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Abstract

Background: The majority of available studies on the AMH thresholds were not age-specific and performed the
receiver operating characteristic curve (ROC) analysis, based on variations in sensitivity and specificity rather than
positive and negative predictive values (PPV and NPV, respectively), which are more clinically applicable. Moreover,
all of these studies used a pre-specified age categorization to report the age-specific cut-off values of AMH.

Methods: A total of 803 women, including 303 PCOS patients and 500 eumenorrheic non-hirsute control women,
were enrolled in the present study. The PCOS group included PCOS women, aged 20–40 years, who were referred
to the Reproductive Endocrinology Research Center, Tehran, Iran. The Rotterdam consensus criteria were used for
diagnosis of PCOS. The control group was selected among women, aged 20–40 years, who participated in Tehran
Lipid and Glucose cohort Study (TLGS). Generalized additive models (GAMs) were used to identify the optimal cut-
off points for various age categories. The cut-off levels of AMH in different age categories were estimated, using the
Bayesian method.

Main results and the role of chance: Two optimal cut-off levels of AMH (ng/ml) were identified at the age of 27
and 35 years, based on GAMs. The cut-off levels for the prediction of PCOS in the age categories of 20–27, 27–35,
and 35–40 years were 5.7 (95 % CI: 5.48–6.19), 4.55 (95 % CI: 4.52–4.64), and 3.72 (95 % CI: 3.55–3.80), respectively.
Based on the Bayesian method, the PPV and NPV of these cut-off levels were as follows: PPV = 0.98 (95 % CI: 0.96–
0.99) and NPV = 0.40 (95 % CI: 0.30–0.51) for the age group of 20–27 years; PPV = 0.96 (95 % CI: 0.91–0.99) and
NPV = 0.82 (95 % CI: 0.78–0.86) for the age group of 27–35 years; and PPV = 0.86 (95 % CI: 0.80–0.94) and NPV = 0.96
(95 % CI: 0.93–0.98) for the age group of 35–40 years.

Conclusions: Application of age-specific cut-off levels of AMH, according to the GAMs and Bayesian method, could
elegantly assess the value of AMH in discriminating PCOS patients in all age categories.

Keywords: Anti-Müllerian hormone, Polycystic ovary syndrome, Age-specific, Diagnosis, Bayesian method

© The Author(s). 2021 Open Access This article is licensed under a Creative Commons Attribution 4.0 International License,
which permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this article are included in the article's Creative Commons
licence, unless indicated otherwise in a credit line to the material. If material is not included in the article's Creative Commons
licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.
The Creative Commons Public Domain Dedication waiver (http://creativecommons.org/publicdomain/zero/1.0/) applies to the
data made available in this article, unless otherwise stated in a credit line to the data.

* Correspondence: ramezani@endocrine.ac.ir; fah.tehrani@gmail.com;
framezan@post.harvard.edu
1Reproductive Endocrinology Research Center, Research Institute for
Endocrine Sciences, Shahid Beheshti University of Medical Sciences, P.O.
Box:19395-4763, 24 Parvaneh, Yaman Street, Velenjak, I.R 1985717413 Tehran,
Iran
Full list of author information is available at the end of the article

Ramezani Tehrani et al. Reproductive Biology and Endocrinology           (2021) 19:76 
https://doi.org/10.1186/s12958-021-00755-8

http://crossmark.crossref.org/dialog/?doi=10.1186/s12958-021-00755-8&domain=pdf
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
mailto:ramezani@endocrine.ac.ir
mailto:fah.tehrani@gmail.com
mailto:framezan@post.harvard.edu


Background
Polycystic ovary syndrome (PCOS) is the most common
endocrine disorder in reproductive women. The preva-
lence of PCOS ranges from 5 to 20 % in different studies,
depending on the recruitment process of the study
population, the criteria used for its definition, and the
method used to define each criterion [1]. According to
the Rotterdam criteria, which were first introduced in
2004, diagnosis of PCOS requires the presence of at least
two of the following findings: (i) oligoanovulation (OA);
(ii) clinical or biochemical hyperandrogenism (HA); and
(iii) polycystic ovarian morphology (PCOM), based on
the ultrasound findings. Also, other etiologies for excess
androgen production must be excluded [2]. However,
the inclusion of PCOM in the definition of PCOS has
caused major concerns regarding the validity and reli-
ability of its assessment and highlighted the need for re-
vising its definition, given the application of advanced
high-resolution ultrasound devices [3].
Several efforts have been made to introduce a more re-

liable alternative for PCOM. The anti-Müllerian hor-
mone (AMH), given its exclusive production by
granulosa cells of the ovary, has been shown to be the
best marker, reflecting the antral follicle count (AFC)
[4]. Researchers have also attempted to identify the opti-
mal diagnostic threshold for AMH to precisely identify
PCOM [5] for the PCOS criteria. However, there is no
universally accepted threshold [5]. Besides AFC, AMH is
correlated with HA [6–8], oligomenorrhea, and men-
strual disorders [9].
Several studies have suggested that AMH could be

used as a surrogate marker for the diagnosis of PCOS
[10–12]. However, the majority of these studies have
some shortcomings, mainly due to not being age-
specific, as marked changes occur in AMH across the re-
productive lifespan in the normal population, and there
is the possibility of AMH decline in a less rapid manner
in women with PCOS [13, 14]. Therefore, in the present
study, we aimed to introduce the age-specific cut-off
levels of AMH for the prediction of PCOS, using a
Bayesian method, and to identify the optimal cut-off
points for various age categories, using generalized addi-
tive models (GAMs).

Methods
This study was conducted on 839 women at reproduct-
ive age, including 321 PCOS patients (case group) and
518 eumenorrheic non-hirsute women (control group),
aged 20–40 years. The controls were selected among the
participants of Tehran Lipid and Glucose cohort Study
(TLGS), which is a cohort study among a representative
sample of residents in Tehran, Iran. Face-to-face inter-
views were conducted with 1060 women, aged 18–45
years. The reproductive history, with emphasis on the

menstrual cycle, gynecological history, hyperandrogenic
symptoms, and family history of irregular menstrual
cycle and hirsutism were collected. Hirsutism was
assessed by a trained general practitioner, under the
supervision of a single gynecologist, using the modified
Ferriman-Gallwey (mFG) scoring method. For cases with
acne and/or an initial mFG score > 3 and/or a menstrual
disorder (defined as a menstrual interval < 21 days or >
35 days), the androgen and/or progesterone profile in
the mid-luteal phase was assessed. The details are pub-
lished elsewhere [15]. To select the controls, we ex-
cluded women with at least one of the PCOS criteria,
including irregular or unpredictable menstrual cycles,
subclinical anovulation (progesterone level < 4 ng/mL in
two consecutive cycles), and biochemical and/or clinical
HA (n = 307). In addition, the exclusion criteria were as
follows: (1) menopause (n = 22); (2) history of hysterec-
tomy, oophorectomy, or ovarian surgeries (n = 36); (3)
history of endocrine disorders or use of medications that
could affect the function of the hypothalamic-pituitary-
gonadal (HPG) axis (n = 34); (4) lack of available infor-
mation on the reproductive history (n = 60); (5) being in
the age range of < 20 or > 40 years (n = 83); and (6) hav-
ing an outlier AMH value (n = 18).
The PCOS group consisted of PCOS women, aged

20–40 years, who were referred to the Reproductive
Endocrinology Research Center, Tehran, Iran. The Rot-
terdam criteria were used for diagnosis of PCOS, based
on the presence of at least two of the three following
findings: (i) OA; (ii) HA; and (iii) PCOM on ultrasound.
OA was considered as vaginal bleeding episodes at no
less than 35-day intervals or progesterone levels < 4 ng/
mL in two consecutive cycles. Also, HA was defined as
clinical hyperandrogenism, that is, the presence of hir-
sutism (mFG ≥ 8), acne, or androgenic alopecia and/or
biochemical hyperandrogenism (BH).
BH was detected based on the free androgen index

(FAI) and the level of dehydroepiandrosterone sulfate
(DHEAS) and/or androstenedione (A4) above the upper
95th percentile in women (n = 362), who were not using
any hormonal medications and had no clinical evidence
of HA, OA, or PCOM. Specifically, the upper normal
limits were as follows: DHEAS = 246 µg/dL, FAI = 5.47,
total testosterone = 0.88 ng/mL, A4 = 2.3 ng/mL [16].
PCOM was diagnosed, based on the presence of ≥ 12 fol-
licles 2–9 mm in each ovary and/or increased ovarian
volume (10 cm3). Out of 321 women with PCOS, those
with an outlier AMH value were excluded (n = 18).
An overnight fasting venous blood sample was ob-

tained from each participant on the second or third day
of their spontaneous or progesterone-induced menstrual
cycle. The samples were centrifuged within 30–45 min
of collection and stored at -80 °C until further analysis.
All AMH measurements were performed by an
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experienced laboratory technician in the same laboratory
at the Research Institute for Endocrine Sciences, using
the same assay method and kit (Gen II Kit, Beckman
Coulter, Inc., Fullerton, California, USA), as well as the
same Sunrise ELISA reader (Tecan Co., Salzburg,
Austria). Also, the AMH Gen II control (A79766) was
used at two concentrations to monitor the accuracy of
the assays. The intra- and inter-assay coefficients of vari-
ation were 1.9 and 2.0 %, respectively.

Statistical analysis
Data are presented as mean ± standard deviation (SD)
for numerical variables with normal distributions, as me-
dian and interquartile range (IQR) for variables with
skewed distributions, and as number (percentage) for
categorical variables. The characteristics of women with
PCOS and the controls were compared, using student’s
t-test for normally distributed continuous variables and
Chi-square test for categorical data. Mann–Whitney U
test was also performed to compare variables with
skewed distributions.
To measure the outliers of AMH, Tukey’s test was

performed, as it makes no distributional assumptions.
Accordingly, all values, which were more than 1.5 times
the IQR below the first quartile or above the third quar-
tile (either below Q1 − 1.5 IQR or above Q3 + 1.5 IQR),
were excluded. To detect the correlation of AMH with
age and body mass index (BMI), a scatter plot matrix
was drawn, and a fractional polynomial (FP) regression
model was fitted to identify the non-linear relationship
between continuous variables (age and AMH level).
Pearson’s or Spearman’s correlation test was also used to
examine the correlation of AMH with age and BMI.
It seems that subjective categorization of age (i.e., 20–

25, 25–30, 30–35, and 35–40 years) is not appropriate
for age-specific predictions; therefore, GAMs were used
to identify the cut-off points for age, considering the as-
sociation of this variable with AMH [17]. These models
consider non-parametric functions of predictive vari-
ables (i.e., age and AMH), which are associated with the
dependent variable (i.e., PCOS) using a logit link func-
tion and provide the optimal cut-off points, based on the
area under the ROC curve (AUC) maximization [18].
Next, the cut-off values of AMH were estimated, based

on the negative and positive predictive values (NPV and
PPV, respectively) for different age categories, using the
Bayesian method, introduced by Vradi et al. [19]. Gener-
ally, this method models the probability of PCOS with a
step function, based on the predictive values, and esti-
mates the cut-off value, as well as the predictive values.
Here, the cut-off value was a parameter of the model,
and therefore, a Bayesian method could be applied. This
method allows direct probability interpretations of pa-
rameters, based on the observed data and uses both

prior and sample information [20]. Moreover, the pre-
dictive summary index (PSI) was applied, which is a fre-
quentist approach to determine the optimal overall and
age-specific cut-off levels of AMH. It estimates the opti-
mal cut-off value by maximizing the difference in pre-
dictive values for all possible cut-off points and is
expressed as follows [19]:

PSI ¼ maxcutoff PPV cutoff þ NPVcutoff � 1
� �

For the latter approach, the confidence intervals were
calculated by the bootstrap method.
There was not an adequate sample size to calculate

the age-specific cut-off values of AMH for different
PCOS phenotypes; however, these cut-offs for different
phenotypes (regardless of age) were estimated, using the
proposed Bayesian method.
Data were analyzed using OpenBUGS version 3.2.3

and R software version 3.6.1. The optimal cut-off points
for age were obtained by the CatPredi package in R soft-
ware. P-value less than 0.05 was considered statistically
significant.

Results
Of a total of 839 subjects, aged 20–40 years, 321 (38.2 %)
women had PCOS, and 518 (61.8 %) were normo-
ovulatory. The participants with outlier AMH levels were
detected and excluded, based on the boxplot method. Fi-
nally, 803 subjects, including 303 (37.7 %) patients with
PCOS and 500 (62.3 %) normo-ovulatory women, were
examined. Women in the PCOS group were younger

Table 1 Clinical and endocrine characteristics of the PCOS cases
and normo-ovulatory controls

Variable Normo-ovulatory
(n = 500)

PCOS
(303)

p-value

Age (years) 33.1 ± 4.6 27.9 ± 4.6 < 0.001a

Age at menarche (years) 13.5 ± 1.4 13.1 ± 1.6 0.002a

Number of pregnancy 2.5 ± 1.2 0.4 ± 0.8 < 0.001a

Number of delivery 2.1 ± 0.9 0.3 ± 0.6 < 0.001a

Number of abortion 1.2 ± 0.6 0.1 ± 0.5 < 0.001a

BMI (kg/m2) 26.5 ± 4.5 26.7 ± 5.7 0.5

WC (cm) 83.5 ± 10.3 85.5 ± 12.8 0.01a

Wrist (cm) 15.7 ± 0.9 15.3 ± 1.2 < 0.001a

Hip (cm) 103.2 ± 8.8 104.4 ± 10.6 0.08

WHR 0.8 ± 0.1 0.82 ± 0.1 0.9

WHtR 0.5 ± 0.1 0.5 ± 0.1 0.8

AMH (ng/ml) b 1.70 (0.85–2.81) 6.21 (3.90–9.03) < 0.001a

Note: Data are presented as mean ± standard deviation unless otherwise
indicated. Independent t-test, or Mann-Whitney test were used as appropriate
BMI body mass index, AMH anti-mullerian hormone, WC waist circumference,
WHR waist-to-hip ratio, WHtR waist-to-height ratio
aStatistically significant result (p < 0.05)
b Median (IQR 25-75 %)

Ramezani Tehrani et al. Reproductive Biology and Endocrinology           (2021) 19:76 Page 3 of 10



(27.9±4.6 vs. 33.1±4.6) than the control group and had sig-
nificantly higher AMH levels (6.21, IQR: 3.90–9.03 vs.
1.70, IQR: 0.85–2.81; P < 0.001). There was no significant
difference in terms of BMI between the PCOS and control
groups (P = 0.5). The clinical and endocrine characteristics
of the PCOS group and normo-ovulatory controls are
summarized in Table 1.
As shown in Fig. 1, the scatter plot matrix indicated

that AMH levels decreased with increasing age in
both PCOS and normo-ovulatory groups (rtotal =
-0.63, P < 0.001); however, there was no significant as-
sociation between the AMH level and BMI (rtotal =

-0.05, P = 0.12). The cut-off points for age were ob-
tained, based on the GAM method, where the pre-
dictive variables (i.e., age and AMH) were included in
the logit link function. Two optimal cut-off points
were identified at the age of 27 and 35 years, and the
age groups were classified as follows: 20–27, 27–35,
and 35–40 years (Fig. 2). The distribution of AMH in
the PCOS and control groups, based on age stratifica-
tion, is presented in Fig. 3. The AMH values were
compared between the PCOS and normo-ovulatory
control groups in an age-stratified analysis. The level
of AMH decreased with increasing age, and a

Fig. 1 Scatter plot matrix of AMH levels versus (a) age and (b) BMI
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Fig. 2 The optimal location of cut points for age variable based on the generalized additive models (GAMs)

Fig. 3 Box plots showing the values of serum AMH in ng/ml within controls and PCOS and with stratification by age group
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significant difference was found between the PCOS
and normo-ovulatory groups (P < 0.001) (Table 2).
Figure 4 presents the posterior distribution of the cut-

off values of AMH for PCOS diagnosis in the aforemen-
tioned age categories and the total population. The pos-
terior mean of the cut-off AMH values in the age groups
was as follows: 5.7 (95 % CI: 5.48–6.19), 4.55 (95 % CI:
4.52–4.64), and 3.72 (95 % CI: 3.55–3.80) for the age
groups of 20–27, 27–35, and 35–40 years, respectively.

At these cut-off levels, the Bayesian posterior mean
values, based on PPV and NPV, were as follows: PPV =
0.98 (95 % CI: 0.96–0.99) and NPV = 0.40 (95 % CI:
0.30–0.51) for the age group of 20–27 years; PPV = 0.96
(95 % CI: 0.91–0.99) and NPV = 0.82 (95 % CI: 0.78–
0.86) for the age group of 27–35 years; and PPV = 0.86
(95 % CI: 0.80–0.94) and NPV = 0.96 (95 % CI: 0.93–
0.98) for the age group of 35–40 years (Table 3). Regard-
less of the age categories, the posterior mean of the cut-
off AMH value was 4.54 (95 % CI: 4.18–5.12), with PPV
of 0.93 (95 % CI: 0.89–0.99) and NPV of 0.83 (95 % CI:
0.79–0.87). The boxplot and the cut-off values of AMH
within PCOS phenotypes, (regardless of age specification
due to the lack of enough sample size), are presented in
supplementary Fig. 1 and supplementary Table 1. Over-
all, the posterior means of the cut-off AMH values for
the PCOS phenotypes were in a similar range.
The optimal overall and age-specific cut-off values for

AMH, based on the PSI method, are presented in Table
3. The cut-off AMH value in the total population was
4.60 (95 % CI: 4.13–5.54), with PPV of 0.93 (95 % CI:
0.89–0.96) and NPV of 0.83 (95 % CI: 0.79–0.86). Also,
the cut-off values of AMH for the age categories of 20–

Table 2 Median and (IQR 25–75 %) for AMH (ng/ml) variable by
age categories in PCOS and normo-ovulatory

Age categorya Normo-ovulatory
(n = 500)

PCOS
(n = 303)

p-value

20 to < 27 N = 30 N = 134 < 0.001

3.6 (2.60–4.85) 7.4 (4.70–10.12)

27 to < 35 N = 284 N = 151 < 0.001

2.03 (1.23–3.02) 5.16 (2.97–8.00)

35 to 40 N = 186 N = 18 < 0.001

0.97 (0.48–1.68) 4.72 (1.89–7.60)
aAge categories were determined using the generalized additive
models (GAMs)

Fig. 4 Plot of the posterior distribution for the parameter cut-off of AMH variable in (a) 20 < = age < 27, (b) 27 < = age < 35, (c) 35 < = age < = 40,
and (d) total participants estimated by the Bayesian model. The vertical lines denote the median of the distribution
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27, 27–35, and 35–40 years were 8.51 (95 % CI: 7.12–
9.38), 2.91 (95 % CI: 2.11–3.72), and 1.88 (95 % CI: 1.25–
2.21), respectively.
We also considered several simulation scenarios with

different sample sizes to compare two methods (Bayes-
ian and PSI). In addition, three different prior specifica-
tions, including uninformative, informative and mixture
priors were considered. The results showed that the
Bayesian method gives much better coverage than the
PSI method for a small sample size. Also, for all consid-
ered priors, the resulting estimators are on average un-
biased. For the PSI method in a small sample size (under
50), the bias of the estimate of the cut point is far too
high in absolute terms. The length of the credible inter-
val for the Bayesian method was always narrower com-
pared to PSI (data not shown).

Discussion
In the present study, which was conducted on a large
population of women diagnosed with PCOS (based on
the Rotterdam criteria) and eumenorrheic non-hirsute
controls, we reported age-specific cut-off values of AMH
for the prediction of PCOS, using the Bayesian method.
This method is based on reporting PPV and NPV, which
demonstrate more clinical utility for clinicians, com-
pared to the ROC analysis, indicating sensitivity and spe-
cificity [19]. Additionally, this method has the advantage
of dealing with a small sample size because of not rely-
ing on asymptotic theory [21, 22]. A comparison of the
Bayesian method with the PSI index (as an alternative
frequentist method) in our data set, revealed that the
Bayesian method provides more informative results.
Moreover, we categorized age, based on GAM models,
which provide more reliable cut-off points than subject-
ive categorization of age. Based on these methods, an
AMH cut-off value of 5.7 ng/mL was obtained for
women, aged 20–27 years, with PPV of 0.98 (95 % CI:
0.96–0.99). The AMH cut-off value was 4.55 ng/mL for
women aged 27–35 years and 3.72 for those aged 35–40

years, with PPVs of 0.96 (95 % CI: 0.91–0.99) and 0.86
(95 % CI: 0.80–0.94), respectively.
Considering the limitations of the Rotterdam criteria,

including ultrasound challenges (e.g., lack of universally
approved cut-off points for exploring the follicle count
to define PCOM, limited availability of ultrasound de-
vices, and high cost) [5] and regional variations in the
clinical presentations of HA [23, 24], use of a single
assay to diagnose PCOS has been encouraged. Among
candidate markers, AMH seems to be an eligible candi-
date. The circulating level of AMH is not majorly influ-
enced by the menstrual cycle or use of contraceptives
[25]. It also shows a strong association with AFC and
serves as a reliable marker for the ovarian reserve [26].
AMH has been shown to be a proper alternative for

the follicle count on ultrasound images in the Rotterdam
criteria [10, 27], considering its superior AUC and
higher sensitivity and specificity than the follicle count
[3]. This marker can also discriminate between PCOM
and PCOS [28, 29, 5, 30]. AMH has been proposed as an
effective endocrine factor in the pathophysiology of
PCOS, considering its elevated serum level in PCOS, its
overproduction by granulosa cells in anovulatory PCOS,
its cross-communication with luteinizing hormone (LH)
and follicle-stimulating hormone (FSH) leading to HA,
and finally, its correlation with the severity of ovulatory
dysfunction and PCOS [28, 31].
It is well established that follicle count per ovary and

ovarian volume show decreasing trends with age. The
use of these markers, by establishing age-specific thresh-
olds, has provided higher sensitivity and specificity for
diagnosis of PCOS, compared to a single threshold [32].
Moreover, studies have shown that AMH levels grad-
ually decrease with aging [13]; however, the rate of
AMH decline may not be the same for all women at re-
productive age [14]. It has been shown that the ovarian
pool is depleted in a more gradual manner in the ovaries
of PCOS women, compared to non-PCOS women [33].

Evidence shows that the AMH reduction rate acceler-
ates after the age of 40 years [34]. However, this decline

Table 3 Cut-off, PPV and NPV for AMH values (ng/ml), based on Bayesian approach and PSI method with 95% CI

Age categorya Estimated cutoff PPV NPV

Bayesian method 20 to < 27 5.70 (5.48, 6.19) 0.98 (0.96,0.99) 0.40 (0.30,0.51)

27 to < 35 4.55 (4.52,4.64) 0.96 (0.91,0.99) 0.82 (0.78,0.86)

35 to 40 3.72 (3.55,3.80) 0.86 (0.80,0.94) 0.96 (0.93,0.98)

Total 4.54 (4.18, 5.12) 0.93 (0.89, 0.99) 0.83 (0.79, 0.87)

PSI method 20 to < 27 8.51 (7.12, 9.38) 0.85 (0.81, 0.89) 0.48 (0.25,0.72)

27 to < 35 2.91 (2.11, 3.72) 0.65 (0.61,0.69) 0.92 (0.89,0.95)

35 to 40 1.88 (1.25, 2.21) 0.57 (0.57,0.61) 0.94 (0.91,0.97)
0.83 (0.79,0.86)

Total 4.60 (4.13, 5.54) 0.93 (0.89,0.96)

Note: PPV Positive predictive value, NPV Negative predictive value, PSI predictive summary index, CI confidence interval
aAge categories were determined using the generalized additive models (GAMs)
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has been found to be slower over time in PCOS women
than normo-ovulatory women, indicating sustained fer-
tility in PCOS women [33]. Several efforts have been
made to provide an optimal single threshold of AMH for
the precise diagnosis of PCOS. According to a meta-
analysis of ten studies, as well as a study utilizing three
main criteria (NIH, Rotterdam, and AE-PCOS criteria)
to distinguish PCOS [35, 36], the AMH cut-off value of
~ 4.7 ng/mL was the best single threshold to distinguish
PCOS women, based on the Rotterdam criteria. How-
ever, the majority of these studies did not report age-
specific thresholds [35] and used ROC analysis, which
represents sensitivity and specificity rather than PPV
and NPV.
In the present study, we used the Bayesian approach

[19]. Besides providing PPV and NPV values, this method
allows us to consider a posterior probability distribution,
according to previously reported thresholds to improve
the estimations. Moreover, age categories have been sub-
jectively identified in all previous studies, while we used
GAMs with a logit link function to obtain the optimal
cut-off points for age, based on AUC maximization [18,
37]. Generally, GAMs consider the nonlinear dependence
between the covariates and the expected value of the re-
sponse variable and provide more flexibility than general-
ized linear models by considering the non-parametric
functions of predictive variables [17].
Besides the Bayesian method, we also reported the op-

timal overall and age-specific cut-off values for AMH
with an alternative approach, that is, PSI. Similar to the
Bayesian method, PSI is based on reporting PPV and
NPV. However, it does not directly provide confidence
intervals for the parameters of interest. PSI is indirectly
calculated, using bootstrap samples. In the present study,
the optimal single thresholds of AMH, calculated with
both Bayesian and PSI methods, were 4.54 and 4.60, re-
spectively. These thresholds could noticeably discrimin-
ate PCOS women (PPV = 0.93) from non-PCOS women
(NPV = 0.83). After stratifying the AMH values by age, it
was found that PPV for the younger age categories (20–
27 and 27–35 years) and NPV for the oldest age cat-
egory (35–40 years) were improved. Overall, the PSI ap-
proach showed wider confidence intervals and lower
PPVs, compared to the Bayesian method.
There is no consistence regarding the association be-

tween BMI and PCOS or between BMI and AMH [36,
38, 39]. In this regard, a meta-analysis conducted by
Moslehi et al. [40] revealed that markers of ovarian re-
serve (AMH and FSH) were significantly lower in obese
women, compared to non-obese women. Also, BMI was
negatively correlated with AMH in all populations and
with FSH in fertile non-PCOS subgroups [40]. It seems
that the association between AMH and PCOS is affected
by BMI [31, 38]. In the present study, there was no

significant association between AMH and BMI in either
of the groups, and no significant difference was found in
terms of BMI between PCOS and control women.
Therefore, we did not adjust the age-specific AMH cut-
off values for BMI.
The present study, which included community con-

trols, benefitted from the Bayesian method to determine
the cut-off AMH values for different age groups, identi-
fied by GAMs. This method provides PPVs and NPVs,
which are more useful for clinical decision-making.
Moreover despite the limitations of the small sample size
of 30 cases in controls (20–27 years) and 18 in PCOS
(35–40 years), the Bayesian method was very tractable in
estimating the parameters of interest, resulting in point
estimators (e.g. posterior mean) that are practically un-
biased in all scenarios, for all prior constellations and
sample size assumptions; this issue is in line with recom-
mendations to use Bayesian over frequentist estimation
in small sample sizes [41, 42]. Also, the intra-assay and
inter-assay variabilities of AMH measurements seem to
be ignored, since all AMH assays were performed by an
expert in the same laboratory. Moreover, the partici-
pants in the current study were in wider age groups,
compared to previous studies; this enabled us to provide
thresholds for all reproductive age groups. On the other
hand, our study had some limitations. First, due to the
decline in PCOS clinical manifestations, concerns and
consequences over the lifespan [43–45], the PCOS
population is significantly younger than control subjects
in our study. Second, we did not use the most sensitive
assay for AMH measurements (picoAMH assay). How-
ever, the results of Gen II and picoAMH assays are
highly correlated and can be translated using an equa-
tion (picoAMH= 0.01 + 1.69*GenII) [46, 47]. Third,
some factors, including variations in AMH levels across
the lifespan, the existence of overlap in AMH values be-
tween PCOS and healthy subjects with good ovarian re-
serve, may make universal acceptance of cut-off AMH
levels for the prediction of PCOS be challenging.

Conclusions
In conclusion, age-specific cut-off values of AMH, using
well-established advanced statistical methods could ele-
gantly assess the value of AMH in discriminating PCOS
patients and may be useful as an initial assay for PCOS
diagnosis.
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