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Background: Hormonal indicators could be useful for 
detecting early pubertal onset, but there is little research on 
how they are related to puberty in US girls. We determined 
median age at hormonal onset of puberty based on luteinizing 
hormone (LH) and inhibin B (InB) and explored the extent to 
which body composition moderates this timing process.
Methods: We analyzed anthropometric and hormone data 
of 698 US peri-pubertal girls ages 6–11.99 y who had partici-
pated in the Third National Health and Nutrition Examination 
Survey (NHANES III), 1988–1994.
results: Median age of hormonal onset of puberty was 10.43 
y by LH and 10.08 y by InB cut-offs (1.04 mIU/ml for LH and 17.89 
pg/ml for InB). Postnatal weight gain modulated onset, making 
it earlier by 10–11 mo among the highest (greater than +1 SD) 
relative to normal weight gainers. Onset occurred first in non-
Hispanic black (NHB) girls, 10.08 y (95% confidence interval (CI): 
10.07–10.09), followed by Mexican-American (MXAM) at 10.64 
y (95% CI: 10.63–10.65), and at 10.66 y (95% CI: 10.66–10.67) 
for non-Hispanic white (NHW) girls using LH. With InB, onset 
occurred first in MXAM girls at 9.9 y, and at 10.3 y and 10.4 y for 
their NHB and NHW peers, respectively.
conclusion: Preadolescent weight gain lowers the age at 
hormonal onset as defined by LH concentrations. Preventing 
obesity in childhood may also avert the earlier initiation of the 
maturation process even at the hormonal level.

although breast bud palpation has been recommended for 
assessing puberty in epidemiologic studies (1,2), it is often 

not feasible in nonclinical settings due to privacy concerns and 
can be inaccurate in overweight girls. As a result, menarche 
is frequently used as the only marker of puberty. Although 
the timing of puberty is influenced by several factors includ-
ing genetics, nutrition, adiposity, ethnicity, and environmen-
tal pollutants (3,4) as well as size at birth (5,6), it also has a 
strong and obligatory endocrine component. Puberty is trig-
gered by reactivation of the hypothalamic-pituitary-gonadal 
axis which stimulates the release of luteinizing hormone (LH) 

and follicle-stimulating hormone (FSH) from the pituitary 
gland, which in turn induce gonadal maturation (7), includ-
ing inhibin B (InB) secretion by the ovaries. The elevation of 
LH circulating levels during puberty are of much greater mag-
nitude than the rise of FSH. The changes of InB, an index of 
ovarian response to gonadotropin, particularly FSH stimula-
tion, have not been well studied. Hence, the changes of both of 
these hormones can be markers of onset of pubertal hormonal 
secretion.

While hormonal indicators of onset of puberty would be 
useful for early detection as recommended by an expert panel 
in 2008 (1,2), there is little research on how pubertal hormones 
are related with pubertal timing in US children. The availability 
of nationally representative hormone data (LH, InB), although 
not a comprehensive set of indicators, for a peri-pubertal sam-
ple of US girls provides an opportunity to elucidate some of 
the auxological factors that influence this process in US chil-
dren. Because birthweight, preadolescent weight and puberty 
are sequentially interrelated, birthweight has the potential to 
mediate postnatal weight gain and puberty via various adap-
tive mechanisms in concert with environmental influences. 
We examined the extent to which these factors potentially 
influence the timing of pubertal onset in girls and assessed the 
relative importance of prenatal and postnatal growth measures 
in predicting two hormones in peri-pubertal US girls.

Even though studies have shown a downward trend in the 
ages of physical onset of puberty worldwide (2,8), this trend 
is more pronounced for initial onset events and less so for age 
at menarche in girls, a relatively late event and occurring only 
after substantial hormone stimulation. We estimate the age at 
hormonal onset of puberty and explore the extent to which 
weight gain affects the timing. Understanding how postnatal 
weight gain differentially affects the timing of hormonal onset 
of puberty could have implications for clinical management 
and research practices.

Although race-ethnic differences in timing of sexual matu-
ration in US children are well documented (9), these differ-
ences have not been documented at the hormonal level around 
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initiation of puberty. Our study objectives are: to determine 
median ages at hormonal initiation of puberty based on lutein-
izing hormone LH and inhibin B (InB) and to explore the 
extent to which birth size, preadolescent weight gain, and race-
ethnicity moderate this timing in US girls.

RESULTS
The mean birthweight of the study sample was 3,256 g and the 
percentage of girls born at low birthweight (LBW) (<2,500 g) 
and those less than −1 SD BW were 6.4% and 20.8%, respec-
tively. The geometric means hormone levels for LH was 0.15 
mIU/ml and for InB, 9.53 pg/ml. Between 23–27% of the girls 
had hormone values that were above the cut-points indicative 
of pubertal onset (Table 1). The results of adjusted multivari-
ate models for examining the relative associations between 
prenatal and postnatal growth and pubertal hormones are 
shown in Table 2. Prenatal (BW) and postnatal weight gain 
were independently inversely and significantly associated with 
both hormone levels such that, a 1 SD increase in birthweight 
and postnatal weight gain were associated with −0.24 and −4.3 
log unit mIU/ml reductions in LH, respectively. Similarly the 
birthweight and postnatal weight gain were associated with 
−0.1 and −0.8 log unit pg/ml changes in InB respectively.

The hazard ratios for exceeding the hormone cut-off indica-
tive of pubertal onset based on anthropometry are as shown 
in Table 3. Birthweight was not associated with the risk of 
exceeding either cut-off. Postnatal relative gain was not associ-
ated with the LH cut-off, but was associated with a reduced 

hazard for InB cut-point (HR = 0.75, 95% CI: 62–0.91), per 
1 SD increase and for height with HR around 0.94 for both 
cut-offs.

The median ages at hormonal onset of puberty are shown on 
Figure 1 stratified by race-ethnicity and for all girls. Overall, 
onset occurred in a relatively tight window of ~10 mo (9.9 
through 10.7 y). Pooled median age for all race-ethnicities 
were 10.4 y and 10.1 y for LH and InB respectively. Using 
the LH cut-points, the median age for Non-Hispanic (NH) 
whites (NHW) was 10.7 y and was closer to that for Mexican 
American (MXAM) girls at 10.6 y, while that for their NH 
black peers occurred about 6 mo earlier at 10.1 y. With respect 
to InB, hormonal puberty initiation occurred 5–6 mo earlier 
in MXAM girls at 9.9 y, compared to their NH white and NH 
black peers.

The timing differences in hormonal initiation of puberty due 
to categories of birthweight, current weight BMI and postna-
tal weight gain are shown in Table 4. Birthweight categories 
were associated with the timing process for only InB but not 
LH, such that those born at BW less than −1 SD, achieved hor-
monal onset 12.5 mo later at 10.4 y, compared to those whose 
BW was greater than −1 SD 9.3 y (using InB cut-off). When 
median age at onset was assessed according to current BMI 
status, overweight girls (BMIZ greater than +1 SD) achieved 
onset earlier (10.3 y) in comparison to those with normal BMI 
(10.5 y) using LH. Puberty occurred later using InB such that 
median age at pubertal entry for overweight preadolescent 

table 1 Descriptive characteristics of the study sample

Descriptors

Girls, N = 698

Mean (SE)

Continuous

  Birthweight, g 3,256 (46)

  Age, y 9.0 (0.1)

  Weight, kg 31.8 (0.7)

  Height for-age Z score, SD 0.14 (0.1)

  BMI-for-age Z score, SD 0.13 (0.1)

  Luteinizing hormone (LH), mIU/ml (mean, 95% CI)a 0.15 (0.11–0.21)

  Inhibin B (InB), pg/ml (mean, 95% CI)a 9.53 (8.41–10.80)

Categorical %

  Low birthweight (<2,500 g, %) 6.4

  Smaller birthweight (less than −1 SD, %) 20.8

   Birthweight less than −1 SD, overweight 
preadolescent (%)

15.5

  Overweight (>85th for BMI),%b 23.0

  Obese (>95th for BMI), %b 10.3

  Above LH cut-off for onset of puberty, %c 23.0

  Above InB cut-off for onset of puberty, %c 26.5
aGeometric means using all back transformed from log natural hormone values 
including limits of detection (LODs) for LH and InB, respectively. bFrom the CDC 2000 
Growth Charts. cFrom normative cut-offs (1.04 mIU/ml for LH and 17.89 pg/ml for InB) 
predictive of B2 in US children (10). All statistics adjusted for complex survey design 
effects.

table 2 Tobit models describing the associations between 
birthweight, postnatal relative weight gain, and hormones in  
peri-pubertal in US girls ages 6–11.99 y

Predictors

Tobit model for 
predicting LH,  

log mIU/ml

Tobit coefficients for 
predicting InB,  

log pg/ml

Coefficients 
β (SE) P value β (SE) P value

Birthweight (SD) −0.24(0.1) <0.01 −0.08(0.0) <0.01

Relative weight gain (SD) −4.28(1.2) <0.01 −0.77(0.3) 0.02

Height, cm 0.15(0.01) <0.01 0.05(0.0) <0.01

Models also adjusted for race-ethnicity, geographic region, health rating, and height x 
relative wieght gain interaction. Relative weight measures the postnatal relative weight 
gain independent of birthweight from residual score modeling (37).

table 3 Hazard ratios for hormonal initiation of puberty and 
preadolescent weight gain in US girls ages 6–11.99 y

Predictors

Hazard ratio (HR) for onset of puberty based on 
hormone cut-points

Luteinizing hormone Inhibin B

HR (95% CI) P value HR (95% CI) P value

Birthweight, SD 1.03 (0.88–1.21) 0.67 1.12 (0.98–1.28) 0.05

Relative weight 
gain, (SD)

1.04 (0.88–1.23) 0.62 0.75 (0.62–0.91) <0.01

Attained height, 
cm

0.93 (0.91–0.96) <0.01 0.94 (0.91–0.96) <0.01

Hazard ratios are for predicting onset of puberty (10). Models additionally adjusted for 
race-ethnicity, height2, geographic region, and health rating.
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girls occurred ≈ 6 mo later compared to their normal BMI 
peers, at 10.5 y and 9.9 y, respectively and opposite that of LH.

When ages of onset were determined based on composite 
body composition, girls born small but overweight as preado-
lescents had relatively earlier (9–10 mo) onset of puberty based 
on both LH and InB compared to those born small but were 
normal weight preadolescents. A similar pattern was observed 
when postnatal relative weight gain (independent of birth-
weight) was used. With LH, top weight gainers had a median 
age of 9.9 y and about 11 mo earlier compared to normal gain-
ers (10.8 y). Also, for this normal group, using InB, median 
onset occurred at 10.0 y and 6 mo earlier than that of the top 
gainers at 10.5 y.

DISCUSSION
Using a nationally representative sample of US girls ages 
6–11.99 y, we find that fetal growth denoted by birthweight, 
and preadolescent relative weight gain are both independently 
and inversely associated with LH and InB levels in peri-puber-
tal US girls. From probit models, the median ages at hormonal 
onset of puberty were 10.4 y based on LH, and 10.1 y for InB 
cut-offs, and both median ages were significantly associated 
with race-ethnicity, birthweight and postnatal weight gain. 
This study attempts to address one of the key recommenda-
tions by an expert panel concerning the importance of physi-
ologic markers of puberty on timing for ascertaining later 
phenotypic outcomes (2). This has been challenging because 

Figure 1 Estimated median age at hormonal onset of puberty based on luteinizing hormone (LH) and inhibin B1 (InB) for preadolescent US girls ages 6–11.99 
y. (a) Luteinizing hormone. (b) Inhibin B. Cut-offs: (1.04 mIU/ml for LH and 17.89 pg/ml for InB). Median ages, y (95% confidence intervals): For LH: NHW = 
10.664 (10.659–10.669); NHB = 10.079 (10.072–10.086); MXAM = 10.643 (10.634–10.653); ALL = 10.430 (10.428–10.433). For InB: NHW = 10.270 (10.267–10.274); 
NHB = 10.366 (10.357–10.375); MXAM = 9.862 (9.857–9.867); ALL = 10.080 (10.078–10.082). Estimates for the race-ethnicity “other” n = 34 were included in the 
pooled estimates only but not on their own due to the small sample size. MXAM, Mexican-American; NHB, non-Hispanic black; NHW, non-Hispanic white.
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table 4 Timing of hormonal onset of puberty based on luteinizing hormone and inhibin B in peri-pubertal US girls ages 6–11.99 y

Anthropometry

Median ages at exceeding hormonal cut-points for pubertya

Luteinizing hormone Inhibin B

Age, y (95% CIs) Age, y (95% CIs)

Birth size

  Birthweight (less than −1 SD) 9.872 (9.394–10.511) 10.359 (10.355–10.362)

  Birthweight (greater than −1 SD) 10.323 (10.000–10.738)b 9.319 (9.316–9.322)

Current BMI

  Normal (less than ±1 SD BMI) 10.460 (10.457–10.463) 9.910 (9.908–9.912)

  Overweight (greater than +1 SD) 10.301 (10.295–10.308) 10.506 (10.502–10.511)

Born small–catch-up (birth size + current BMI)

  Birthweight less than −1 SD, normal BMI preadolescent 10.627 (10.623–10.631) 10.240 (10.237–10.243)

  Birthweight less than −1 SD but overweight preadolescent 9.799 (9.795–9.803) 9.393 (9.389–9.397)

Postnatal relative weight gain

  Normal relative weight gain (<1 SD) 10.801 (10.797–10.805) 9.982 (9.979–9.985)

  Top relative weight gain (greater than +1 SD) 9.904 (9.900–9.907) 10.523 (10.523–10.531)
aBased on LH and InB normative cut-offs (1.04 mIU/ml for LH and 17.89 pg/ml for InB) predictive of B2 in US children (10). To enable paired comparisons, probit model fiducial limits (FL) 
were calculated at α of 0.025 or 97.5% using Fieller’s Theorem (39). bNonsignificance.
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hormonal data on puberty in a national sample of children have 
not been available until this NHANES III study. Together with 
the recently published normative growth curves for lutein-
izing hormone and inhibin B in peri-pubertal girls (10), the 
hormonal onset puberty ages derived in this study will inform 
research and practice on some of the physiological mediators 
of puberty in US girls.

While some assert that breast bud exam by a pediatrician 
can reliably determine pubertal staging, it can be inaccurate 
in obese girls. It also does not predict the onset of puberty 
based upon hypothalamic-pituitary secretion as the presence 
of breast development at any age does not necessarily mean 
puberty has begun unless it is followed by progression or veri-
fied by hormone levels. It has been well documented that both 
LH and inhibin B levels increase during puberty, particularly 
early puberty. Mean circulating levels of LH, together with 
the other gonadotropin, follicle-stimulating hormone (FSH), 
increase beginning before physical changes of puberty begin 
(11). Inhibin B levels begin to rise concomitant with early 
gonadal growth (10,12,13). These, as well as other reproductive 
system hormones, are essential to attain and maintain sexual 
maturity. Evaluation of LH in the analyses of this report was 
chosen because of its essential role and because the increase in 
circulating levels is more robust than FSH.

Inhibin B was chosen because it is a marker of ovarian func-
tion that increases with sexual maturation and regulates FSH 
production. It is also a gonadal function marker in girls with 
abnormalities of the hypothalamic-pituitary axis (14). While 
it can be argued that a single measurement of LH is insuffi-
cient to indicate the onset of puberty, there is evidence that 
this is adequate if the level is within the pubertal range, above 
the overlap of prepubertal and pubertal levels (15). FSH levels 
however do not rise dramatically with pubertal onset in girls. 
Estradiol levels generally fluctuate so much that it is unusual 
among pubertal girls when a level falls within the pubertal 
range. While inhibin B has not been as extensively studied, the 
rise of levels at the onset of puberty was felt to merit further 
investigation. Since serum was not available to assay other 
hormones, the analyses presented here further define InB lev-
els in relation to the onset of puberty.

This study also advances existing research as we elucidate 
relations between prenatal and postnatal body growth and 
hormone data in a US national sample. Even though many past 
studies have examined associations between body composition 
and puberty in girls (16), a majority have used menarche as the 
measure of puberty, even though it is a downstream marker of 
the maturational process. We overcome this and other meth-
odological shortcomings of prior research as we assess the 
relative contribution of each growth period on reproductive 
hormones, and explored how body composition relates to risk 
of exceeding hormone cut-offs indicative of puberty.

Pre- and Postnatal Body Composition and Pubertal Hormones
We found no significant simple correlations between birth-
weight and either hormone, but postnatal weight gain was 
positively correlated with LH but not InB (data not shown). 

In Tobit models accounted for hormone assay LODs, how-
ever, postnatal weight gain was found to be more strongly and 
inversely related to both pubertal hormone levels (LH and 
InB) relative to birthweight. This could imply that, while onset 
of puberty may have prenatal origins, postnatal growth, weight 
gain probably, plays a much greater role in US girls. Girls who 
were born “smaller” (BW less than −1 SD) but were overweight 
as preadolescents initiated hormonal (as defined by LH con-
centrations) puberty 9–10 mo earlier than their peers born 
small but with healthy catch-up (normal BMI). These results 
suggest that adverse prenatal circumstances like intra-uterine 
growth restriction (IUGR) and or preterm birth may have 
implications on pubertal maturation later in life, especially in 
settings with high childhood obesity. It is also consistent with 
findings in SGA infants that undergo catch-up early who are 
reported to have problems with insulin resistance, premature 
adrenarche, and PCOS (17) later in life. This further highlights 
the possible importance of obesity reflecting nutrition in addi-
tion to, perhaps environmental endocrine disruptors (18).

Height (attained size) was associated with a slightly 
reduced hazard of pubertal onset (via LH and InB cut-points) 
in models that were concurrently adjusted for postnatal rela-
tive weight gain. As height could also be capturing lean mass 
at this stage in life, these results suggests that observed asso-
ciations may be driven by postnatal ponderosity (lean and fat 
masses). A fat mass relationship could also suggest a role of 
leptin or other fat-related signal regulating central puberty, 
but not regulating gonadal function. This potential mecha-
nism is consistent with past work that found leptin to be 
strongly correlated with fatness (19) and has also been sug-
gested for initiating changes in pubertal hormones such as 
LH, FSH and estradiol in girls (20–22).

Preadolescent relative weight gain was positively (but non-
significantly) associated with later onset for LH-defined but 
with earlier and significant onset based on InB-defined puber-
tal cut-offs. These opposing results could highlight possible 
implications of body composition in the polycystic ovarian 
syndrome (PCOS) (23) as was observed a previous study in 
which BMI inversely correlated with inhibin B in women with 
PCOS (24). This could suggest that, the relation between obe-
sity and reproductive dysfunction may operate by negatively 
impacting hormonal markers of gonadal maturation, even in 
preadolescence.

Several other potential mechanisms, like differences in 
metabolism, hormone clearance and sequestration in girls 
that grow with high adiposity could partly explain the discor-
dant associations (25), which were also observed in past stud-
ies (26,27) involving women. Furthermore, it is also probable 
that LH may operate together with high adiposity to attenuate 
observed associations for InB-defined puberty in girls. When 
this potential interpretation was examined in our study data, 
we found that, while InB was positively associated with LH, it 
was also negatively and more strongly associated with weight 
gain (data not shown). This might have resulted in a com-
bined negative effect (of both LH and adiposity) on InB and 
could in part, explain these discordant findings. An additional 
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interpretation could be via the suppressive effect of high adi-
posity on hypothalamic-pituitary gonal function (28) coupled 
with hyperandrogenemia (29), independent of its known 
paradoxic role of advancing puberty (28). Further research in 
children is needed to fully elucidate this complex interplay of 
hormones, nutrition and adiposity associated with physical 
growth and maturation and adverse health outcomes through 
young adulthood.

Ages at Hormonal Onset of Puberty and Body Composition
We calculated probit median ages at hormonal onset of 
puberty based on hormone cut-points predictive of physical 
signs of puberty, B2 (10). The overall median age at of onset 
of hormonal puberty ranged from 10.1 to 10.4 y, which is 
consistent with approximate ages at “take-off ” often used to 
describe skeletal growth in the United States (30) and Europe 
(31), and estimated by a variety of growth models and attain-
ment of physical characteristics like breast stage II (32,33) in 
girls. Only <5% of our sample at breast stage I had LH and InB 
levels above either cut-points indicative of pubertal onset, with 
only 1% (n = 7) above both cut-points. Together, these results 
suggest that the estimated ages at hormonal onset of puberty 
captures auxological milestones that typify normal growth.

The median ages at hormonal onset based on LH were 10.7, 
10.1 and 10.6 y for NHW, NHB, and MXAM girls, respectively. 
The race-ethnic ranking of the timing (NHB << MXAM<< 
NHW, “early” to “late” onset) observed in this study is also con-
sistent with that from previous research on national age at men-
arche (NHB: 12.06, MXAM: 12.25; NHW: 12.55) (9). Although 
initiation of hormonal (LH) onset of puberty occurred earlier 
in NHB, it took them longest, ~2 y (1.98) to reach menarche, 
followed by NHW with 1.89 y and the shortest in MXAM girls 
at 1.61 y. Using LH levels as a potential marker of the pubertal 
onset and menarche as the end of puberty, our findings show 
that MXAM girls progress through the maturation process 
the quickest, allowing the least time for pubertal growth. This 
could be due to factors like genetics, nutrition and obesity. 
A recent systematic review found that excess body weight in 
infancy advances several pubertal indicators including age at 
menarche (31). The present analyses corroborates this finding 
at the hormonal level, as we found that top weight gainers (and 
overweight) girls initiated hormonal (by LH) puberty 10.8 mo 
earlier than normal weight gain girls.

Strengths and Limitations
The estimation of a nationally representative normative age 
at hormonal onset of puberty based on LH and InB, make 
our findings largely generalizable to children of all the major 
race-ethnicities in the United States. The use of residual score 
modeling for relative importance assessments that controls 
for tendency for growth tracking, and the use of Tobit models 
capable of addressing hormone assay’s with LODs are some 
strengths of this study. This research also has limitations. The 
research findings are based on analyses of frozen sera data 
collected from 1988 to 1994 and may be subject to secular 
changes in body composition that have occurred in the United 

States since then. It does seem unlikely that the relationships 
among variables should change even if the exact hormone and 
body composition levels may have changed.

We are unable to examine how hormones such as growth 
hormone (GH), insulin-like growth factor 1 (IGF-1), estradiol, 
or anti-mullerian hormone, among several others, are related 
to body composition around onset of puberty. Birthweights 
were obtained via maternal recall and may be subject to recall 
biases. LBW prevalence was only 6.4% and as a result of such 
a small sample we could not reliably examine its relations to 
puberty. Since gestational age data was unavailable, we could 
not examine how adverse fetal growth circumstances like SGA, 
and preterm births mediate pubertal timing.

Conclusions
This research provides national normative median ages at hor-
monal onset of puberty for practice and research, based on LH 
and InB. Postnatal weight gain is more strongly related with 
these hormone levels than prenatal growth and higher post-
natal weight gain lowers the age of hormonal onset of puberty 
as defined by LH concentrations. Preventing obesity in child-
hood could also avert the earlier initiation of the maturation 
process at the hormonal level, and may allow sufficient time for 
achievement of full growth potential.

METHODS
We analyzed anthropometric and hormone data of 698 US peri-
pubertal girls ages 6–11.99 y who participated in the Third National 
Health and Nutrition Examination Survey (NHANES III) from 1988 
to 1994, a nationally representative survey of noninstitutionalized 
Americans (34). Anthropometric measures were collected following 
standard protocols and included birthweight (BW); current weight 
and height as well as body mass index (BMI estimated as Weight kg/
(Height, m2). Other demographic variables such as race-ethnicity, 
poverty income ratio, health rating, and geographic region were also 
available (34). We applied and were provided frozen serum to be 
limited to the measurement of LH and inhibin B, as there was inad-
equate sample volume for the requirement for estradiol using a sensi-
tive assay. The Research Ethics Review Board of the National Center 
for Health Statistics, US Centers for Disease Control and Prevention 
approved the NHANES study. Informed consent was obtained from 
each participant before the survey, as well as from parents/guardians 
of minors.

Laboratory Analyses
Hormonal assays (InB and LH) were conducted on nonfasting 
serum samples that were collected from 1988 to 1994 and stored 
at −70  °C. Inhibin B and LH were measured using Gen I DSL-10-
841000 ACTIVE Inhibin B ELISA (Diagnostic Systems Laboratories, 
Webster, TX) and LH ELISA kit (Bio-Quant BQ049F; Bio-Quant, San 
Diego, CA) respectively. Hormone limits of detection (LODs) were 
set a priori by the assay manufacturers. The NHANES blood sampling 
were divided in three sessions: morning (8:00 am to 12:59 pm, 38.7% 
of our study sample), afternoon (1:00 pm to 5:00 pm, 35.1%), and eve-
ning (>5:00 pm, 26.1%). Since LH levels vary considerably through-
out the day in early puberty, analysis of variance tests were carried out 
to see if the session of blood draw might have influenced hormone 
distributions. No significant differences were observed in LH or InB 
irrespective of the blood draw session (LH Ptrend = 0.97; InB Ptrend = 
0.43; data not shown) and thus, pooled analysis was conducted.

Statistical Methods
Descriptive statistics are presented as means (SE) or as geomet-
ric means (95% CIs) where appropriate. InB and LH were used as 
study outcomes while BW, relative weight gain were used as study 
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exposures. Overweight status was defined as BMI greater than +1 SD 
score and “small birth size” as BW less than −1 SD score (35). We also 
created a categorical composite variable for children who had small 
birth size but had healthy “catch-up” (normal BMI <85th percentile, 
vs. overweight) in preadolescence. Complex survey design effects 
were applied (36), where appropriate in order to generate weighted, 
nationally representative results. Due of the nature the NHANES of 
sampling design and case weighting for nonresponse, routine statis-
tics are often generated with standard error as better measure of preci-
sion around estimates rather than standard deviations.

Relative Weight Gain
We partitioned growth into prenatal and postnatal components using 
residual score modeling (37) by estimating relative postnatal weight 
gain independent of birthweight. This derived variable could be 
regarded as a standardized measure of relative weight gain velocity. 
Accordingly, participants with postnatal weight gain greater than +1 
SD could be termed “fast or top gainers.” Since both BW and postnatal 
relative weight gain are uncorrelated and scaled into SD units, they 
both assess the distinct contributions of the two periods to the study 
outcomes (LH and InB) in a regression model.

Age at Hormonal Onset of Puberty and Body Weight
The ages at hormonal onset of puberty were calculated using probit 
models. The hormone cut-points 1.04 mIU/ml for LH and 17.89 pg/
ml for InB previously derived to be predictive of breast stage 2(B2) 
in US children (10) were used as binary outcome variables. The pro-
bit age estimation used in this research is a “status quo” method (38) 
and applicable to cross-sectional hormone data. The ages at onset 
were calculated with their 95% fiducial limits (FL). Following Fieller’s 
Theorem (39), we used 95% confidence intervals (CIs) as the fiducial 
analogue (40) for hypothesis testing throughout this report.

Regression Analyses
Tobit and Cox proportional hazard models were used to study asso-
ciations. We examined the relative contributions of birthweight (pre-
natal) and postnatal weight gain on continuous pubertal hormones 
using Tobit models, which are capable of handling hormone distri-
bution left truncation due to assay LODs. In order to also manage 
the time effects on a life-span event like pubertal onset, complex sur-
vey Cox hazard models were used to examine the relations between 
anthropometry and the hazard ratios (HR, 95% CIs) for exceeding 
the hormonal puberty cut-points. Poverty income ratio, race-ethnic-
ity, size (height), age, census region, and general state of health were 
controlled for as potential confounders or covariates based on theory.

Statistical analyses were conducted in R (R foundation for Statistical 
Computing, Vienna, Austria) and SAS 9.3(SAS Institute, Cary, NC). 
Statistical significance was set at a two-sided α of 5%.

Disclosure: The authors declare no conflict of interest.
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