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Abstract
Obesity and premature adrenarche (PA) are both associated with bone age (BA) advancement of
unclear etiology, which may lead to earlier puberty, suboptimal final height and obesity in
adulthood. Our objective was to understand the hormonal and anthropometric characteristics of
BA advancement in a spectrum of prepubertal children with and without obesity and PA.

In this cross-sectional study of 66 prepubertal children (35 PA, 31 control, 5–9 years), body mass
index (BMI) z-score, hormonal values and response to an oral glucose tolerance test were the main
outcome measures. Subjects were divided into tertiles by BA divided by chronological age (BA/
CA), an index of BA advancement.

Subjects in the top tertile for BA/CA had the highest dehydroepiandrosterone sulfate (DHEAS),
free testosterone (%), hemoglobin A1C, BMI z-score and weight (P < 0.05). BMI z-score (r =
0.47), weight (r = 0.40), free testosterone (%) (r = 0.34) and DHEAS (r = 0.30) correlated with
BA/CA (P<0.02). Regression analysis showed greater BA/CA in PA compared to controls after
controlling for weight (0.21 ± 0.56, p<0.004). An exploratory stepwise regression model showed
that weight, estradiol and DHEAS were the strongest predictors of BA/CA accounting for 24% of
its variance.

Obesity was highly associated with BA advancement in this study of prepubertal children. In
addition, children with PA had greater BA/CA at any given weight when compared to controls.
These findings suggest a possible hormonal factor, which potentiates the effect of obesity on BA
advancement in children with obesity and/or PA.

Introduction
Precocious or premature pubarche is defined as the appearance of pubic and/or axillary hair
before 8 yr in girls and 9 yr in boys unaccompanied by signs of true puberty, such as breast
development in girls or testicular enlargement in boys. Premature adrenarche (PA) is a term
used for individuals with precocious pubarche whose adrenal androgens are elevated for
chronological age but within the range expected for the Tanner stage of pubic hair and in
whom there is no evidence of enzymatic defects of steroidogenesis, precocious puberty or
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adrenal or gonadal malignancy (1). PA is caused by early isolated maturation of the zona
reticularis of the adrenal cortex or by increased peripheral sensitivity to adrenal hormones
(1). Although PA may occur in nonobese children, there is a significant association between
PA and obesity (2,3).

PA was originally thought to be a benign and self-limited physiological process, but recent
data suggest that children with PA are more likely to develop the metabolic syndrome
during adolescence and adulthood, and affected girls are more likely to eventually develop
polycystic ovary syndrome, even in the absence of obesity (2). Tall stature and advanced
bone age (BA) may be present at diagnosis although adult height generally correlates with
midparental height (4,5). However, a recent study showed that affected children with an
advanced bone age had a predicted height below their midparental target height (3). Another
recent study suggests that increased growth velocity in PA may begin as early as the first
two years of life (5).

The skeletal maturation process involves transformation of the cartilaginous epiphyseal
growth plate into bone, which proceeds as a child grows and matures. Once the epiphyseal
plate ossifies an individual reaches final adult height. This complex cascade of events
includes parathyroid hormone related peptide (PTHrP), Indian Hedgehog, matrix
metalloproteinases and vascular endothelial growth factor (VEGF), which are involved in
coordinating cellular growth, cellular differentiation, apoptosis, extracellular matrix
remodeling and angiogenesis (6). Estrogens, androgens and the growth hormone/insulin-like
growth factor-1 (GH/IGF-1) axis influence the activity of these factors and the progression
of skeletal maturation (7).

BA advancement has been described both in obese children (8, 9) and in children with PA
(3, 5, 10). The cause of advanced BA seen in both of these groups is still unclear; however,
both obesity and PA are associated with elevations of adrenal androgens, which theoretically
may be converted into estrogens either peripherally or at the growth plate.

The goals of this study were to assess the relationships of body mass index (BMI) z-score,
hormonal factors and insulin resistance to BA advancement in a group of prepubertal
children with and without PA who represent a wide spectrum of BMI z-scores. The data
from this study will add to our understanding of the characteristics of BA advancement in
obesity and PA.

Materials and Methods
Subjects

The study group comprised 66 prepubertal children (43 girls and 23 boys) ages 5 – 9 years,
35 with PA and 31 control subjects (Table 1). The PA group was 83% Hispanic, 6% white,
3% black and 8% “other” the control group was 74% Hispanic, 6.5% white, 6.5% black and
13% “other”. Hispanic subjects were primarily from the Dominican Republic. Ethnicity was
determined by self report with consistent black, white or Hispanic background of both
parents and all four grandparents. Subjects with ethnic backgrounds that did not fit these
criteria were classified as “other”.

Children with PA were recruited from the pediatric endocrinology ambulatory service and
control subjects were recruited from general pediatrics ambulatory service and posted flyers.
Both ambulatory services are located at Morgan Stanley Children’s Hospital of New York at
New York Presbyterian Medical Center, Columbia University. Informed consent was
obtained from a parent or guardian and assent was obtained from each subject above the age
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of seven. The protocol was approved by the Institutional Review Boards of Columbia
University Medical Center and of St. Luke’s-Roosevelt Hospital Center.

The diagnosis of precocious pubarche was made on a clinical basis. The criteria for entry
into the study for PA subjects were: 1) onset of pubic hair and/or axillary hair before age 8
yr in girls and 9 yr in boys; 2) no clitoromegaly in girls; 3) Tanner stage 1 breasts on
physical exam in girls and ≤ 3 cc testes on physical exam in boys; 4) no evidence of 21-
hydroxylase deficiency or other adrenal or gonadal disorder by hormonal analysis as
documented by basal 17-hydroxyprogesterone levels (11). The criteria for entry into the
study for control subjects were: 1) Tanner stage 1 pubic hair; 2) Tanner stage 1 breasts on
physical exam in girls and ≤ 3 cc testes on physical exam in boys. Exclusion criteria
included subjects who were a product of a pregnancy complicated by gestational diabetes,
twin or other multiple, preterm delivery or small for gestational age, chronic medical
condition and chronic use of glucocorticoids or other hormonal therapies.

Pubertal and clinical assessment
Pubertal and clinical assessment of subjects was performed on the day of testing at the
Pediatric Clinical Research Center at the Irving Institute for Clinical and Translational
Research, Columbia University Medical Center. Breasts and pubic hair were assessed by
visual inspection and palpation using the rating scales of Tanner and Marshall (12). The
volume of each testis was estimated by comparative palpation with the orchidometer of
Prader (13). Height, weight, heart rate and blood pressure were measured; BMI and BMI z-
score were calculated and were based on 1 SD reference data from the National Health and
Nutrition Examination Survey (14). Normal weight was defined as BMI < 85th percentile for
age and sex, overweight/obese was defined as BMI ≥ 85th percentile for age and sex.

Bone Age Assessment
An x-ray of the hand and wrist was taken and BA was determined by the standards of
Greulich and Pyle (15). All BAs were read by three of the coinvestigators who were blinded
to the identity and diagnosis of each subject. Final determination of BA was made by
consensus among the three readers. BA divided by chronological age (BA/CA) was used as
an index for BA advancement. Subjects were divided into tertiles based on BA/CA (Table
2).

Procedures
Blood samples were drawn between 0800 h and 0900 h after an overnight fast. Basal levels
of glucose (G0), insulin (I0), IGF-1, IGF binding protein 3 (IGFBP-3), DHEAS,
androstenedione, testosterone, free testosterone, free testosterone (%), Sex hormone binding
globulin (SHBG), estradiol, estrone, luteinizing hormone (LH), follicle stimulating hormone
(FSH), hemoglobin A1C, lipids, thyroid function tests, and leptin were drawn. Leptin was
measured on a subset of subjects (n = 50). Glucose and insulin levels were measured at 30
minutes, 60 minutes, 90 minutes and 120 minutes after a 1.75g/kg (maximum 75 g) oral
glucose tolerance test using Glucola®.

Measures of insulin sensitivity and insulin secretion
Fasting glucose to insulin ratio (FGIR), homeostasis model assessment (HOMA), insulin
sensitivity measure (SiM), early insulin response (EIR), glucose area under the curve
(GAUC) and insulin area under the curve (IAUC) were calculated. FGIR, HOMA and SiM
were calculated as measures of insulin sensitivity and EIR was calculated as a measure of
insulin secretion. FGIR was calculated by dividing G0 by I0. This value has been validated
in prepubertal girls with PA using intravenous and oral glucose tolerance tests (16). HOMA
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was calculated as: I0/(22.5(−ln(G0)), SiM was calculated as: ((0.137 × Sib) + Si2h)/2, (Sib =
108/I0 × G0 × 150 × wt; Si2h = 108/I120 × G120 × 150cc × wt) and EIR was calculated as:
I30 − I0/G30 − G0.

Assays
Insulin (by immunochemiluminometric assay), IGF-1 and IGFBP-3 (by competitive binding
radioimmuno assay (RIA)), DHEAS (by RIA after enzymolysis), androstenedione (by high
performance liquid chromatography (HPLC), tandem mass spectrometry), testosterone (by
HPLC, tandem mass spectrometry), free testosterone (by equilibrium dialysis), estradiol (by
HPLC, tandem mass spectrometry), SHBG, follicle stimulating hormone, lutenizing
hormone, and hemoglobin A1C were measured by Esoterix Inc. Laboratory Services,
(Calabasas Hills, California). Plasma glucose levels were assayed by the glucose hexokinase
method. Plasma total cholesterol, high density lipoprotein (HDL) cholesterol and
triglycerides were measured using the analyzer (Hitachi, Japan) in the Core Laboratory of
the general CRC at New York Presbyterian Medical Center and low density lipoprotein
(LDL) was calculated. Leptin was measured with a human radioimmunosorbant assay (RIA)
kit (LINCO Research Inc, St. Charles, MO) using a 125I human leptin tracer.

Statistical Analysis
Student’s t-test was used to compare PA and control subjects for the following continuous
measures: age, height, weight, BMI z-score, BA, BA/CA, testosterone, free testosterone,
free testosterone (%), DHEAS, androstenedione, estradiol, estrone, SHBG, IGF-1, IGFBP-3,
leptin, hemoglobin A1C, glucose (0 min), glucose (AUC), insulin (0 min), insulin (AUC),
FGIR, HOMA, SiM and EIR. ANOVA was used to assess the tertile analysis of BA
advancement for all of the mentioned continuous variables. In addition, distribution of
overweight/obese subjects and PA subjects by BA/CA tertile were compared.

BMI z-score and age adjusted Pearson correlations were performed on the entire group.
Correlations assessed the strength of association between BA/CA and estradiol, age, weight,
testosterone, free testosterone, free testosterone (%), androstenedione, DHEAS, SHBG,
IGF-1, HOMA and FGIR. A multivariate exploratory stepwise regression model was then
used to predict the factors most likely to advance BA. Multiple regression analysis was used
to assess differences between the PA and control groups in the association of BA/CA to
weight.

P values < 0.05 were considered to represent statistical significance for all statistical
analyses.

Results
Clinical Characteristics

Age, height, weight, BMI z-score and BA/CA were similar in the PA and control groups
(Table 3).

Hormonal and Metabolic Characteristics
Testosterone, free testosterone, androstenedione, DHEAS, IGF-1, I0, and IAUC were all
higher and SHBG and SiM were lower in the PA group (P<0.04 for all) (Table 4). These
differences persisted with adjustment for BMI z-score. In a subgroup of patients (n=50),
leptin was higher in the control group (21.7 ± 20.3 vs. 12.0 ± 8.4; P=0.04); however, there
was no significant difference in leptin between the two groups when adjusted for BMI z-
score.
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BA/CA Tertile Analysis
PA and control subjects in the top tertile for BA/CA had the highest DHEAS, weight, BMI
z-score, free testosterone (%) and hemoglobin A1C (P < 0.05) (Figure 1). When all subjects
were divided by obesity status, overweight/obese subjects (20/43, 46.5%) were more likely
to be in the highest BA/CA tertile than nonobese subjects (2/23, 8.7%) (P < 0.004);
however, when all subjects were divided by PA status, PA subjects were not more likely to
be in the highest BA/CA tertile than non-PA subjects. PA subjects in the top tertile
demonstrated a trend for higher DHEAS than control subjects in the top tertile (P = 0.082).

Relationships between BA/CA and Hormones
Pearson correlation analysis was performed on the entire group of PA and control subjects to
determine factors that correlated with BA/CA. BA/CA correlated with BMI z-score
(r=0.47), weight (r = 0.40), free testosterone (%) (r=0.33) and DHEAS (r=0.30) (P< 0.02).
When adjusted for BMI z-score, weight, free testosterone (%) and DHEAS no longer
correlated with BA/CA.

A multivariate analysis was used in an exploratory stepwise regression model for predicting
BA/CA. Weight was the top predictor of BA/CA, estradiol was the predictor selected second
and DHEAS was selected third (P = 0.0013). Separately, weight predicted 16.7%, estradiol
predicted 3.8%, and DHEAS predicted 3.5% of the variability of BA/CA. This model
accounted for 24% of the variance in BA/CA in our study population.

Prediction of BA/CA for weight by PA status
While mean BA/CA did not differ between PA and control subjects, in a multiple regression
analysis, PA subjects had higher BA/CA than control subjects after controlling for group
differences in weight (P<0.004) (Figure 2). The PA subjects also showed a statistically
higher slope relating BA/CA to weight (0.325 ± 0.014) than control subjects (0.0294 ±
0.018), with an approximate 11% difference in the slopes of the two regression lines
(P<0.01). In this linear model, children with PA who weigh 20 kg would have BA/CA
advancement of 1.84%; those who weigh 30 kg would have BA advancement of 4.3% and
those who weigh 60 kg would have BA advancement of 6.3%. Specifically, a child with PA
who weighs 33.0 kg would have the same degree of BA advancement as an unaffected child
who weighs 40 kg.

Discussion
In this study of prepubertal children with and without obesity and/or PA, obesity was highly
associated with BA advancement. In addition, children with PA appeared to be affected by a
BA advancing factor that potentiated the effect of obesity on BA/CA. Possible potentiating
factors include adrenal hormones and insulin resistance, both of which are elevated in PA,
and estrogen at the growth plate. The findings of this study support prior reports that cite
advanced BA to be independently associated with obesity and PA (2,3,9). This is the first
study that demonstrates a synergistic effect between PA and obesity on BA advancement.
Leptin and IGF-1 did not correlate with BA advancement in this study. Lack of correlation
of leptin with BA/CA is consistent with other studies; however two other studies did show
correlation between IGF-1and BA advancement, whereas our study showed no correlation
(5,17).

DHEAS may represent a candidate hormone responsible for potentiating BA advancement.
In our study, both PA and controls subjects in the top tertile had elevated DHEAS. DHEAS
correlated with BA/CA. Our findings are consistent with past studies. Increased levels of
adrenal androgens are associated with both PA and obesity (18). Adrenal androgens may
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also be higher in obese children and it is thought that obesity may influence the onset of PA
in some children, although the mechanism is not clear (19,20). Weight loss in a group of
obese pediatric subjects was associated with a significant decrease in subsequent BA
advancement without change in predicted adult height (21). Additionally, DHEAS was
shown to be associated with height SDS in girls with and without PA (5).

Although traditionally estrogen is thought to be a BA advancer, adrenal androgens may be
converted into estrogens by aromatase either peripherally or at the growth plate, which
explains a common mechanism in the two conditions that may advance BA (22,23). Both
BA and weight have been shown to be significant covariates of DHEAS levels (9).

Whereas estradiol was selected as a predictor of BA/CA, it did not correlate with BA/CA.
An explanation for the lack of correlation of estradiol with BA/CA in this study is that
estradiol levels measured by most standard RIAs are not sensitive enough in children (24).
The assay used for this study has a lower limit of detection for estradiol of 1 pg/mL.
However, we propose that the androgens that correlate with BA advancement are converted
into estradiol either peripherally or at the growth plate and may be immeasurable using
standard assays. In fact, DHEAS may be a marker for estradiol production as both of these
substances are end products of the sex steroid pathway (18). A recent study reported that
DHEA supplementation given to older adults resulted in an increase in DHEAS and
estradiol. The elevated estradiol was associated with increased bone mineral density,
whereas DHEAS and testosterone were not (25).

This study has limitations including use of the Greulich and Pyle method of BA
determination (26). One of the authors of this paper (JB) has observed that the BA x-rays of
children with obesity and/or PA are difficult to interpret because of discrepancies in
maturation among the distal, middle and proximal interphalangeal epiphyses. These
discrepancies, in our experience, are generally not frequently encountered in children who
do not have PA or obesity. Another limitation is that there is no measure of adiposity in this
study (e.g percentage body fat, waist circumference, visceral adipose tissue measurement);
therefore, our categorization of obesity is based on BMI percentile. In addition, this study
does not reveal direct cause of BA advancement and only shows associations.

The findings of this study, nonetheless, have several implications. Advanced BA is
associated with earlier puberty and increased adult BMI and central adiposity (27,28). As
puberty is a state of relative insulin resistance, children with earlier puberty may be exposed
to insulin resistance at an earlier point in life, which may increase risk of obesity and
development of type 2 diabetes mellitus, polycystic ovary syndrome or the metabolic
syndrome. In addition, children with advanced BA tend to reach their adult height at an
earlier age, which may result in suboptimal final height attainment (3).

The observation that PA and obesity may potentiate the effect on BA advancement when
they occur together further identifies obese children with PA as particularly high risk. A
recent study of ours shows that insulin secretion is greatest in children with both PA and
obesity when compared to children with PA alone, obesity alone and with neither condition
(29). The findings of these two studies potentially identify obese children with PA as a
group with uniquely increased risk in two different metabolic realms, insulin metabolism
and BA advancement.

In conclusion, this study supports obesity as an important predictor of BA advancement in
prepubertal children and demonstrates a potentiating effect between PA and obesity on BA
advancement. Although our data do not directly prove specific BA advancing factors, we
have identified potential factors that may contribute to this effect. Indeed, DHEAS may
represent a common factor, which is associated with BA advancement in these two groups.
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It is unclear whether DHEAS acts directly on the growth plate to advance BA, as a marker
of estrogen activity, or both. Further studies are needed both at the clinical level and at the
cellular level in order to better understand the factors that advance BA and their mechanisms
of action in these groups.
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Figure 1.
Tertile analysis of BA/CA. Each bar depicts mean value. a. Mean weight by tertile; b. Mean
BMI z-score by tertile; c. Mean DHEAS by tertile; d. Mean free testosterone (%) by tertile.
Horizontal lines represent differences and significance among the tertiles.
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Figure 2.
Linear regression of weight on BA/CA in PA (grey symbols, dotted line) and control (black
symbols, solid line) subjects: PA (BA/CA = 0.90244 + (weight × 0.00700), p < 0.02);
controls (BA/CA = 0.91345 + (weight × 0.00550), p < 0.03). PA subjects had higher BA/CA
than control subjects after controlling for group differences in weight (p<0.004). The PA
subjects also showed a statistically higher slope relating BA/CA to weight (0.325 ± 0.014)
than control subjects (0.0294 ± 0.018), with an approximate 11% difference in the slopes of
the two regression lines (p<0.01). Thus, for example, if a control and a PA subject both
weigh 20 kg, then the predicted advancement of bone age in PA is 1.84% compared to
control; in order to have the same BA/CA as a control subject, a PA subject would weigh
only 17.3 kg (2.7 kg less than control). If a control and a PA subject both weigh 60 kg then
the predicted advancement of bone age is 6.32%; in order to have the same BA/CA as a
control subject, a PA subject would weigh only 48.8 kg (11.2 kg less than control).
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Table 1

Composition of the study population

Girls Boys Total

PA 27 (40.9%) 8 (12.1%) 35 (53.0%)

Control 16 (24.2%) 15 (22.7%) 31(47.0%)

Total 43 (65.2%) 23 (34.8%) 66 (100%)
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Table 2

Categorization of the entire study population by tertiles for BA/CA (n = 66)

Tertile n Minimum
BA/CA

Mean BA/CA Maximum
BA/CA

1st 21 0.816 0.954 1.019

2nd 23 1.020 1.088 1.152

3rd 22 1.170 1.303 1.600
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Table 3

a. Clinical characteristics of the study population

PA (n=35) Control (n=31) P value

Age (years) 7.5 ± 1.2 7.1 ± 1.5 NS

Height (cm) 128.6 ± 8.8 125.1 ± 8.8 NS

Weight (kg) 33.0 ± 9.0 33.6 ± 12.6 NS

BMI z-score 1.29 ± 0.97 1.48 ± 1.19 NS

BA (years) 8.3 ± 1.8 7.7± 1.8 NS

BA/CA 1.13 ± 0.15 1.10 ± 0.17 NS

b. Clinical characteristics of the study population divided by obesity status

Obese (n=43) Nonobese (n=23) P value

Age (years) 7.4±1.4 7.2±1.3 NS

Height (cm) 128.4±8.3 124.3±9.6 0.076

Weight (kg) 38.0±10.3 24.6±4.4 <0.0001

BMI z-score 2.06±0.56 0.10±0.48 <0.0001

BA (years) 8.4±1.9 7.4±1.4 0.037

BA/CA 1.16±0.17 1.04±0.12 0.005

The results are expressed as mean ± SD.

NS; not significant
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Table 4

Hormonal and metabolic characteristics of the study population
a

PA (n=35) Control (n=31) P value

Testosterone (ng/dL) 5.8 ± 2.3 3.5 ± 0.7 <0.0001

Free Testosterone (pg/mL) 0.5 ± 0.3 0.3 ± 0.3 0.03

Free Testosterone % 0.9 ± 0.3 0.8 ± 0.5 NS

DHEAS (ug/dL) 50.4 ± 42.8 20.3 ± 17.4 0.0003

Androstenedione (ng/dL) 42.3 ± 15.9 27.3 ± 8.2 <0.0001

Estradiol (ng/dL) 0.23 ± 0.19 0.35 ± 0.90 NS

Estrone (ng/dL) 0.89 ± 3.0 1.2 ± 4.9 NS

SHBG (nmol/L) 79.0 ± 35.4 107.8 ± 59.1 0.009

IGF-1 (ng/mL) 193.4 ± 10.6 139.2 ± 56.4 0.0005

IGFBP-3 (mg/L) 3.1 ± 0.6 3.5 ± 4.2 NS

Hemoglobin A1C (%Hb) 5.1 ± 0.3 5.1 ± 0.4 NS

Glucose (mg/dL, 0 min) 89.4 ± 6.5 89.4 ± 7.5 NS

Glucose (mg/dL, AUC) 233.3 ± 38.9 227.6 ± 49.2 NS

Insulin (mg/dL, 0 min) 6.9 ± 5.0 6.7 ± 5.8 NS

Insulin (mg/dL, AUC) 82.4 ± 63.7 54.6 ± 36.1 0.03

FGIR 20.6 ± 20.2 24.4 ± 20.6 NS

HOMA 1.6 ± 1.2 1.5 ± 1.3 NS

SiM 8.2 ± 7.0 16.0 ± 17.3 0.008

EIR 1.1 ± 1.0 0.8 ± 0.7 NS

a
Results are expressed as mean ± SD.
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