, 6208–16182).

Eligibility requirements included: diagnosis of DOR
(cycle day 2–5 FSH>10 mIU/mL, OR FSH>12mIU/mL after
5 days of 100 mg clomiphene citrate medication, OR fewer
than 6 early follicular antral follicles sized 2–10 mm, OR low
AMH for her age as detailed below), age at DOR diagnosis
≤42 years, and regular menstrual cycles for the past 6 months.
The antral follicle count (AFC) was used for enrollment at only
one site (Stanford University) where the volume of patients
was quite high and, thus, interobserver variation would be
minimized. The AMH criteria for study eligibility was

& age≤30 AMH≤1.1 ng/mL
& age 31–35 AMH≤0.675 ng/mL
& age 36–40 AMH≤0.34 ng/mL
& age 41–42 AMH≤0.25 ng/mL, which was based on the

report by Nelson [17].

The criteria for exclusion were: known cause of elevated
FSH for one’s age unrelated to fragile X syndrome (e.g.,
surgical removal of either one or both ovaries, chemotherapy
or radiation therapy, Turners Syndrome, autoimmune disease),
or a family history of FXS or premutation. Knowing that FSH
values can vary by assay [24,31], de-identified samples were
run at each satellite site and the primary site (University of
Virginia). Based on those results, the cycle day 2–5 FSH
enrollment criteria was increased by 1 point (Immulite 2500
machine; bioMérieux Vidas machine) or decreased by 1.8
points (Ortho 5600 machine) to ensure consistency in the
enrollment criteria across sites.

After signing an informed consent, women provided a
single blood sample for FMR1 trinucleotide assessment and
received pretest genetic counseling by an experienced certi-
fied genetic counselor. Questionnaires completed at the study
visit and/or medical record reviews were the source of all
demographic, reproductive and family medical history vari-
ables. All materials were coded with an assigned ID to main-
tain anonymity. Participants were paid $40 compensation.

After DNA extraction from the peripheral blood lympho-
cytes, FMR1 CGG repeats were determined with capillary
electrophoresis by a single academic lab (University of Vir-
ginia Molecular Diagnostics Lab, Charlottesville, Virginia,
USA). AMH was assayed by a single academic lab (Clinical
Laboratory Research Core at Massachusetts General Hospital,
Boston, MA, USA) using the AMH Gen II ELISA kit from
Beckman Coulter according to the manufacturer’s protocol.
The sensitivity of the assay was 0.05 ng/mL. To get the
sensitivity as low as 0.02 ng/mL, the lab modified the incu-
bation time for this study.

The FMR1 CGG repeat length was stratified by the larger
allele having <35 repeats (n=70) v. ≥35 repeats (n=9) based
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on prior research [19,30]. Potential bias in the two groups was
assessed for differences in age or race with t-tests and Fisher’s
exact tests. Mean and median AMH levels were calculated for
4 age categories and stratified by the larger allele length. For
the means and medians, the detection limit was used for any
result at the detection limit, so these calculations may overes-
timate the true means and medians. Quadratic and linear
models were fit to predict the log (AMH); all models con-
trolled for age. The equations are shown below. The second
model allowed both the slope and intercept to differ between
the CGG groups. It is a common mathematical practice to
include terms so that a model fits the data even if those terms
are not easily interpretable. Readers will note that the quadrat-
ic model includes “age x age”; it is because of this squared
term that it is called a quadratic model, and it is acknowledged
that an “age x age” term is not easily interpreted in a clinical
setting.

logAMH2 ¼ β0þ β1Ageþ β2 Ageð Þ Ageð Þ þ β3 CGG Group½ �

logAMH2 ¼ β0þ β1Ageþ β2 CGG Group½ � þ β3Age

� CGG Group½ �

In the models, AMH values below the detection limit were
handled by maximum likelihood assuming a Gaussian distri-
bution. Model fitting was performed using the Survival R
language software package [32]. Statistical significance was
based on an alpha=0.05.

Results

The age of the participants ranged from 26–43 years (median=
37, sd=3.9) at the time of the blood draw (Table 1). Although
the majority of participants were Caucasian (66 %), a sizeable
minority were of Asian race (27 %). Approximately one-third
had never been pregnant (37 %) and three-quarters had never
had a live birth. Few participants had ever smoked (14 %), and
only 1 participant was an active smoker at the time of the study.
There were no differences between the high and low repeat
groups in the age at the blood draw or race (p=0.78
and p=0.63, respectively).

The range of AMH was from below the lower limit of
detection of 0.02 to 2.4 ng/mL (median=0.30, sd=1.472), as
shown in Fig. 1. The mean and median AMH values by four
age categories are displayed in Table 2. Ten samples were
below the detection limit. Readers may be surprised that a
woman with DOR had an AMH level of 2.4 ng/ml. This
particular individual qualified for the study with a cycle day
3 FSH of 15.8 mIU/mL, thus her results are an example of
discordant diagnostic tests [14]. She additionally had AMH

measured four months prior to her study participation, which
was 2.5 ng/mL, thus there was no laboratory error.

A quadratic model (including age2) of log (AMH) did not
show a relationship with FMR1 CGG length (beta p-value=
0.25, Fig. 2a). The higher CGG repeat group is displayed as
red solid circles and the lower CGG repeat group is displayed
as black open circles. A linear model of log (AMH), corre-
sponding to an exponential decline of AMH with increasing
age, was significantly different, and had a steeper slope, for
women with ≥35 CGG repeats than women with<35 repeats
(p=0.035, Fig. 2b). The lines for each FMR1 stratum cross
near age 36. The highest allele ranged from 22 to 34 (median
29) in the group with fewer than 35 repeats, and from 35 to 45
(median 37) in the group with at least 35 repeats.

Exploratory analyses were conducted using the CGG re-
peat as a continuous variable, and no additional relationships
could be gleaned.

Discussion

Our best fitting model was a linear model of the log (AMH),
which corresponds to an exponential decline of AMH with
increasing age. This model showed an inverse relationship
between AMH and age, as expected, with a significant differ-
ence by FMR1 CGG repeat level. Specifically, among women
with DOR, it appeared that the decline in AMH with

Table 1 Characteristics of the participants (n=79)

Factor N (%)

Age at diagnosis of DOR (years) Mean 36.4 (sd 3.9)

Median 37.0

Range 25 – 42

Age at blood draw (years) Mean 37.4 (sd 3.9)

Median 38.0

Range 26 – 43

Age at menarche (years) Mean 12.6 (sd 1.3)

Median 13.0

Range 9 – 16

Race

White 52 (66 %)

Black 1 (1 %)

Asian 21 (27 %)

Mixed race 5 (6 %)

Hispanic ethnicity 7 (9 %)

Nulligravid 29 (37 %)

Nulliparous 58 (75 %)

BMI Mean 23.0 (sd 3.0)

Median 22.6

Range 17.9 – 30.9

Ever smoked 11 (14 %)
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increasing age occurred faster, and this decline may have
commenced at older ages, for women with ≥35 CGG repeats
than women with<35 repeats. Prior research with over 9,000
infertility patients examined five different models (linear,
biphasic linear, differential, power, and quadratic) for the
decline in AMH with increasing age, and found that the
quadratic model was optimal albeit the differences between
the models were minimal [17]. That analysis, which provided
a starting point for our model, did not consider any genetic
factors. The results in this publication should be viewed as
preliminary, due to the limited sample size in the high normal
and intermediate repeat length ranges.

The scant literature (six publications) on this topic is in-
consistent. Differences in the relationship between AMH and
FMR1 adjusted for age may be due to the populations studied
(FXS families, fertile women, or infertile women) and/or the
CGG repeat lengths analyzed. Three reports have reported
lower serum AMH in women with higher CGG repeats pri-
marily in women in their 30’s (inverse relationship). Among
158 consecutive cycling infertility patients (none of whom
carried the premutation) at a single center in the US (New
York state), AMHwas reported to be inversely correlated with

CGG repeat length [6]. Specifically, in women under age 40,
AMH was lower in women with 35–50 CGG repeats (n=35)
than in women with<35 repeats (n=122, p=0.025). Rohr
et al. [21] reported an inverse association only in women aged
31–40. We summarize their findings among the women who
were not using hormone treatment as a conservative analytic
approach given that some research has reported that AMH
declines with combined contraceptive use irrespective of ad-
ministration route [11]. With a population that combined
women from the general female population and women with
a family history of FXS in the US (state of Georgia), AMH
was lower in womenwith≥70 CGG repeats compared to those
with<70 repeats aged 31–40 years (p=0.015). No association
between AMH and FMR1 was found among women over age
40 or≤30 (p>0.08) [21]. In a study that combined FXS family
data from The Netherlands and the US, premutation carriers
were found to have lower AMH levels than non-carriers at all
ages (multi-level modeling, p<0.0001) [28].

A recent report with 372 infertile women from all causes,
of whom 9 had an intermediate allele and 5 had a premutation,
reported no association between AMH and the CGG repeat
level after adjusting for age.[3] Among 532 fertile women in
the US [13], there was no association between intermediate
repeat lengths (defined as 35–54 CGGs) and AMH.

In contrast, one report found a positive rather than inverse
association of AMH and CGG repeat. The population
consisted of 197 Korean women “at high risk” of diminished
ovarian function, either based on lowAFC or family history of
FXS (n=7) [2], none of whom carried the premutation. The
FMR1 CGG repeats were≤51. Readers are reminded that the
CGG repeat length is reported to be slightly lower in Asian
populations [20]. Using a multiples of median analysis to
control for confounding by age, a positive correlation was
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Fig. 1 Discrete AMH
distribution

Table 2 AMH levels by four age categories and stratified by the longer
FMR1 repeat length

Age <35 CGG Repeat
Mean (median) ng/mL

≥35 CGG Repeats
Mean (median) ng/mL

<30 years 0.23 (0.23) ——

30-34 years 0.60 (0.49) 0.59 (0.52)

35-39 years 0.45 (0.18) 0.77 (0.58)

>=40 years 0.25 (0.17) 0.02 (0.02)
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found between AMH and the FMR1 CGG repeat length
(p=0.008). No association was seen in women<35 years.

Our results provide a differing perspective on this topic by
the addition of mathematical modeling. With a point of inter-
section in the linear models around 36 years of age, one could
view our results as showing that, among women aged≤36,
AMH is higher in women with 35–50 CGG repeats than in
women with<35 repeats. The opposite phenomenon is ob-
served in women over age 36. We believe it is more

informative to view the model as a continuum, as this provides
a more testable hypothesis for future research.

One key limitation is that this study does not include any
women with a premutation CGG repeat length, which may
partly explain the difference in our linear and quadratic
models. There were also no premutation carriers in the study
by Choe et al.[2], where the highest repeat was 51. While
Gleicher et al. [6] had 6 women with more than 50 repeats in
the paper, their analysis was primarily restricted to the women

Fig. 2 a. Quadratic Model of log
(AMH) by Age Stratified by
FMR1 Gene (Higher Allele), b.
Linear Model of log (AMH) by
Age Stratified by FMR1 Gene
(Higher Allele)
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with≤50 repeats. The results in this publication should be
viewed as preliminary, due to the limited sample size in the
high normal and intermediate repeat length ranges. Future
AMH studies with more women with “high normal”, inter-
mediate zone, and premutation repeat lengths would be very
informative. Another limitation is that these data are cross-
sectional rather than longitudinal, thus AMH values at differ-
ent ages represent different women rather than showing the
decline in the same women over time. This limitation is also
true of four of the prior reports [2,3,6,21]. Other genes may be
related to AMH levels (variants in JARID2 in Caucasians and
TPRXL and TEME86A in African Americans, for example
[22]), and those unmeasured genes may explain our findings
or have stronger associations than FMR1. Lastly, our popula-
tion has a small number of participants, which hinders further
analysis. The strengths of this study are the modeling ap-
proach that allowed analysis of FMR1 while controlling for
age, and the restriction of the sample population to women
without a family history of FXS, in contrast to three of the
prior reports that included women with a family history of
FXS [2,21,28].

There are several implications for fertility clinics and ge-
netic counselors, if future studies support these observations.
First, the findings have counseling implications, as the model
suggests that women with 35–50 FMR1 CGG repeats may
have normal AMH levels for her age up to some unknown
age. Second, the results also imply that if a woman with
35–50 CGG repeats is found to have “borderline ovar-
ian reserve”, then she should be referred to a fertility
specialist in order to limit any delay to conception
because her transition to menopause may be quicker
than among other women.

Future longitudinal studies would have direct clinical rele-
vance if a nomogram could be developed (by age, AMH,
FMR1, and other genetic markers) to help predict a woman’s
fertility window. These data may be of help to women con-
templating the option of oocyte cryopreservation or to couples
and individuals who are considering when to begin to try to
conceive. While longitudinal studies exist and are in process
regarding the predictive ability of AMH by age to forecast the
final menstrual period [1,10], what is of interest to women of
reproductive age who are seeking to become pregnant at a
later age is their likelihood of success of conception. There-
fore, continued research on the potential impact of the FMR1
gene on ovarian reserve (which includes the diagnostic value
of AMH measurements) and fertility is important for pro-
viders of fertility care and their patients.
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