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Context: In adult women, Anti-Müllerian hormone (AMH) is produced by small growing follicles,
and circulating levels of AMH reflect the number of antral follicles as well as primordial follicles.
Whether AMH reflects follicle numbers in healthy girls remains to be elucidated.

Objective: This study aimed to evaluate whether serum levels of AMH reflects ovarian morphology
in healthy girls.

Design and Setting: This was a population-based cohort study involving the general community.

Participants: Included in the study were 121 healthy girls 9.8–14.7 years of age.

Main Outcome Measures: Clinical examination, including pubertal breast stage (Tanner’s classi-
fication B1–5), ovarian volume, as well as the number and size of antral follicles were assessed by
two independent modalities: magnetic resonance imaging (MRI), Ellipsoid volume, follicles �2
mm; and Transabdominal ultrasound, Ellipsoid and 3D volume, follicles �1 mm. Circulating levels
of AMH, inhibin B, estradiol, FSH, and LH were assessed by immunoassays; T and androstenedione
were assessed by liquid chromatography-tandem mass spectrometry.

Results: AMH reflected the number of small (MRI 2–3 mm) and medium (4–6 mm) follicles (Pear-
son’s Rho [r] � 0.531 and r � 0.512, P � .001) but not large follicles (�7 mm) (r � 0.109, P � .323).
In multiple regression analysis, small and medium follicles (MRI � 6 mm) remained the main
contributors to circulating AMH (�, 0.501; P � .001) whereas the correlation between AMH and
estradiol was negative (�, �0.318; P � .005). In early puberty (B1–B3), the number of AMH-pro-
ducing follicles (2–6 mm) correlated positively with pubertal stages (r � 0.453, P � .001), whereas
AMH levels were unaffected (�0.183, P � .118).

Conclusions: Similarly to adult women, small and medium antral follicles (�6 mm) were the main
contributors to circulating levels of AMH in girls. (J Clin Endocrinol Metab 100: 880–890, 2015)

Imaging is widely used to assess the function of the ovary
for physiological investigations as well as for diagnos-

tic and therapeutic purposes, complementing hormone

analyses (1). Ovarian morphology in girls is usually as-
sessed by transabdominal ultrasound; ie, ovarian volume,
number and size of follicles. In young and especially in
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overweight girls, visualization can be challenging and
magnetic resonance imaging (MRI) can provide detailed
analysis (2). Ovarian volume increases through childhood
and particularly as puberty progresses (3). Although an-
tral follicles are found at all ages (4, 5) little is known about
follicular development in relation to pubertal onset and
progression (6, 7).

Anti-Müllerian hormone (AMH) is produced by gran-
ulosa cells in small follicles prior to FSH-dependant
growth (8). In vitro studies suggest that AMH inhibits
aromataseactivity and therebyconversionofandrogens to
estradiol (9). In selected follicles induced to further growth
by FSH, production of AMH is suppressed and androgens
from theca cells are converted to estradiol by the adjacent
granulosa cells (8). Estradiol and/or androgens may di-
rectly regulate AMH production (10, 11).

Although AMH is predominantly produced by small
growing follicles (8, 12), serum levels reflect both the
number of preantral and antral follicles (13), and in
healthy adult women AMH correlates positively with
the number of primordial follicles (14). Thus, low AMH
predicts early onset of menopause (15) whereas very
high AMH levels are associated with polycystic ovary
syndrome (PCOS) (16).

Whether AMH reflects the number of follicles in
healthy girls and adolescents remains to be elucidated. As
in adult women, AMH levels vary substantially between
individuals (ranging from 5–60 pmol/L) (17), and indi-
vidual girls maintain their relative AMH level through
childhood and adolescence (18). Furthermore, low AMH
is an excellent marker of premature ovarian insufficiency
(POI) in young Turner Syndrome patients suffering from
accelerated loss of follicles (19, 20). In addition, girls with

POI due to other causes eg, galac-
tosemia (21) or after treatment with
gonadotoxic chemotherapy (22, 23)
also have very low or undetectable
AMH concentrations.

In contrast, the continuous loss of
primordial follicles during infancy
and childhood in healthy girls (24) is
not reflected by decreasing AMH
levels. In contrast, longitudinal data
reveal fluctuations of AMH during
infancy and in puberty (17, 18, 25),
but the relationship with follicle de-
velopment is unclear (26). To
broaden our understanding of the
maturing ovary, the aim of this study
was to characterize the relationship
between AMH and ovarian mor-
phology in healthy peripubertal
girls. We hypothesized that, as in
adults, circulating AMH is a quanti-
tative marker of small antral follicles
in girls.

We here report ovarian morphol-
ogy in 121 healthy girls (assessed by
MRI as well as 3D ultrasound) in re-
lation to circulating reproductive
hormone levels, including AMH.

Materials and Methods

Study population
A total of 121 healthy girls participat-

ing in The Copenhagen Mother-Child
cohort were included in the study. From
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Figure 1. Right ovary of a girl in breast stage 1 (B1), 11.3 years (left panel) and B4, 12.1 years
(right panel) visualized by MRI coronal section (upper panel) and TAUS (middle panel) including a
3D model of ovarian volume (lower panel). F indicates ovarian follicle.
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1997–2002, 2688 Danish women were consecutively included at
their first routine obstetric visit at three hospitals in Copenhagen
(participation rate, 22%). The children from this cohort were
examined at several time points during infancy and childhood,
and 1293 peripubertal children (584 girls) agreed to participate
in an ongoing longitudinal study with annual examinations (par-
ticipation rate 43%). Detailed information has previously been
published (27, 28). The selection criterion for the nested cohort
in the present study was high attendance rate at previous exam-
inations. Of 129 girls in the longitudinal cohort invited to par-
ticipate in the present analysis, 121 consented and underwent
both pelvic MRI and ultrasound examination (n�109), or either
ultrasound (n � 11) or MRI (n � 1).

Clinical examination
At the day of the MRI and ultrasound evaluation, a thorough

clinical examination was performed. Height was measured using
a wall-mounted stadiometer to the nearest milimeter (Holtain)
and weight was measured to the nearest 0.1 kg using electronic
scales (SECA delta model 707, Seca; and Bisco, model PERS
200). We evaluated stage of pubertal development according to
Tanner and Marshall (29). Girls with Tanner breast stage B2 or
greater (evaluated by palpation) were considered to be in pu-
berty. Clinical hyperandrogenism was not systematically evalu-
ated, however, no girls presented with severe hirsutism or acne.

In a questionnaire, the girls reported whether they had experi-
enced menarche (n � 26). Median (range) gynecological age was
0.69 (0.03–2.30) years. Examinations in these girls were not
scheduled according to their menstrual cycle.

No girls had a history of endocrine, gynecological or cerebral
illness.

MRI
Magnetic resonance imaging was performed with a 3-Tesla

MRI (Magnetom Verio; Siemens AG). In all girls, a 3D T2-
weighted turbo spin-echo sequence was performed using a 32-
channel receiver array coil during free breathing with navigator
respiratory triggering. The scan parameters were as follows: rep-
etition time/echo time, 1600/109 msec; Turbo factor 71, Echo
spacing, 4.34 msec; field of view, 400 mm; matrix, 384 � 384;
and slice thickness, 1.2 mm. The voxel size of the 3D sequence
was 1.1 � 1.0 � 1.2 mm, and these near-isotropic voxels enabled
reconstruction in all planes. The images were obtained in the
coronal plane and covered the abdomen, including the pelvic
region. The large field of view was necessary to provide sufficient
signal to noise.

Ovarian dimensions were measured by an experienced radi-
ologist (E.F.). Ovarian volume was calculated assuming an el-
lipsoid shape (Ellipsoid MRI, �/6 � length � width � depth).
Ovarian volume (L/R/sum) was calculated in 88/91/84 girls. In

Table 1. Study Population Stratified by Breast Stage (Tanner’s Classification)

Characteristic

Breast Stage

B1 B2

n Median Range n Median Range

Age, y 15 10.9 (9.8–12.7) 31 11.8 (10.3–12.8)
Body mass index, kg/m2 15 18 (13.1–21.4) 31 17 (13.8–21.2)
Ovarian volume, sum, Ellipsoid MRI, cm3 10 2.3 (0.7–5.5) 19 4.6 (2.4–8.5)
Ovarian volume, max, Ellipsoid MRI, cm3 11 1.6 (0.4–3.9) 25 2.6 (1.1–4.7)
Ovarian volume, sum, Ellipsoid TAUS, cm3 13 5.5 (2.2–11.9) 30 8.8 (3.7–17.0)
Ovarian volume, max, Ellipsoid TAUS, cm3 15 3.2 (1.1–6.9) 31 5.6 (1.9–13.4)
Ovarian volume, sum, 3D TAUS, cm3 13 5.8 (2.4–13.5) 30 8.9 (3.7–18.9)
Ovarian volume, max, 3D TAUS, cm3 15 3 (1.3–7.9) 31 5.9 (2.3–13.3)
Ovarian follicles, MRI, total 10 13 (3–21) 20 18 (9–33)
Small, 2–4 mm 10 8 (1–14) 20 10 (1–23)
Medium, 5–9 mm 10 5 (2–8) 20 8 (5–13)
Large, �10 mm 10 0 (0–0) 20 0 (0–2)

Ovarian follicles, 3D TAUS, total 11 40 (19–65) 30 40 (21–86)
Small, 1–4 mm 11 34 (15–53) 30 33 (13–70)
Medium, 5–9 mm 11 9 (3–16) 30 9 (1–22)
Large, �10 mm 11 0 (0–1) 30 1 (0–5)

AMH, pmol/La 14 20 (8–45) 29 17 (5–55)
Inhibin B, pg/ml 14 24 (9–66) 29 43 (24–122)
Estradiol, pmol/L 14 32 (�18–45) 29 61 (�18–291)
T, nmol/L 14 �0.10 (�0.10–0.31) 29 �0.10 (�0.10–0.65)
Androstenedione, nmol/L 12 1.63 (�0.18–3.64) 29 2.1 (�0.18–6.09)
FSH, IU/L 14 1.78 (0.09–3.69) 29 3.05 (0.64–6.84)
LH, IU/L 14 �0.05 (�0.05–0.38) 29 0.65 (�0.05–8.00)
Menarche, Y/N/NA 15 0/15/0 31 3/28/2000
Gynecological age, y 0 NA 3 0.5 (0.27–0.90)
PCOM, MRIb 10 0 (0%) 20 6 (30%)

Abbreviation: NA, information not available or not applicable.

The sum of ovarian volumes and number of follicles from both ovaries are reported.
a 1 ng/ml � 7.14 pmol/L
b �12 follicles (2–9 mm) and/or ovarian volume �10 cm3 in at �1 ovary.
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the remaining girls, assessment was not possible due to the pres-
ence of large cysts (�25 cm3), inadequate image quality, or be-
cause the region of interest was not included in the scanned area.
Only girls in whom both ovaries were measured were included in
the final analyses, and we report the sum of volumes.

Follicle counts were performed in the coronal plane (sliced per
2 mm). All ovarian follicles (diameter, �1.5 mm), defined as
generally circular, thin-walled, fluid-filled structures in the ovary
with homogenously high signal intensity on T2-weighted im-
ages, were manually measured and counted by the same observer
blinded from ultrasound evaluation (Figure 1). All follicle counts
were performed twice with the second count blinded from the
first. The two counts correlated significantly; Pearson’s rho (r) �
0.922, P � .001 (Supplemental Figure 1A), and the median co-
efficient of variation (CV � SD/mean) of total number of follicles
was 11.5%. A Bland-Altman plot indicated larger variance of
follicle counts in ovaries with many vs few follicles; however,
there was no systematic difference between the two counts (Sup-
plemental Figure 1B). Follicle counts in all subgroups by 1-mm
increments were reproducible; ie, 2 mm (2–2.4 mm) Spearman’s
rho (r) � 0.312 (P � .003); 3 mm (2.5–3.4 mm) r � 0.406 (P �
.001); 4 mm (3.5–4.4 mm) r � 0.685 (P � .0015); 5 mm (4.5–5.4
mm) r � 0.588 (P � .001); 6 mm (5.5–6.4 mm) r � 0.532 (P �
.001); 7 mm (6.5–7.4 mm) r � 0.407 (P � .0018); 8 mm (7.5–8.4
mm) r � 0.463 (P � .001); 9 mm (8.5–9.4 mm) r � 0.338 (P �

.001); �10 mm (�9.5 mm) r � 0.666 (P � .001). To compare
MRI follicle counts with ultrasound data, follicles were grouped
into three (2–4 mm, 5–9 mm, �10 mm). To obtain normal dis-
tribution of follicle counts for multiple regression models, we
regrouped MRI-derived follicle counts into 2–3 mm, 4–6 mm,
and �7 mm.

Ovarian follicles (L/R/bilateral) were counted in 91/93/87
girls. In the final analyses, we only included girls in whom fol-
licles were assessed in both ovaries. We used the average of the
two counts and report the sum of follicles from both ovaries.

Polycysticovarymorphology (PCOM)wasdefinedasgreater than
12 follicles (2–9 mm) and/or ovarian volume greater than 10cm3 in at
least one ovary (30).

Transabdominal ultrasound
All girls were scanned with a full bladder. Examinations were

performed by a single experienced operator (V.B.) using a Volu-
son E8 Ultrasound System (GE Healtcare Medical Systems) with a
multifrequency transabdominal probe (RM6C, 3–8 MHz). Analyses
were performed concomitantly by two experienced operators (K.S.
and L.N.J.).

Volume was calculated as for MRI analyses in 104/111/103
girls (L/R/sum) (Ellipsoid transabdominal ultrasound; TAUS).
The stored volumes were analyzed using 4DView software (GE

Table 1. Continued

Breast Stage

B3 B4�5 NA

n Median Range n Median Range n Median Range

34 12.4 (10.7–14.0) 38 12.6 (11.5–14.7) 3 11.4 (11.4–13.3)
31 18.1 (14.2–22.4) 38 19.3 (16.3–33.9) 3 20.1 (17.8–22.6)
23 6.7 (2.5–13.8) 30 8.4 (3.2–21.0) 2 11.3 (6.0–16.6)
25 4.1 (1.5–8.3) 32 4.9 (1.6–11.6) 2 7 (3.2–10.6)
29 12.7 (5.4–31.2) 28 11.7 (3.6–26.8) 3 13.2 (6.6–14.1)
30 8 (3.1–20.1) 32 7.4 (2.4–14.6) 3 7.1 (4.1–7.5)
26 14.3 (4.5–20.2) 28 13.5 (4.6–29.3) 3 12.1 (8.5–18.0)
29 8.3 (3.6–17.2) 32 7.4 (3.0–16.1) 3 6.7 (5.9–10.1)
24 24 (10–63) 31 22 (6–62) 2 35 (26–44)
24 12 (4–26) 31 8 (0–26) 2 14 (14–15)
24 12 (5–37) 31 11 (3–36) 2 19 (12–26)
24 0 (0–5) 31 1 (0–4) 2 2 (0–4)
24 41 (26–84) 26 43 (25–94) 3 42 (38–44)
24 30 (18–75) 26 30 (13–63) 3 26 (24–28)
24 9 (5–30) 26 11 (2–29) 3 13 (8–16)
24 2 (0–6) 26 2 (0–7) 3 2 (2–5)
31 18 (2–37) 36 14 (4–63) 2 30 (25–34)
31 64 (4–215) 36 70 (3–120) 2 57 (49–64)
31 88 (24–236) 36 150 (42–891) 2 84 (40–127)
31 0.53 (�0.10–2.03) 36 0.48 (�0.10–1.60) 2 0.52 (�0.10–1.02)
31 5.64 (�0.18–11.90) 34 4.08 (1.65 � 14.80) 2 6.56 (3.36–9.76)
31 4.56 (1.31–6.53) 36 4.39 (0.64 � 7.39) 2 3.23 (3.06–3.39)
31 2.34 (0.07–5.92) 36 3.34 (�0.05 � 8.72) 2 2.94 (0.49–5.38)
34 3/27/2004 38 20/17/1 3 0/3/0
3 0.1 (0.03–0.28) 20 0.94 (0.08–2.30) 0 NA
24 15 (63%) 31 17 (55%) 2 2 (100%)
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Medical System, v 9.1). Using the manual option of Virtual Or-
gan Computer-aided Analysis, the ovary was outlined inside the
volume box with 30° rotation in Plane A. From the 3D model
generated by the outlined ovarian capsule, ovarian volume was
assessed in 102/109/100 girls (3D TAUS) (Figure 1). In the re-
maining girls, assessment was not possible due to the presence of
large cysts (�25 cm3) or inadequate picture quality. We report
the sum of volumes from both ovaries.

Follicle numbers (�1 mm) were evaluated by Tomographic Ultra-
soundImagingwherea3Dmodelof theovarywassliced(4-mmthick-
ness)andfolliclesweremanuallycountedinsubgroups;small(1.0–4.4
mm), medium (4.5–9.4 mm), large (�9.5 mm) (3D TAUS) (Figure 1).
We report the sum of follicles from both ovaries.

Reproductive hormone assays
All blood samples (n � 112) were drawn between 0800 and

1400 h from an antecubital vein, clotted, and centrifuged; serum
was stored at �20°C until hormone analyses. Blood samples were
analyzed after a maximum 2 years of storage. All samples were
analyzed in the same laboratory blinded for age and pubertal stage.

Serum AMH levels were determined using the Beckman
Coulter enzyme immunometric assay generation I (IOT, Immu-
notech, Beckman Coulter) with a detection limit of 2.0 pmol/L.
The intra-assay coefficients of variation (CVs) were less than
10.8 and 9.2% at 18 and 99 pmol/L, respectively. All samples
were analyzed on two plates from the same batch. Serum FSH
and LH were measured by time-resolved immunofluorometric
assay (Delfia; PerkinElmer) with detection limits of 0.06 and
0.05 IU/L, respectively. Intra- and interassay CVs were less than
5%. Serum concentrations of inhibin B were measured using the
Beckman Coulter GenII assay with a detectionlimit of 3 pg/ml,
and interassay CV �11%. Serum estradiol was measured by RIA
(Pantex); detection limit, 18 pmol/L and intra- and interassay
CVs were �8 and 13%, respectively. T and androstenedione
were quantified using a newly developed and validated Turbo-
Flow-liquid chromatography-tandem mass spectrometry method
(31). Detection limits were 0.10 nmol/L (T) and 0.18 nmol/L (an-
drostenedione) and relative SDs for the quality control samples at
the low and high concentration levels were 10.0% and 5.7% (T);
11.0% and 11.1% (androstenedione).

Statistics
Data are presented as median, 10–90th percentile (see Fig-

ures), and range (Tables 1). If possible, log10 transformation was
used to obtain normal distribution, and univariate correlations
were evaluated with Pearson’s Rho (parametric) and Spearman’s
Rho (nonparametric).

To evaluate the independent effect of follicles as well as hormone
levels on circulating AMH levels, multiple linear regression models
were performed, including:

A. Subgroups of follicles (MRI, 2–3 mm, 4–6 mm, �7 mm;
TAUS, 1–4 mm, �5 mm).

B. Subgroups of follicles (MRI, �6 mm, �7 mm), estradiol,
FSH, and androstenedione. LH and T were omitted be-
cause their distributions could not be normalized due to
many undetectable values.

Effect of the included variables is given in Beta coefficients
(how many SDs AMH will change per SD increase in the pre-
dictor variable).

To assess whether the prevalence of polycystic ovarian mor-
phology (PCOM) was higher in girls who had experienced men-
arche vs premenarcheal girls, Pearson’s �2 test was used. Differ-
ences in hormone levels (girls with PCOM vs girls � Breast
Tanner stage 1 without PCOM) were evaluated with Mann-
Whitney U test.

Ethical considerations
The Copenhagen Mother-Child cohort was conducted ac-

cording to the protocol approved by the local ethics committee
(KF 01-030/97/KF 01276357/H-1-2009-074) and the Danish
Data Protection Agency (1997-1200-074/2005-41-5545/2010-
41-4757). All families gave informed written consent to partic-
ipate in this study.

Results

Ovarian morphology in relation to circulating
hormone levels

Serum levels of AMH correlated positively with ovar-
ian volume assessed by MRI (r � 0.338, P � .002,
Figure 2A) and the total number of follicles (r � 0.553,
P � .001, Figure 2B). AMH reflected the number of
small (2–3 mm) and medium (4 – 6 mm) follicles (r �
0.531 and 0.512, P � .001; Figure 2, C and D) but not
large follicles (�7 mm) (r � 0.109, P � .323, Figure 2E).

Findings were confirmed in multiple regression
models:

A. Small and medium follicles correlated positively
with AMH (MRI and TAUS) after inclusion of fol-
licle subgroups (Figure 3A).

B. Small and medium follicles (MRI � 6 mm) remained
correlated with AMH (� � 0.501; P � .001) whereas
estradiol and AMH were negatively correlated (� �
�0.318; P � .005) after adjusting for large follicles
(�7 mm) (� � 0.108; P � .315), FSH (� � �0.212;
P � .064) and androstenedione (� � 0.140; P �
.258) (data not shown). Small and medium follicles
remained strongly correlated with AMH (� � 0.412;
P � .003) after further adjusting for ovarian volume
(� � 0.385; P � .033), Tanner stages (� � �0.446;
P � .004), age (� � �0.034; P � .785), body mass
index (� � 0.131; P � .153), and inhibin B (� �
0.070; P � .561). Androstenedione did not correlate
with AMH in any of the models.

In early puberty (B1–B3), the number of AMH-pro-
ducing follicles (2–6 mm) correlated positively with pu-
bertal stages (r � 0.453; P � .001), whereas AMH levels
were unaffected (r � �0.183; P � .118) (Figure 4A).

Large follicles (MRI, �7 mm; TAUS, �5 mm) corre-
lated positively with circulating inhibin B (Figure 3B), es-
tradiol (Figure 3C), and androstenedione (Figure 3D) but
not with AMH (Figure 3A) after adjusting for other fol-
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licles. Pubertal stages (B1–B5) correlated positively with
the number of large follicles (�7 mm) (r � 0.473, P �
.001; Figure 4, B–E), inhibin B (r � 0.209, P � .029; Figure
4B), estradiol (r � 0.610, P � .001; Figure 4C), T (r �
0.479, P � .001, Figure 4D), androstenedione (r � 0.478,
P � .001, Figure 4E), and gonadotropin levels (FSH,
0.425; P � .001; LH, 0.649; P � .001; Figure 4F).

Ovarian morphology assessed by MRI and
ultrasound

Ovarian volume (Ellipsoid MRI, Ellipsoid and 3D
TAUS) was positively correlated with pubertal stages (B1–

B5) (r � 0.637, 0.475, 0.514, respec-
tively; P � .001) (Figure 5A). Vol-
umes assessed by TAUS (Ellipsoid vs
3D) were strongly correlated (r �
0.901, P � .001) (data not shown).
Volumes were smaller when assessed
by Ellipsoid MRI compared with ul-
trasound; a 2-fold increase in Ellip-
soid and 3D TAUS volume corre-
sponded with an increase in Ellipsoid
MRI volume of geometric mean,
66%; 95% CI, 44–92, P � .001 and
geometric mean, 69%; 95% CI, 50–
91, P � .001, respectively (Figure
5A). The total number of follicles
was smaller when assessed by MRI
than TAUS; a 2-fold increase in MRI
follicles corresponded to an increase
in TAUS follicles of geometric mean,
54%; 95% CI, 25–91, P � .001 (not
shown). Primarily, this was due to
higher numbers of very small folli-
cles on TAUS (1–4 mm) compared
with MRI (2–4 mm) (Figure 5B),
whereas the number of medium and
large follicles were more comparable
between the two modalities (Figure
5, C and D).

Both ovarian volume (Ellipsoid
MRI, Ellipsoid and 3D TAUS) and
the total number of ovarian follicles
(MRI and TAUS) were comparable
between the right and left ovary,
Supplemental Figure 2.

Girls with polycystic ovary
morphology

Basedstrictlyonquantitativecriteria,
40 of 87 girls (46%) with MRI assess-
ment of both ovaries had polycystic
ovary morphology (PCOM) (Table 1).

They all had greater than 12 follicles (2–9 mm) in at least one
ovary, but a classic pattern for PCOM with abundant follicles
located near the ovarian cortex was only observed in 2/40 girls.
Thevolumecriterion(oneovary�10cm3)wasfulfilled in2/40
(not the same girls as the two with classical PCOM pattern).
MorethanhalfofthegirlsinTannerstageB3–B5hadpolycystic
ovaries, whereas no prepubertal girls met the PCOM criteria.
PCOM was not associated with menarche (10/20 with men-
archevs28/63withoutmenarche,P� .664).GirlswithPCOM
had higher serum levels of AMH (median, 23; range, 6–63
pmol/L vs median, 13; range, 4–36 pmol/L; P � .001) and T
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Figure 2. Correlations between serum levels AMH and (A), ovarian volume. Gray, Ellipsoid MRI
(r � 0.338, P � .002); orange, Ellipsoid TAUS (r � 0.172, P � .095); red, 3D TAUS (r � 0.146,
P � .166). Colored lines indicate tendency lines for each correlation. Correlations between AMH
and (B), the total number of follicles (r � 0.553, P � .001); (C), small follicles (r � 0.531, P �
.001); (D), medium follicles (r � 0.512, P � .001); and (E), large follicles (r � 0.109, P � .323)
evaluated on MRI. Green, Tanner stage B1; orange, B2; gray, B3; red, B4�5; white, Tanner stage
unknown. Gray lines indicate tendency lines for correlations including all samples.
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(median, 0.44; range, �0.10–1.48 nmol/L vs median, �0.10;
range,�0.10–2.03nmol/L,P� .016)comparedwithpubertal
girls (�B1) without PCOM, whereas the difference in LH/FSH
ratio did not reach statistical significance (median, 0.59; range,
0.01–2.63 vs median, 0.45; range, 0.01–2.68; P � .069).

Discussion
To our knowledge, this is the first study of serum AMH
levels in relation to ovarian morphology and pubertal sta-
tus in healthy girls. As in adult women, circulating AMH
reflected the number of smaller antral follicles (8). Impor-
tantly, our findings were observed with two different mo-
dalities (MRI and ultrasound) evaluated independently by
different observers. In addition, we provide extensive nor-
mative data of ovarian volume and follicle numbers ac-
cording to pubertal development, which can be directly
implemented as reference values in a clinical setting.

Detailed analyses of follicle subgroups revealed that small
and medium follicles (� 6 mm) were the main contributors to
serumlevelsofAMHinourcohortofhealthygirls.Thisisinline
withthesteepdeclineinAMHproductioninfolliclesafterFSH-
inducedfollicleselectioninadultwomenreportedinultrasound
(8) as well as MRI studies (32).

Consistent with FSH-induced follicle growth, we ob-
served increasing numbers of large follicles as puberty pro-

gressed, whereas small and medium follicles peaked at
Tanner’s breast stage 3. This may suggest that the increas-
ing FSH and thus intensified follicle growth at this stage
causes accelerated transit through follicle sizes. The num-
ber of smaller growing follicles is probably further limited
by the decline in rate of primordial follicle recruitment
from the age of approximately 14 years (26).

We and others have speculated that the minor decrease
of AMH after pubertal onset observed in longitudinal co-
hort studies is caused by FSH-induced follicle growth,
which could reduce the number of follicles contributing
most to serum AMH (18, 25). Based on the present cross-
sectional data, we cannot firmly exclude this. However,
increasing numbers of AMH-producing follicles but un-
affected AMH levels in early puberty strongly suggest that
other regulatory factors are involved. Independent of fol-
licle numbers, estradiol was negatively correlated with
AMH levels, and increasing estradiol during early puberty
may thereforedirectly inhibitAMHproduction.Firmcon-
clusions concerning the causation of the negative associ-
ation between AMH and estradiol cannot be drawn from
our data; however, direct inhibitory effects of estradiol on
AMH expression have been suggested by in vitro studies
of granulosa cells from patients undergoing in vitro fer-
tilization (11). Conversely, AMH reduces sensitivity and
growth rate in response to FSH as well as inhibiting aro-

A B

C D

Figure 3. Results of multiple regression analyses evaluating which follicles contributed most to serum levels of ovarian hormones. The estimated
effect of a 2-fold increase (doubling) in follicle numbers is presented as geometric mean (95% confidence interval). Both TAUS (red) and MRI (gray)
revealed that AMH (A) is produced by smaller follicles than inhibin B (B), estradiol (C), and androstenedione (D).
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matase expression in smaller follicles (8, 9). Thus, estra-
diol seems to inhibit AMH production in large follicles
whereas AMH seems to inhibit estradiol production in
small follicles. In prepubertal girls, AMH may be essential
to prevent FSH-induced growth as well as premature es-
tradiol production from small growing follicles.

The close reflection of ovarian morphology by circu-
lating AMH supports the current clinical use of AMH
when counseling girls at risk of premature loss of germ
cells; eg, girls with Turner Syndrome (17, 19), patients
with cancer treated with gonadotoxic chemotherapy (22,
23), and patients with galactosemia (21), in whom very
low or undetectable AMH is considered a risk of imminent
premature ovarian insufficiency (POI). However, longi-
tudinal studies of these high-risk patients are needed to
assess the predictive value of specific AMH values, and
new ultrasensitive assays may further improve clinical in-
terpretation (33).

Histological samples are necessary for direct evaluation
ofprimordial folliclesnumbers, yet, as inadultwomen, the
number of antral follicles reflected by circulating levels of

AMH may be a reasonable, albeit indirect marker of re-
maining primordial follicles (14) and thereby predictive of
age at menopause (15, 34). Despite this circumstantial
evidence of AMH as a quantitative marker of primordial
follicles in girls, interpretation of low AMH remains chal-
lenging. We have previously observed low AMH in
healthy girls with variant genotypes affecting FSH action
(35), and we speculate that in a subset of girls, low AMH
is caused by reduced recruitment rates of primordial fol-
licles, and/or by intensified FSH-induced follicle growth
rather than reduced numbers of remaining primordial fol-
licles. In these girls, low AMH may not be predictive of
early menopause. As discussed below, high AMH is ob-
served in adolescents with PCOS reflecting abundant
AMH-producing follicles (2) and not necessarily many
primordial follicles. These examples may be exceptions,
and although they highlight the need for greater under-
standing of the factors determining AMH production, we
speculate that in large, population-based cohort-studies,
AMH ([ital]z score) is a promising epidemiological tool
when evaluating factors affecting the prenatal establish-

A B

C D

E F

Figure 4. The number of follicles (MRI, gray bars) contributing to serum levels of ovarian hormones (red bars) according to pubertal breast stages;
AMH (A), inhibin B (B), estradiol (C), T (D), and androstenedione (E); bars indicate median, 10th, and 90th percentiles. Increasing LH and FSH levels
(F) indicate the onset of puberty by reactivation of the hypothalamic-pituitary-gonadal axis. Despite increasing numbers of AMH-producing follicles
(2–6 mm) during early puberty (B1–B3), AMH levels were stable. Increasing numbers of follicles �7 mm reflected serum levels of inhibin B,
estradiol, T, and androstenedione as puberty progressed and gonadotropin levels increased.
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ment of primordial follicles crucial for the reproductive
life span (36).

As anticipated, ovarian volume increased as puberty
progressed. Both Ellipsoid and 3D TAUS assessments
were comparable with previously reported ovarian vol-
umes in European girls (6, 7), and the strong correlation
between the two TAUS volume assessments supports the

easily obtained ellipsoid approach as an accurate estimate
(38). In adult women, follicle numbers increase with de-
creasing size [eg, the mean number of follicles 2–5 mm and
1–2 mm were 10.6 and 13.4, respectively in women age
19–30 years (37)]. Thus, the high number of small follicles
on TAUS vs MRI was probably caused by inclusion of
smaller follicles (1–4 mm vs 2–4 mm). Compared with

Figure 5. Ovarian volume (A) and follicle numbers (B–D) assessed by MRI (gray) and ultrasound; Ellipsoid TAUS (orange) and 3D TAUS (red),
according to pubertal breast stages. Bars indicate median, 10th, and 90th percentiles. Black lines indicate lines of identity.
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MRI of healthy adolescents (2), ovarian volume was sim-
ilar but follicle counts were higher. This discrepancy may
be explained by our MRI analyses of thinner ovarian sec-
tions [sliced per 2 mm in our study vs 6 mm in the study
from Brown et al (2)]. Similar to our findings, a recent
comparative study of Swedish women reported reduced
ovarianvolumewhenassessedbyMRIcomparedwithtrans-
vaginal ultrasound (38). They speculated that the discrep-
ancy between the modalities could be explained by more
accurate establishment of the orthogonal planes by real-time
ultrasound compared with the fixed setting in MRI.

Polycystic ovary morphology is usually assessed by ul-
trasound (preferably transvaginal). In our study, the prev-
alence of PCOM was higher than previously reported in
healthy Australian adolescents (35%) (39). We used MRI
evaluations which, compared with TAUS did not seem to
overestimate ovarian volume or follicle counts, but almost
half of the girls had PCOM as defined by the Rotterdam
PCOM criteria for adults (30). Importantly, only two girls
had an ovary greater than 10 cm3, suggesting that this
could be a more appropriate criterion for PCOM in ado-
lescents than follicle numbers.

Circulating T was higher in the girls with PCOM com-
pared with girls without PCOM even after correction for
pubertal onset. Because we have no information about
menstrual cycle regularity or clinical hyperandrogenism,
we are not able to classify girls with PCOS. We expect the
girlsinthisstudytoberepresentativefortheDanishbackground
population, suggesting that approximately 10% of the girls are
at risk of PCOS (40). Whether high AMH in peripubertal girls
is indicative of nascent PCOS remains to be elucidated. Fol-
lowupisnecessarytoevaluateearlypredictorsofPCOS, includ-
ing circulating AMH.

We lack information concerning the menstrual cycle in
the 26 postmenarcheal girls; however, detailed analyses
suggest that only three girls were potentially examined
preceding ovulation (estradiol, �360 pmol/L) and cor-
pora lutea were not observed. Thus, this study character-
izes a reference population that can be directly imple-
mented in a clinical setting including premenarcheal girls
as well as young adolescents in whom examinations are
seldom timed according to irregular menstrual cycles.

Conclusion

In this comprehensive study of 121 healthy girls, we show
that small- and medium-sized antral follicles (�6 mm)
were the main contributors to circulating levels of AMH.
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