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Context: Studies of hormone changes in the peripubertal period note increases in adrenal hor-
mones prior to increases in sex steroids. It is unclear how these processes are related to each other,
except through this temporal relationship.

Objective: Examine relationships in adrenal and sex hormones in 252 peripubertal girls.

Setting and Design: Longitudinal observation study. School districts, at the Cincinnati site of the
Breast Cancer and the Environment Research Centers, between 2004–2010. Participants were
recruited between ages 6 and 7 years of age and were seen every 6 months. Main outcome
measures included height, weight, maturation status, and fasting blood specimen. Serum was
analyzed for selected hormones every six months, beginning 30 months prior to, and extending to
6 months after, breast development. Androstenedione, estradiol, estrone, and T were measured
by high-performance liquid chromatography (HPLC) with tandem mass spectrometry. Dehydro-
epiandrosterone-sulfate (DHEA-S) and SHBG also were measured.

Results: DHEA-S concentrations increased 24 months before breast development; androstenedi-
one and estrone between 12 to 18 months before breast development; whereas estradiol and T
increased, and SHBG fell between 6 and 12 months before breast development. Girls with greater
body mass index had lower estradiol concentrations at onset of breast development as well as 6
months after pubertal onset.

Conclusions: Serum estrone and DHEA-S increased prior to estradiol concentrations, and the in-
crease in estradiol occurred prior to breast development. Heavier peripubertal girls have lower
estradiol levels at puberty, suggesting peripheral conversion of adrenal androgens to estrone.
(J Clin Endocrinol Metab 99: 3829–3835, 2014)

Studies of hormone changes in the peripubertal period
have noted increases in adrenal hormones prior to

increases in the sex steroids (1–5); Adrenarche refers to the
reactivation of the adrenal cortex with the production of
adrenal androgens, specifically dehydroepiandrosterone
and its sulfate (DHEA and DHEAS), and androstenedi-
one. In girls, gonadarche refers to the reactivation of the
hypothalamic-pituitary-ovarian axis, with the production
of estrogen by the ovaries, and the subsequent appearance
of secondary sex characteristics (typically breast tissue),

and is usually noted after adrenarche. Many have reflected
on the temporal association between adrenarche and go-
nadarche (eg, Cutler and Loriaux [6]). Of note, estrogens
are synthesized not only in the ovary, but also in target
tissues (such as breast, bone, and brain) as well as in pe-
ripheral tissues (such as adipose tissue), through the con-
version of adrenal androgens (particularly androstenedi-
one) by tissue-specific aromatase (as reviewed by Simpson
(7) and Stocco [8]). Local production may generate im-
portant intracrine effects without affecting circulating lev-
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els (9). It is unclear whether or how adrenarche and go-
nadarche are related to each other, except through this
temporal relationship. It is recognized increasingly that
there are pubertal changes in girls that predate appearance
of secondary sexual characteristics. These changes include
an increase in height velocity and the pubertal growth
spurt (documented by many studies), as well as changes in
uterine dimensions and ovarian volumes noted on pelvic
ultrasound (10, 11). In addition, studies have noted an
increase in urine and serum concentrations of estradiol in
prepubertal girls (12–17).

This article examines the longitudinal relationship be-
tween adrenal and sex steroid concentrations in a group of
prepubertal girls, measured from 30 months before to 6
months after the appearance of breast development. Es-
tradiol, estrone, androstenedione, and T serum concen-
trations were analyzed using high-performance liquid
chromatography (HPLC) with tandem mass spectrome-
try, a newer highly sensitive analytic approach (13, 18,
19). Dehydroepiandrosterone sulfate (DHEA-S) and
SHBG were measured through established methods.

Materials and Methods

The participants for these analyses represent one site of those
enrolled onto a larger, longitudinal epidemiology study of pu-
bertal maturation, through the Cincinnati site of the Breast Can-
cer and the Environment Research Centers (BCERC). The Na-
tional Institute of Environmental Health Sciences (NIEHS)/
National Cancer Institute (NCI) BCERC were four centers with
transdisciplinary research collaborations integrated across bio-
logic, epidemiologic, and community outreach projects. The ep-
idemiology projects of the BCERC have been conducted at three
sites: Mount Sinai School of Medicine; Kaiser Permanente
Northern California; and Cincinnati Children’s Hospital/Uni-
versity of Cincinnati. Study aims and design have been detailed
elsewhere (20). Briefly, the participants at the Cincinnati site
were recruited through public and parochial schools in the
greater Cincinnati metropolitan area (85% of participants) as
well as through the Breast Cancer Registry of Greater Cincinnati
(15% of participants). Recruitment through the Registry tar-
geted those with a first- or second-degree family member with
breast cancer. Participants were recruited between ages 6 and 7
years, and enrollment at the Cincinnati site lasted 29 months.
Girls were seen every six months between 2004–2010, with a
visit window of �4 weeks. This study was approved by the In-
stitutional Review Board of Cincinnati Children’s Hospital
Medical Center. Informed consent was obtained from parents
and or guardians.

Trained and certified female staff members performed stan-
dardized anthropometric measurements, with two or more
height and weight measurements, as detailed previously (20). In
addition, a limited number of female staff were trained and certified
in assessment of pubertal maturation, using the criteria established
byMarshallandTannerforbreastmaturation(withpalpation) (21)

andpubichairstages,withphotographsthatdemonstratedthemat-
uration stages, published by van Wieringen (22).

Early morning fasting blood specimens were drawn at every
visit. Serum was frozen at �80°C and later analyzed for selected
hormones at the onset of breast development, and at each of three
preceding visits (up to 18 months before breast development) as
well as 6 months after breast development, for androstenedione,
T, and SHBG, and up to 30 months for estrone, estradiol, and
DHEA-S.

DHEA-S was measured by RIA after enzymolysis. Briefly,
samples were diluted in buffer-containing sulfatase from Helix
pomatia, and after incubation, measured in duplicate by RIA
using a rabbit antibody made against a DHEA-7-BSA antigen.
Tritiated DHEA was used as tracer for the RIA. Each assay batch
contained a complete standard curve and three levels of quality
control samples. SHBG was measured by automated immuno-
radiometric assay. Androstenedione, estradiol, estrone, and T
were measured by high-performance liquid chromatography
(HPLC) with tandem mass spectrometry at Esoterix Laborato-
ries. Each steroid was first extracted with hexane/ethyl acetate;
the extract was dried and reconstituted in solvent compatible
with the HPLC. Solvents were HPLC grade or redistilled in glass.
Deuterated steroids, otherwise identical with the analytes, were
used as internal standards except for estradiol and estrone where
13C steroids were used for internal standards. HPLC and mass
spectrometry conditions were similar to those described previ-
ously (23, 24). In the previously published method, in contrast
with ours, estradiol and estrone were eluted with water-metha-
nol as well as acetonitrile, an Applied BioSystems API5000 triple
quadrupole mass spectrometer was used, and derivatization was
not used. The first and third quadrupoles were tuned for each
analyte using unit resolution, and conditions were optimized for
maximum signal intensity foreach steroid and internal standard.
T and estradiol standards were from USP; others were from
Sigma Chemical. Internal standards were from Cambridge Iso-
topes or Sigma. Each assay batch for all hormones contained
duplicate standard sets of eight or more charcoal-stripped serum-
based standards and duplicate sets of three to five serum quality-
control samples prepared by selected serum, from individual do-
nations, and with dilution using stripped serum or spiking if
required. Assay performance was demonstrated during valida-
tion to bioanalytical validation standards. The lower limits of
quantitation were defined as the level at which a coefficient of
variation was less than 20% (25% for RIA). The quantitation
levels were DHEA-S, 10 �g/dl; estrone, 2.5 pg/ml; estradiol, 1
pg/ml; androstenedione, 10 ng/dl; and T 3 ng/dl. Because of the
volume of serum necessary to run the hormone assays, and lim-
ited availability of specimen, the serum was diluted 1:1 with
water, resulting in a limit of detection twice as great as noted
above.

Interassay precision was expressed as percent coefficient of
variation for low, medium, and high control serum samples was
for DHEA-S, 6.5, 8.4, and 7.3%; for estrone, 4.9, 4.6, and 4.7%;
for estradiol, 4.4, 3.5, and 3.3%; for androstenedione, 4.5, 3.6,
and 3.4; and for T, 9.9, 7.9, and 5.0%. Midrange control coef-
ficients of variation were androstenedione, 4.3%; estradiol,
3.5%; estrone, 4.6%; and T, 4.3%.

These analyses were performed on the initial 252 girls who
had entered puberty, as defined by breast stage 2 or greater,
within the first 4 years of the study. Specimens were identified for
hormone analysis after the participant had attained puberty
(breast stage 2 or greater), selecting specimens at 6, 12, and 18
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months before breast development, at the time of breast devel-
opment, and 6 months after breast development. Additional
specimens at 24 and 30 months before breast development were
selected for analyses of DHEA-S, estrone, and estradiol.

Statistical analyses
The initial analyses examined the distributions of hormone

concentrations using histogram plots and Kolmogorov-Smirnov
(Goodness-of-Fit) tests. Log transformation was applied to each
of the hormones and SHBG, as the Kolmogorov-Smirnov tests
demonstrated better fit with log-normal transformation. There
were varying numbers of missing values for different hormone
assays, typically due to insufficient volume. The missing hor-
mone data were assumed to be randomly distributed; mixed
modeling was applied to the log-transformed hormone values.
Mixed modeling was chosen to understand better the profile of
hormone changes around the time of breast development. That
is, the mixed model analyses simultaneously considered hor-
mone concentrations at time at onset of breast development, as
well as 6, 12, and 18 months before and 6 months after time of
breast development. The hormone concentrations at times rel-
ative to breast development were the main factor, and corre-
sponding least square means were estimated and presented in the
figures. The least square means were adjusted for laboratory
batch effect and body mass index (BMI) z score at onset of breast
development (by quartile). BMI z score was determined by using
the 2000 growth charts from the Centers for Disease Control and
Prevention (www.cdc.gov/nccdphp/dnpao/growthcharts/re-
sources/sas.htm). The P values noted in the results and figures are
based on the least square means at different relative times, con-
trasted between adjacent 6-month intervals, to define the earliest
significant increase in concentration for a given hormone. Mul-
tiple comparisons were adjusted using the Hochberg step-down
procedure. All analyses were conducted using SAS version 9.2
(SAS Institute, Inc).

Results

There were 379 girls recruited into the Cincinnati BCERC.
This article reports on the initial 252 girls who entered
puberty, as defined by breast stage 2 or greater, and had
two or more available blood specimens. Among the girls
included in this analysis, the average age at the first visit
was 7.09 � 0.62 years, whereas those not included had a
mean age of 6.92 � 0.62 years (P � .046). Race and eth-
nicity as defined by parents/guardians in this cohort in-
cluded 32.5% African-American, 4.4% Hispanic, 61.9%
white non-Hispanic, and 0.8% Asian participants. There
were no differences in race or ethnicity in those who were
or were not included in these analyses. The average age of
breast development in this subset was 8.78 years (SD,
1.16) (25), not different from Cincinnati participants
without hormone analyses (P � .37). “Pathway” (initial
manifestation of puberty (26)) could be determined in
70.2%, with 52.8% experiencing breast-first (thelarche)
pathway, and 17.4% pubic hair–first (pubarche)
pathway.

The 252 participants with hormone analyses generated
871 specimens obtained between 18 months before and 6
months after onset of breast development, as well as an
additional 122 specimens from 24 and 30 months prior to
breast development. The vast majority of “missing” spec-
imens were from participants recruited less than 18
months before puberty, who could not contribute speci-
mens at �18 or �24 months. Other missing data occurred
because the girls had missed an individual study visit, or
they refused phlebotomy at an individual visit. In addition,
serum volume available from any single visit may have
been insufficient for all hormonal analyses; the number of
observations included in the analyses varied between 701
(for T) to 772 (for SHBG) for the four-time point obser-
vations, and 994 for DHEA-S for the six-time point ob-
servations. There were 70 participants who had four spec-
imens, and 63 with specimens from all five time periods.
There were no significant difference of estradiol values at
onset of breast development (P � .67), contrasting with
those who had specimens missing at �12 or �18 months
to those not missing specimens at those times, demon-
strating there was no bias created by the missing samples
from girls who matured earlier.

Serum hormone concentrations increased at different
times preceding breast development. As noted in Figures 1,
2, and 3, hormone concentrations of DHEA-S increased
30 to 18 months prior to breast development (P � .0022);
androstenedione (P � .0110) and estrone (P � .0027)
increased 12 and 18 months before onset of breast devel-
opment (see also Supplemental Figures 1–5). Estradiol

Figure 1. Serum hormone concentration of DHEAS relative to onset
of puberty (with confidence interval). This figure demonstrates mean
DHEAS concentrations relative to onset of puberty (as defined by onset
of breast development), with 95th percentile interval. The initial
increase in DHEAS was noted between 30 to 18 months prior to the
onset of puberty (P � .0022) (large arrow).
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(P � .0040) and T (P � .0004) concentrations increased
and SHBG decreased (Figure 4) (P � .0069) 6 to 12
months before breast development. When examining by
“pathway” (initial manifestation of puberty) (26), those

with the pubarche pathway had higher levels of DHEAS
(34.9 vs 25.5, P � .026), T (6.49 vs 5.11, P � .027), and
androstenedione (33.2 vs 22.1, P � .0009), and no dif-
ference in estradiol (P � .35) or estrone levels (P � .8) at
entry into puberty. When comparing participants by BMI
z-score, those with BMI levels above the median had sig-
nificantly lower estradiol levels at the onset of breast de-
velopment, as well as 6 months later (Figure 5). At the time
of breast development, girls with BMI below the median
had a greater estradiol-to-androstendione ratio than girls
above the median BMI (1.53 vs 1.22, P � .05), whereas
there was no difference in estrone-to-androstenedione ra-
tio (2.28 vs 1.96, P � .10).

Discussion

This study examined the hormone changes in peripubertal
girls at 6-month intervals prior to breast development and

Figure 2. Serum hormone concentration of estradiol and estrone
relative to onset of puberty (with confidence interval). This figure
demonstrates mean estradiol and estrone concentrations relative to
onset of puberty (as defined by onset of breast development), with
95th percentile interval. The initial increase in estradiol was noted
between 12 and 6 months (P � .0040) prior to the onset of puberty,
and the initial increase in estrone was between 18 to 12 months (P �
.0027) (large arrows).

Figure 3. Serum hormone concentration of androstenedione and T
relative to onset of puberty (with confidence interval). This figure
demonstrates mean androstenedione and T concentrations relative to
onset of puberty (as defined by onset of breast development), with
95th percentile interval. The initial increase in androstenedione was
noted between 18 to 12 months (P � .0110) prior to the onset of
puberty, and the initial increase in T was noted between 12 and 6
months (P � .0004) (large arrows).

Figure 4. SHBG concentration relative to onset of puberty. This figure
demonstrates mean SHBG concentrations drop significantly at 6 to 12
months prior to breast development (P � .0069).

Figure 5. Serum hormone concentration of estradiol by BMI group
relative to onset of puberty (with confidence interval). This figure
demonstrates mean estradiol concentrations are significantly greater at
onset of puberty (as defined by onset of breast development), as well
as six months after onset, in girls in those with BMI below the median.
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identified the time point of the significant increase in sex
steroids. These analyses demonstrate as well as amplify
results of previous studies, that there are hormonal
changes that occur with puberty before the appearance of
secondary sexual characteristics in girls (13, 15, 16, 18,
27). Previous publications have reported sex steroid con-
centrations either by chronologic age, often combining
ages because of sample size, and incorporating ages re-
gardless of pubertal status (18); or pubertal status, com-
bining all who do not have secondary sexual characteris-
tics as “prepubertal” (or the equivalent) (13, 15, 16, 27).
Although a few studies are longitudinal, many studies are
cross-sectional (13, 15, 16, 18, 27). Similar to several pre-
vious studies, we noted in this longitudinal study that the
increase in serum concentrations of hormones associated
with adrenarche occurred before the increase in serum
concentrations of those hormones associated with gona-
darche (1–5). Thus, it is unclear whether the timing of
adrenarche has changed, although age of pubertal onset,
based on breast development, has decreased (20, 25, 28).
Our hormone profiles by pathway (26) are similar to those
recently reported by Mouritsen (29); there were no differ-
ences in estradiol by pathway, and those with “pubarche”
had greater DHEAS levels in both studies. However, we
found greater androstenedione levels in the pubarche
pathway, consistent with the DHEAS differences, but dif-
ferent from the results of Mouritsen. The differences in
androstenedione levels between the two studies may have
resulted from greater sensitivity of the HPLC/tandem mass
spectrometry, or from differences in race/ethnicity, BMI,
or environmental exposures between the two sites.

This study additionally noted that serum estrone con-
centrations increased after DHEA-S, but 6 months prior to
the increase noted in serum estradiol. This finding pro-
vides additional support to Ducharme’s suggestion of the
association of adrenal steroids with the reinitiation of the
hypothalamic pituitary gonadal (HPG) axis (30). Estrone
production outside the ovary has been reported in post-
menopausal women, with conversion of androstenedione
to estrone (rather than T to estradiol) (31), accounting for
most estrogen in postmenopausal women. In postmeno-
pausal women, estrone is noted as the most prevalent cir-
culating estrogen (32, 33); as noted, the adipocyte seems
to be the major site of extraovarian estrogen synthesis
(34). Studies in adults also have noted that the highest
activity of aromatase, an enzyme that converts androgens
to estrogens, occurred in stromal adipose tissue in the but-
tocks (35). Previous studies have documented that adi-
posity in peripubertal girls is associated with suppression
of the hypothalamic-pituitary-ovarian axis (36, 37). The
current study suggests that prepubertal girls approaching
puberty, with limited ovarian activity, may have a similar

estrogen synthetic pathway, through peripheral conver-
sion of adrenal hormones such as DHEA and androstene-
dione in adipose tissue, and without activation of the HPG
axis. This might account for three recent findings: 1) the
weaker correlation in more recent cohorts between age of
breast development with age of menarche (38, 39); 2) the
slower tempo of breast development to menarche noted in
contemporary girls overall and earlier-maturing girls (38–
43); and 3) the finding of Aksglaede and colleagues (28),
who reported that girls in Copenhagen matured at earlier
ages without an earlier increase in estradiol, through a
mechanism independent of gonadotropins and activation
of the HPG axis. The findings of Aksglaede and the current
study, placed in the context of the obesity epidemic and
consequent increase in adiposity (44, 45) and/or exposure
to endocrine-disrupting chemicals acting on the adipocyte
or other hormone-responsive tissues (46–55), may ac-
count for earlier maturation of girls noted two decades
earlier (56) as well as noted more recent cohorts (20, 25,
28). In addition, this mechanism might account for iso-
lated breast development without the activation of the
hypothalamic-pituitary-gonadal axis, the thelarche vari-
ant, (57) (in contrast with pubertal thelarche pathway
(26)).

Although this study provides unique contributions to
the field of pubertal development, there are several limi-
tations to consider. We reported a difference in estradiol
levels between those with high vs low BMI; although fat
tissue can be confused as breast tissue, those with high
BMI had height velocity values similar to those with low
BMI, and both were consistent with the pubertal growth
spurt (data not shown). We used HPLC/tandem mass
spectroscopy, a newer analytic approach for hormone
analyses, which provides greater sensitivity than more tra-
ditional methods. This approach has gained increasing
popularity recently (13, 18, 19), although a recent study
demonstrated poor precision with all assays at low T levels
(58). Of note, the laboratory that performed the hormone
analyses has been certified by the Centers for Disease Con-
trol and Prevention and continues to be engaged in the
proficiency phase to maintain certification; the average
bias estimations from the proficiency studies are less than
2%. We used DHEA-S and androstenedione as the two
hormones representative of adrenarche. Remer noted that
adrenarche may start earlier than indicated by the increase
in DHEA excretion rate, if one examines direct metabo-
lites of DHEA (3). Hopper noted that serum DHEA-S and
DHEA levels do not increase in parallel in peripubertal
girls, although DHEA-S does seem to increase earlier than
DHEA (59). The most important limitation is that we in-
cluded only two thirds of the cohort, those who were first
to enter puberty, as defined by breast maturation during
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the course of the longitudinal follow-up of the study.
Those not included in this analysis either presented with
breast development at enrollment or were recruited later
in the study and had not entered puberty at the time of
hormone analyses, or they were entering puberty at older
ages. In addition, those participants who contributed
DHEA-S, estrone, and estradiol specimens at 24 and 30
months prior to breast development are overrepresented
by girls who matured later. Therefore, some analyses are
underrepresented by early- and others by late-maturing
girls. The missing data in the mixed model analyses did not
interject a bias; although the mean age of breast develop-
ment was younger in those with samples at �12 and �18
months prior to breast development, there were no signif-
icant differences in estradiol levels at onset of breast de-
velopment in these groups. Lastly, we reported that the
initial significant increase in DHEAS occurred between
�30 and �18 months, and androstenedione �18 and
�12 months before breast development; those increases
occurred with the initial measurement, and possibly could
have occurred earlier.

In conclusion, the new HPLC/tandem mass spectrom-
etry analyses have enabled us to evaluate pubertal hor-
mone changes in girls, as well as other physiologic param-
eters, prior to any evident breast development. In this
group of girls, hormonal changes associated with adre-
narche occurred prior to hormonal changes associated
with gonadarche. Hormones associated with adrenarche,
as well as estrone, increased 12–24 months before breast
development, and the hormones associated with gonad-
arche increased 6–12 months before breast development.
These findings suggest a mechanism, especially in heavier
girls, for pubertal changes without activating the hypo-
thalamic-pituitary-ovarian axis.
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