
American Journal of Epidemiology
© The Author(s) 2022. Published by Oxford University Press on behalf of the Johns Hopkins Bloomberg School of
Public Health. All rights reserved. For permissions, please e-mail: journals.permissions@oup.com.

Vol. 191, No. 12
https://doi.org/10.1093/aje/kwac148

Advance Access publication:
August 23, 2022

Original Contribution

Associations Between Childhood Obesity and Pubertal Timing Stratified by Sex
and Race/Ethnicity

Sara Aghaee, Julianna Deardorff, Charles P. Quesenberry, Jr., Louise C. Greenspan,
Lawrence H. Kushi, and Ai Kubo∗
∗ Correspondence to Dr. Ai Kubo, Division of Research, Kaiser Permanente Northern California, 2000 Broadway, Oakland, CA
94612 (e-mail: ai.kubo@kp.org).

Initially submitted November 23, 2021; accepted for publication August 4, 2022.

Earlier puberty has been associated with numerous adverse mental, emotional, and physical health outcomes.
Obesity is a known risk factor for earlier puberty in girls, but research with boys has yielded inconsistent
findings. We examined sex- and race/ethnicity-specific associations between childhood obesity and puberty in
a multiethnic cohort of 129,824 adolescents born at a Kaiser Permanente Northern California medical facility
between 2003 and 2011. We used Weibull regression models to explore associations between childhood obesity
and breast development onset (thelarche) in girls, testicular enlargement onset (gonadarche) in boys, and pubic
hair development onset (pubarche) in both sexes, adjusting for important confounders. Clear dose-response
relationships were observed. Boys with severe obesity had the greatest risk for earlier gonadarche (hazard
ratio = 1.23, 95% confidence limit: 1.15, 1.32) and pubarche (hazard ratio = 1.44, 95% confidence limit: 1.34,
1.55), while underweight boys had delayed puberty compared with peers with normal body mass index. A similar
dose-response relationship was observed in girls. There were significant interactions between childhood body
mass index and race/ethnicity. Childhood obesity is associated with earlier puberty in both boys and girls, and
the magnitude of the associations may vary by race/ethnicity. Prevention of childhood obesity may delay pubertal
timing and mitigate health risks associated with both conditions.

adolescent health; health disparities; longitudinal study; obesity; puberty; race/ethnicity

Abbreviations: API, Asian/Pacific Islander; BMI, body mass index; CL, confidence limit; HR, hazard ratio; KPNC, Kaiser
Permanente Northern California; OR, odds ratio; OWOB, overweight and obese; SMR, sexual maturity rating; TR, time ratio.

Earlier puberty is associated with numerous adverse out-
comes throughout the life course. Girls who develop earlier
are at higher risk for anxiety, depression, body dissatisfac-
tion, and early sexual initiation during adolescence (1–5), as
well as cardiac problems, all-cause mortality, and breast and
reproductive cancers later in life (2, 6–9). Growing evidence
also suggests that early-maturing boys experience negative
consequences such as behavioral misconduct, substance use
(1, 5), and psychological problems during adolescence (10,
11), as well as higher risks of testicular and prostate cancer
later in life (2, 12).

Childhood obesity is a known risk factor of earlier puber-
tal development in girls. However, few studies have explored
the associations between childhood obesity and pubertal
timing among boys, with inconsistent results. Most studies

of boys have been conducted outside the United States,
where the rate of childhood obesity is substantially lower
(13–20). Additionally, US studies have been limited by
predominantly White cohorts and/or have failed to include
large racial/ethnic minority populations such as Asians and
Pacific Islanders (21–23) despite evidence of racial/ethnic
differences in pubertal timing (24, 25). Further, most studies
include varying or later measures of obesity and therefore
cannot establish temporality between exposure and outcome
(14–17, 19–23). This is especially important given that ado-
lescents experience natural increases in weight at puberty
(fat mass in girls and fat-free mass in boys) (26). We con-
ducted a longitudinal study using a large and diverse cohort
of boys and girls from Northern California to examine sex-
and race/ethnicity-specific associations between childhood
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(ages 5–6 years) body mass index (BMI) and timing of
pubertal onset, using clinician-assessed sexual maturity rat-
ings (SMRs).

METHODS

Participants

This study included 68,571 boys and 61,253 girls born at
a Kaiser Permanente Northern California (KPNC) medical
facility between 2003 and 2011. KPNC is a large inte-
grated health-care system that serves a diverse population of
approximately 4.5 million members in Northern California.
Study eligibility included being born full-term (≥37 weeks’
gestation) and singleton, and having at least 1 documented
SMR and childhood BMI calculation (using documented
childhood height and weight measurements). The follow-up
period for assessing pubertal development extended through
September 30, 2021.

Children with medical conditions that might influence
pubertal development (e.g., congenital adrenal hyperpla-
sia) were excluded (n = 3,598). Of the 133,208 eligible
children, 3,384 (2.5%) were missing information on ≥1
clinically important covariate (parity, 248; maternal educa-
tion, 3,344; maternal age, 1). Observed characteristics of
those with complete versus incomplete data were compa-
rable (Web Table 1, available at https://doi.org/10.1093/aje/
kwac148). Due to the low rate of missingness we concluded
that a complete-case analysis would not bias our results and
excluded individuals with incomplete data. The final analyt-
ical cohort included 129,824 boys and girls. All data were
obtained from KPNC clinical and administrative databases.
The KPNC Institutional Review Board approved the study.

Measurements

Exposure. Child weight and height measurements were
obtained from clinic visits at the ages of 5–6 years. BMI
percentiles were calculated using age- and sex-specific Cen-
ters for Disease Control and Prevention (year 2000) stan-
dard population distributions (27). BMI was classified into
categories: underweight (<5th percentile), normal weight
(above the 5th and below the 85th percentile), overweight
(at least 85th and below the 95th percentile), and obese (95th
percentile and above). Children with BMIs of ≥120% of the
95th percentile were categorized as severely obese (28).

Puberty outcomes. Documentation of SMRs in the elec-
tronic health record became a routine part of KPNC pediatric
appointments for children aged ≥6 years beginning in 2010.
SMR is a 5-point ranking system used to measure pubertal
development from prepuberty (SMR 1) to full maturation
(SMR 5) (29, 30).

At KPNC, boys are evaluated for testicular size. Clini-
cians palpate and measure the length of the testicle using
a measuring tape or estimate testicular volume using an
orchidometer. Girls are rated for breast development using
palpation and visual inspection. Pubic hair is measured in
both sexes using visual inspection. Additionally, girls and
their caregivers are routinely asked if they have begun their
menses starting at approximately age 10 years. Girls who

reported starting menses before age 12 were categorized as
having earlier menarche.

The accuracy of the KPNC SMR was validated in a
previous study (31), in which research staff were trained by
a Kaiser pediatric endocrinologist (L.C.G.) to rate over 400
girls. L.C.G. assessed ratings conducted by research staff to
ensure the accuracy of assessments. We compared the results
of these assessments with SMRs conducted by KPNC clin-
icians within 6 months of research appointments (n = 217)
and found weighted κ of > 0.60 for breast and pubic hair
SMRs (unpublished data). We also checked for interobserver
reliability among clinicians by measuring SMR agreement
for individuals who were assessed by 2 different clinicians
within 6 months of each other. Weighted κ were >0.70 for
breast and pubic hair in girls and testicular size and pubic
hair in boys. κ values were similar among overweight and
obese (OWOB) girls and boys.

In this study, our primary outcomes of interest were age at
transition from SMR 1 (prepubertal) to SMR 2+ (pubertal)
for onset of testicular enlargement onset (gonadarche) in
boys, breast development (thelarche) in girls, and pubic hair
development (pubarche) in both sexes. We also explored
timing of menarche as a secondary outcome in girls.

Covariates. All models adjusted for potential confounding
by including covariates associated with both childhood BMI
and pubertal onset: child’s race/ethnicity (White, Black,
Hispanic, Asian/Pacific Islander (API), or other/unknown)
(25), birth weight (grams) (32, 33) and maternal education as
a proxy for socioeconomic status (high school or less, some
college (<2 years), 4-year college, or graduate school) (34,
35), parity (0, 1, or ≥2) (36, 37), and age at delivery (years)
(38, 39).

Statistical analyses

The association between childhood BMI and pubertal
onset was determined using Weibull regression models, which
are both accelerated failure time and proportional hazards
regression models, with accommodation for left, right, and
interval censoring. Weibull regression, an alternative to
the semiparametric Cox proportional hazards regression,
is a flexible, parametric, widely used survival analysis
technique. We chose the Weibull approach given the compu-
tational complexity in fitting Cox regression with interval-
censored data and, more importantly, it has been noted that
parametric regression models are robust and generally more
informative than corresponding nonparametric models in
the presence of heavy interval censoring (40, 41).

Children were considered left-censored if they had
already transitioned to SMR 2+ at the time of the first SMR
exam. They were right-censored at the time of their last
exam if they had not transitioned to SMR 2+ or had only
1 assessment at SMR 1. Children who had an exam with
an assessment of SMR 1 and a later assessment of SMR
2+ were considered interval-censored, as the exact age at
transition between SMR 1 and 2+ is unknown. Two effect
size measurements were calculated: the time ratio (TR) and
the hazard ratio (HR). TR estimates represent the ratio of
the median time to event for a given level of the exposure

Am J Epidemiol. 2022;191(12):2026–2036

https://doi.org/10.1093/aje/kwac148
https://doi.org/10.1093/aje/kwac148


2028 Aghaee et al.

variable in relation to its reference level (e.g., obese vs.
normal weight). Associations between childhood BMI and
earlier menarche (<12 years) were examined using binary
logistic regression models.

We examined race/ethnicity as a potential effect modifier
by using a cross-product term of race/ethnicity and BMI
category. Baseline characteristics were compared between
exposure groups using χ2 tests for categorical variables and
analysis of variance for continuous variables. All analyses
were conducted using SAS, version 9.4 (SAS Institute, Inc.,
Cary, North Carolina).

RESULTS

Participant characteristics

The study cohort included 68,571 boys and 61,253 girls.
Among boys aged 5–6 years, 3.9% were underweight,
14.3% overweight, 10.6% obese, and 3.2% severely obese.
Among girls, approximately 3.6% were underweight, 14.9%
overweight, 9.3% obese, and 2.6% severely obese (Tables 1
and 2). In gonadarche models, about 15.4% of boys were
left-censored and 47.1% were right-censored. In pubarche
models, 12.5% and 52.1% of boys were left- and right-
censored, respectively. In thelarche models, approximately
23.9% of girls were left-censored, and 36.6% were right-
censored. In pubarche models, 19.0% and 44.8% of the girls
were left- and right-censored, respectively.

Associations between childhood BMI and puberty in
boys

Gonadarche. OWOB boys had greater risk of experienc-
ing earlier gonadarche compared with normal-weight coun-
terparts, with a clear dose-response association (P < 0.001,
Web Table 2). After accounting for maternal age, educa-
tion, parity, birth weight, and race/ethnicity, and compared
with normal-weight boys, risk of earlier gonadarche was
increased by approximately 23% (HR = 1.23, 95% (confi-
dence limit (CL): 1.15, 1.32) among severely obese boys,
22% (HR = 1.22, 95% CL: 1.17, 1.27) among obese boys,
and 15% (HR = 1.15, 95% CL: 1.11, 1.19) among over-
weight boys. In contrast, underweight boys had reduced risk
of earlier gonadarche (HR = 0.83, 95% CL: 0.77, 0.88). In
severely obese boys, the time ratios for this association cor-
responds to an approximately 3-months earlier gonadarche
compared with boys with normal BMI (Table 3).

Pubarche. A dose-response relationship was also observed
between childhood BMI and timing of pubarche among
boys. Severely obese boys had the strongest association,
with a 44% higher risk of earlier pubarche (HR = 1.44,
95% CL: 1.34, 1.55) compared with peers of normal weight
(Table 3).

Associations between childhood BMI and puberty in
girls

Thelarche. A clear dose-response relationship between
childhood BMI and pubertal onset was also observed in girls

(Web Table 3). After adjusting for covariates, severely obese
girls had the highest risk of experiencing earlier thelarche
(HR = 1.63, 95% CL: 1.50, 1.77), followed by girls with
obesity (HR = 1.48, 95% CL: 1.41, 1.54) and overweight
(HR = 1.35, 95% CL: 1.30, 1.39). Underweight girls were
more likely to experience a delayed thelarche compared
with girls of normal weight (HR = 0.79, 95% CL: 0.74,
0.84) (Table 4).

Pubarche. Severely obese girls also had the highest risk
of experiencing earlier pubarche (HR = 1.88, 95% CL: 1.73,
2.04) compared with normal-weight girls. Associations were
weaker but remained significant among girls of other BMI
categories (Table 4).

Menarche. Severely obese girls were 2.6 times more likely
(odds ratio (OR) = 2.59, 95% CL: 2.25, 2.99) and obese
girls were 2.2 times more likely (OR = 2.25, 95% CL: 2.08,
2.43) to experience earlier menarche (<12 years) compared
with counterparts with normal weight. Overweight girls
were also at higher risk of earlier menarche (OR = 1.70,
95% CL: 1.59, 1.82), while underweight girls were less
likely to experience it (OR = 0.59, 95% CL: 0.50, 0.69)
(Table 4).

Effect modification by race/ethnicity

There were significant interactions by race/ethnicity in
the association between childhood BMI and pubarche (P =
0.03), but not gonadarche (P = 0.16), among boys. The
strongest associations were observed among severely obese
White boys (HR = 1.68, 95% CL: 1.43, 1.97) and obese
Black boys (HR = 1.64, 95% CL: 1.41, 1.92). These asso-
ciations correspond with approximately 7- and 6-months
earlier pubarche than their normal-weight counterparts,
respectively (Table 5).

Interactions by race/ethnicity were highly significant
in girls (P < 0.001). The strongest associations between
childhood BMI and earlier thelarche were observed among
Black and API girls: Those who were severely obese were
more than twice as likely to have earlier thelarche (HR =
2.12, 95% CL: 1.65, 2.72; HR = 2.02, 95% CL: 1.59, 2.56,
respectively) compared with those with normal BMI.
These associations corresponded to approximately 9-months
earlier thelarche. A similar association was observed for
severely obese White girls (HR = 1.87, 95% CL: 1.57,
2.23). The associations were significant but weaker among
Hispanic girls (Table 6).

Similar to thelarche models, severely obese White (HR =
1.90, 95% CL: 1.60, 2.27), Black (HR = 2.77, 95% CL:
2.11, 3.64), and API (HR = 2.37, 95% CL: 1.89, 2.98)
girls were at greatest risk of earlier pubarche, corresponding
to approximately 8-, 12-, and 11-months earlier pubarche,
respectively (Table 6).

Severely obese White (OR = 3.30, 95% CL: 2.43, 4.49)
and API (OR = 3.44, 95% CL: 2.36, 5.01) girls were over
3 times more likely to experience earlier menarche (earlier
than age 12 years). Black girls had the weakest association
between childhood BMI and age at menarche of all girls
(Table 6).
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Table 3. Association Between Childhood Body Mass Index Category and Timing of Puberty in Boys, KPNC Puberty Study, Kaiser Permanente
Northern California, 2008–2021

Gonadarchec Pubarchec

Childhood BMIa,b

No. TR 95% CL HR 95% CL No. TR 95% CL HR 95% Cl

Severe obesity 2,171 0.98 0.97, 0.98 1.23 1.15, 1.32 2,194 0.96 0.96, 0.97 1.44 1.34, 1.55

Obesity 7,177 0.98 0.97, 0.98 1.22 1.17, 1.27 7,232 0.97 0.97, 0.97 1.34 1.29, 1.40

Overweight 9,730 0.98 0.98, 0.99 1.15 1.11, 1.19 9,799 0.98 0.98, 0.98 1.24 1.19, 1.28

Normal weight 46,226 1.00 Referent 1.00 Referent 46,540 1.00 Referent 1.00 Referent

Underweight 2,654 1.02 1.01, 1.03 0.83 0.77, 0.88 2,680 1.02 1.01, 1.02 0.85 0.79, 0.90

Abbreviations: BMI, body mass index;CDC, Centers for Disease Control and Prevention; CL, confidence limit; HR, hazard ratio; TR, time ratio.
a Ages 5–6 years.
b Weight (kg)/height (m)2. BMI was classified into categories using age- and sex-specific BMI percentiles. BMI percentiles were calculated

using CDC standard population distributions.
c Adjusted for maternal age at delivery, education, parity, birth weight, and race/ethnicity.

DISCUSSION

To our knowledge, this is the largest longitudinal study to
examine sex-specific associations between childhood obe-
sity and pubertal timing. We found that childhood obesity
was associated with a higher risk of earlier puberty among
boys and girls, with clear dose-response associations and
significant racial/ethnic variability. The findings from the
present study corroborate findings from previous studies on
obesity and girls’ puberty, where most reported clear associ-
ations between obesity and earlier pubertal timing (42). Our
study also demonstrated clear dose-response associations
between obesity and boys’ pubertal timing. Since these
results have been inconsistent in previous studies, this dis-
cussion focuses on boys’ findings and potential mechanisms.

Previous studies have investigated the role of childhood
BMI on boys’ pubertal timing with mixed results. For
instance, a recent mixed cross-sectional and longitudinal
study of 730 Danish boys aged 5–21 years found that
BMI z scores (zBMI) were inversely associated with age
at various pubertal milestones, including age at pubarche,
genital development, testicular growth (≥4 mL), and higher
testosterone levels (14). A related study found that obese
boys (zBMI > +2 standard deviations) experienced earlier
testicular growth (≥4 mL) than controls (−2 standard
deviations < zBMI ≤ +2 standard deviations) but no
significant differences in overall genital development or
pubarche (15). In contrast, data from over 8,000 Chinese
boys aged 6–12 years found significant associations between
obesity and genital development (16).

There are few US-based studies examining associations
between obesity and puberty in boys. A recent study found
no associations between BMI at age 5 years and pubertal
onset in a sample that included 136 low-income Mexican-
American boys (43). A cross-sectional study of approxi-
mately 4,000 boys aged 6–16 years reported that OWOB
White and Black boys transitioned to stage 2 for genital
development earlier than normal-weight boys, while OWOB
Hispanic boys transitioned later. When comparing median

age at stages 3–5, OWOB boys were observed to transition at
the same time or later than their normal-weight counterparts,
with the exception of overweight Black boys for stages 3–
4 and overweight White and Hispanic boys for stage 5,
who were observed to transition earlier. In addition, OWOB
boys had reached testicular volumes of ≥3 mL and ≥4 mL
earlier than their normal-weight counterparts. It should be
noted that most of these differences were not statistically
significant (P > 0.05). This study was also limited by its
cross-sectional design, where obesity was measured at the
same time as the pubertal assessment, such that temporality
could not be established (23). In a prospective cohort study
of approximately 400 boys, higher BMI trajectories in child-
hood were associated with later pubertal development (21).
Similarly, a population-based cohort of 346 boys found that
boys with greater adiposity reached all maturation stages
at older ages (22, 44). However, both studies used obesity
measures later in adolescence (mean zBMI at age 11.5 years
and BMI in ages 10–15 years, respectively). In the present
study, we used BMI measured at age 5–6 years as an estimate
of BMI prior and proximal to pubertal onset. Overall, the
use of different pubertal outcomes, including definitions
of what constitutes pubertal onset (e.g., testicular volume
≥3 mL vs. ≥4 mL) and differences in study designs may
contribute to the disparities in the directions of observed
associations.

The association between childhood obesity and puberty
may be partially attributed to differences in the hormonal
profiles of OWOB vs. normal-weight boys prior to and
throughout puberty. As boys approach puberty, the hypotha-
lamus releases gonadotropin-releasing hormones, signaling
the pituitary gland to release follicle-stimulating hormones
(FSH) and luteinizing hormones (LH). FSH and LH are
responsible for the growth of sperm-producing cells and the
synthesis of gonadal testosterone, both of which directly
cause the testicles to enlarge. A recent study of 1,148
Chinese boys aged 6–14 years found that prepubertal
OWOB boys had significantly higher levels of adrenal
testosterone compared with normal-weight boys (45). It
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2032 Aghaee et al.

Ta
b

le
4.

A
ss

oc
ia

tio
n

B
et

w
ee

n
C

hi
ld

ho
od

B
od

y
M

as
s

In
de

x
C

at
eg

or
y

an
d

T
im

in
g

of
P

ub
er

ty
in

G
irl

s,
K

P
N

C
P

ub
er

ty
S

tu
dy

,K
ai

se
r

P
er

m
an

en
te

N
or

th
er

n
C

al
ifo

rn
ia

,2
00

8–
20

21

T
h

el
ar

ch
ec

P
u

b
ar

ch
ec

M
en

ar
ch

ec
,d

C
h

ild
h

o
o

d
B

M
Ia

,b

N
o

.
T

R
95

%
C

L
H

R
95

%
C

L
N

o
.

T
R

95
%

C
L

H
R

95
%

C
L

N
o

.
O

R
95

%
C

L

S
ev

er
e

ob
es

ity
1,

55
3

0.
94

0.
94

,0
.9

5
1.

63
1.

50
,1

.7
7

1,
53

5
0.

93
0.

92
,0

.9
4

1.
88

1.
73

,2
.0

4
85

5
2.

59
2.

25
,2

.9
9

O
be

si
ty

5,
60

6
0.

96
0.

95
,0

.9
6

1.
48

1.
41

,1
.5

4
5,

55
1

0.
95

0.
95

,0
.9

6
1.

55
1.

48
,1

.6
2

3,
24

1
2.

25
2.

08
,2

.4
3

O
ve

rw
ei

gh
t

9,
00

3
0.

97
0.

96
,0

.9
7

1.
35

1.
30

,1
.3

9
8,

91
8

0.
97

0.
97

,0
.9

7
1.

30
1.

26
,1

.3
5

5,
31

2
1.

70
1.

59
,1

.8
2

N
or

m
al

w
ei

gh
t

42
,2

14
1.

00
R

ef
er

en
t

1.
00

R
ef

er
en

t
41

,7
78

1.
00

R
ef

er
en

t
1.

00
R

ef
er

en
t

25
,1

14
1.

00
R

ef
er

en
t

U
nd

er
w

ei
gh

t
2,

18
9

1.
03

1.
02

,1
.0

4
0.

79
0.

74
,0

.8
4

2,
17

2
1.

02
1.

01
,1

.0
3

0.
83

0.
77

,0
.8

9
1,

25
1

0.
59

0.
50

,0
.6

9

A
bb

re
vi

at
io

ns
:B

M
I,

bo
dy

m
as

s
in

de
x;

C
D

C
,C

en
te

rs
fo

r
D

is
ea

se
C

on
tr

ol
an

d
P

re
ve

nt
io

n;
C

L,
co

nf
id

en
ce

lim
it;

H
R

,h
az

ar
d

ra
tio

;O
R

,o
dd

s
ra

tio
;T

R
,t

im
e

ra
tio

.
a

A
ge

s
5–

6
ye

ar
s.

b
W

ei
gh

t(
kg

)/
he

ig
ht

(m
)2

.B
M

Iw
as

cl
as

si
fie

d
in

to
ca

te
go

rie
s

us
in

g
ag

e-
an

d
se

x-
sp

ec
ifi

c
B

M
Ip

er
ce

nt
ile

s.
B

M
Ip

er
ce

nt
ile

s
w

er
e

ca
lc

ul
at

ed
us

in
g

C
D

C
st

an
da

rd
po

pu
la

tio
n

di
st

rib
ut

io
ns

.
c

A
dj

us
te

d
fo

r
m

at
er

na
la

ge
at

de
liv

er
y,

ed
uc

at
io

n,
pa

rit
y,

bi
rt

h
w

ei
gh

t,
an

d
ra

ce
/e

th
ni

ci
ty

.
d

P
ro

ba
bi

lit
y

m
od

el
ed

is
m

en
ar

ch
e

<
12

ye
ar

s.

is possible that higher prepubertal levels of testosterone
may initiate testicular growth earlier in OWOB boys. In
fact, a case study demonstrated that testicular growth can
be initiated with testosterone treatment in patients with
LH gene mutations (46). Additionally, primate studies have
found that administration of testosterone can induce prema-
ture testicular growth in multiple species (47–49). OWOB
children are also more likely to be taller and have advanced
bone structure compared with normal-weight peers, suggest-
ing increased bioavailability of insulin-like growth factor
1 (IGF-1), a hormone involved in linear growth (50). A
small UK-based study found that IGF-1 was positively
correlated with testosterone levels and SMR progression,
suggesting that IGF-1 concentrations may play a role in the
timing and tempo of pubertal development (51). Finally,
interactions between leptin (a hormone found in adipocytes)
and leptin receptors on the hypothalamus and pituitary may
also trigger earlier pubertal onset in OWOB boys. Studies
using animal models found correlations between increases in
leptin and more frequent release of gonadotropin-releasing
hormones (52, 53). Conversely, it has also been postulated
that higher aromatase concentrations in fat tissue may
convert testosterone to estrogen, thereby stunting pubertal
development in boys with greater fat mass (23). A more
robust understanding of boys’ hormonal profiles from
prepuberty to full maturation is needed to understand how
body fat affects various endocrinological systems.

In our study, we also found significant effect modification
by race/ethnicity. Racial/ethnic variations in the association
between BMI and puberty have been documented in prior
studies (23), although underlying mechanisms remain elu-
sive. Given that race/ethnicity is largely a social construct, it
is unlikely that racial/ethnic variations in these and similar
associations can be explained by biology alone. Instead,
there is likely a complex interplay of biological, sociocul-
tural, and environmental factors that make individuals of
different racial/ethnic backgrounds more or less susceptible
to the observed associations. Identifying these factors is an
important area of current and future research.

Strengths and limitations

It is important to note that our study is based on data col-
lected routinely through pediatric visits and not collected for
research purposes. As a result, we did not have detailed data
on diet, exercise, and other exposures that may influence
pubertal development and obesity but are not documented
clinically. Some studies suggest that consumption of animal
proteins, including dairy, or high fat and carbohydrate intake
during childhood can predict earlier pubertal onset, although
BMI is a likely mediator in most of these associations (54,
55). Another limitation of the present study was that we
did not have direct measures of body fat composition or
sex hormone levels. Third, puberty was assessed primarily
by pediatricians rather than more highly trained endocri-
nologists, and thus may be less accurate. However, this
large a cohort would not be possible in studies that require
specialized research training for SMR assessments or more
expensive methods of assessing pubertal growth, such as
hormone measurements or skeletal age assessments.
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The strengths of the present study outweigh its limita-
tions. Using a large and diverse cohort of boys and girls,
prospective study design, and objective measures from elec-
tronic health records enabled us to demonstrate a clear dose-
response association, in which boys and girls with extreme
obesity may be at highest risk of earlier pubertal develop-
ment, and to demonstrate significant effect modification by
race/ethnicity.

Conclusions

Obesity at ages 5–6 years is associated with earlier
gonadarche and pubarche in boys and earlier thelarche,
pubarche, and menarche in girls. The strengths of these
associations may vary by race/ethnicity. These results
highlight the importance of childhood obesity prevention
interventions that start early in life.

ACKNOWLEDGMENTS

Author affiliations: Division of Research, Kaiser
Permanente Northern California, Oakland, California,
United States (Sara Aghaee, Charles P. Quesenberry Jr.,
Lawrence H. Kushi, Ai Kubo); Center for Environmental
Research and Children’s Health, School of Public Health,
University of California at Berkeley, Berkeley, California,
United States (Julianna Deardorff); and Department of
Pediatrics, Kaiser Permanente, San Francisco, California,
United States (Louise C. Greenspan).

This work was funded by the National Institutes of
Health (grant R01HD098220).

The data sets generated and/or analyzed during the
present study are not publicly available due to our
institutional policy. Individuals who are interested in
accessing the data may contact the corresponding author
regarding (or to discuss or set up) a data use agreement.

We thank Amy Markowitz holds a law degree,
University of California, San Francisco Clinical and
Translational Research Career Development Program, and
Elaine Kurtovich, Kaiser Permanente Northern California
Division of Research, for editorial assistance in the
preparation of this manuscript.

The views expressed in this article are those of the
authors and do not reflect those of the National Institutes of
Health.

Conflict of interest: none declared.

REFERENCES

1. Cance JD, Ennett ST, Morgan-Lopez AA, et al. Perceived
pubertal timing and recent substance use among adolescents:
a longitudinal perspective. Addiction. 2013;108(10):
1845–1854.

2. Golub MS, Collman GW, Foster PM, et al. Public health
implications of altered puberty timing. Pediatrics. 2008;
121(suppl 3):S218–S230.

3. Downing J, Bellis MA. Early pubertal onset and its
relationship with sexual risk taking, substance use and
anti-social behaviour: a preliminary cross-sectional study.
BMC Public Health. 2009;9:446.

4. Wang H, Lin SL, Leung GM, et al. Age at onset of puberty
and adolescent depression: “Children of 1997” birth cohort.
Pediatrics. 2016;137(6):e20153231.

5. Dudovitz RN, Chung PJ, Elliott MN, et al. Relationship of
age for grade and pubertal stage to early initiation of
substance use. Prev Chronic Dis. 2015;12:E203.

6. Kelsey JL, Bernstein L. Epidemiology and prevention of
breast cancer. Annu Rev Public Health. 1996;17:47–67.

7. Dossus L, Allen N, Kaaks R, et al. Reproductive risk factors
and endometrial cancer: the European Prospective
Investigation into Cancer and Nutrition. Int J Cancer. 2010;
127(2):442–451.

8. Garland M, Hunter DJ, Colditz GA, et al. Menstrual cycle
characteristics and history of ovulatory infertility in relation
to breast cancer risk in a large cohort of US women. Am J
Epidemiol. 1998;147(7):636–643.

9. Titus-Ernstoff L, Longnecker MP, Newcomb PA, et al.
Menstrual factors in relation to breast cancer risk. Cancer
Epidemiol Biomarkers Prev. 1998;7(9):783–789.

10. Mendle J, Ferrero J. Detrimental psychological outcomes
associated with pubertal timing in adolescent boys. Dev Rev.
2012;32(1):49–66.

11. Ge X, Conger RD, Elder GH Jr. The relation between puberty
and psychological distress in adolescent boys. J Res Ado.
2001;11(1):49–70.

12. Maule M, Malavassi JL, Richiardi L. Age at puberty and risk
of testicular cancer: a meta-analysis. Int J Androl. 2012;
35(6):828–834.

13. Brix N, Ernst A, Lauridsen LLB, et al. Childhood overweight
and obesity and timing of puberty in boys and girls: cohort
and sibling-matched analyses. Int J Epidemiol. 2020;49(3):
834–844.

14. Busch A, Hollis B, Day F, et al. Voice break in
boys—temporal relations with other pubertal milestones and
likely causal effects of BMI. Hum Reprod. 2019;34(8):
1514–1522.

15. Busch AS, Højgaard B, Hagen CP, et al. Obesity is associated
with earlier pubertal onset in boys. J Clin Endocrinol
Metabol. 2020;105(4):e1667–e1672.

16. Chen C, Zhang Y, Sun W, et al. Investigating the
relationship between precocious puberty and obesity:
a cross-sectional study in Shanghai, China. BMJ Open. 2017;
7(4):e014004.

17. He F, Guan P, Liu Q, et al. The relationship between obesity
and body compositions with respect to the timing of puberty
in Chongqing adolescents: a cross-sectional study. BMC
Public Health. 2017;17(1):1–7.

18. Li W, Liu Q, Deng X, et al. Association of prepubertal
obesity with pubertal development in Chinese girls and
boys: a longitudinal study. Am J Hum Biol. 2018;
30(6):e23195.

19. Surana V, Dabas A, Khadgawat R, et al. Pubertal onset in
apparently healthy Indian boys and impact of obesity. Indian
J Endocrinol Metab. 2017;21(3):434–438.

20. Oehme NHB, Roelants M, Bruserud IS, et al. Low BMI, but
not high BMI, influences the timing of puberty in boys.
Andrology. 2021;9(3):837–845.

21. Lee JM, Kaciroti N, Appugliese D, et al. Body mass index
and timing of pubertal initiation in boys. Arch Pediatr
Adolesc Med. 2010;164(2):139–144.

22. Biro FM, Lucky AW, Huster GA, et al. Pubertal staging in
boys. J Pediatr. 1995;127(1):100–102.

Am J Epidemiol. 2022;191(12):2026–2036



2036 Aghaee et al.

23. Lee JM, Wasserman R, Kaciroti N, et al. Timing of puberty in
overweight versus obese boys. Pediatrics. 2016;137(2):
e20150164.

24. Herman-Giddens ME, Steffes J, Harris D, et al. Secondary
sexual characteristics in boys: data from the Pediatric
Research in Office Settings Network. Pediatrics. 2012;
130(5):e1058–e1068.

25. Biro FM, Greenspan LC, Galvez MP, et al. Onset of breast
development in a longitudinal cohort. Pediatrics. 2013;
132(6):1019–1027.

26. Loomba-Albrecht LA, Styne DM. Effect of puberty on body
composition. Curr Opin Endocrinol Diabetes Obes. 2009;
16(1):10–15.

27. Kuczmarski RJ, Ogden CL, Guo SS, et al. 2000 CDC growth
charts for the United States: methods and development. Vital
Health Stat. 2002;11(246):1–190.

28. Fryar CD, Carroll MD, Ogden CL. Prevalence of overweight,
obesity, and severe obesity among children and adolescents
aged 2–19 years: United States, 1963–1965 Through
2015–2016. Hyattsville, MD: National Center for Health
Statistics; 2018: https://www.cdc.gov/nchs/data/hestat/
obesity_child_15_16/obesity_child_15_16.htm. Accessed
July 13, 2022.

29. Marshall WA, Tanner JM. Variations in the pattern of pubertal
changes in boys. Arch Dis Child. 1970;45(239):13–23.

30. Marshall WA, Tanner JM. Variations in pattern of pubertal
changes in girls. Arch Dis Child. 1969;44(235):291–303.

31. Hiatt RA, Haslam SZ, Osuch J. The breast cancer and the
environment research centers: transdisciplinary research on
the role of the environment in breast cancer etiology. Environ
Health Perspect. 2009;117(12):1814–1822.

32. Hirschler V, Bugna J, Roque M, et al. Does low birth weight
predict obesity/overweight and metabolic syndrome in
elementary school children? Arch Med Res. 2008;39(8):
796–802.

33. Morris D, Jones M, Schoemaker M, et al. Determinants of
age at menarche in the UK: analyses from the Breakthrough
Generations Study. Br J Cancer. 2010;103(11):1760–1764.

34. Rogers R, Eagle TF, Sheetz A, et al. The relationship
between childhood obesity, low socioeconomic status, and
race/ethnicity: lessons from Massachusetts. Child Obes.
2015;11(6):691–695.

35. Deardorff J, Abrams B, Ekwaru JP, et al. Socioeconomic
status and age at menarche: an examination of multiple
indicators in an ethnically diverse cohort. Ann Epidemiol.
2014;24(10):727–733.

36. Windham GC, Zhang L, Longnecker MP, et al. Maternal
smoking, demographic and lifestyle factors in relation to
daughter’s age at menarche. Paediatr Perinat Epidemiol.
2008;22(6):551–561.

37. Gaillard R, Rurangirwa AA, Williams MA, et al. Maternal
parity, fetal and childhood growth, and cardiometabolic risk
factors. Hypertension. 2014;64(2):266–274.

38. Blell M, Pollard TM, Pearce MS. Predictors of age at
menarche in the Newcastle Thousand Families Study.
J Biosoc Sci. 2008;40(4):563–575.

39. Patterson ML, Stern S, Crawford PB, et al.
Sociodemographic factors and obesity in preadolescent black
and white girls: NHLBI’s Growth and Health Study. J Natl
Med Assoc. 1997;89(9):594–600.

40. Hosmer DW Jr, Lemeshow S, May S. Applied Survival
Analysis: Regression Modeling of Time-to-Event Data. 2nd
ed. New York, NY: John Wiley & Sons, Inc; 2008.

41. Lindsey J. A study of interval censoring in parametric
regression models. Lifetime Data Anal. 1998;4(4):
329–354.

42. Biro FM, Greenspan LC, Galvez MP. Puberty in girls of the
21st century. J Pediatr Adolesc Gynecol. 2012;25(5):
289–294.

43. Deardorff J, Reeves JW, Hyland C, et al. Childhood
overweight and obesity and pubertal onset among
Mexican-American boys and girls in the CHAMACOS
longitudinal study. Am J Epidemiol. 2022;191(1):7–16.

44. Biro FM, Khoury P, Morrison JA. Influence of obesity on
timing of puberty. Int J Androl. 2006;29(1):272–277.

45. Cao B, Gong C, Wu D, et al. A cross-sectional survey of
adrenal steroid hormones among overweight/obese boys
according to puberty stage. BMC Pediatr. 2019;19(1):
414.

46. Lofrano-Porto A, Barra GB, Giacomini LA, et al. Luteinizing
hormone beta mutation and hypogonadism in men and
women. N Engl J Med. 2007;357(9):897–904.

47. Koskenniemi JJ, Virtanen HE, Toppari J. Testicular growth
and development in puberty. Curr Opin Endocrinol Diabetes
Obes. 2017;24(3):215–224.

48. Arslan M, Weinbauer G, Schlatt S, et al. FSH and
testosterone, alone or in combination, initiate testicular
growth and increase the number of spermatogonia and Sertoli
cells in a juvenile non-human primate (Macaca mulatta).
J Endocrinol. 1993;136(2):235–243.

49. Marshall G, Wickings E, Nieschlag E. Testosterone can
initiate spermatogenesis in an immature nonhuman primate,
Macaca fascicularis. Endocrinology. 1984;114(6):
2228–2233.

50. Solorzano CMB, McCartney CR. Obesity and the pubertal
transition in girls and boys. Reproduction. 2010;140(3):
399–410.

51. Cole T, Ahmed M, Preece M, et al. The relationship between
insulin-like growth factor 1, sex steroids and timing of the
pubertal growth spurt. Clin Endocrinol (Oxf). 2015;82(6):
862–869.

52. Kaplowitz PB. Link between body fat and the timing of
puberty. Pediatrics. 2008;121(suppl 3):S208–S217.

53. Martos-Moreno G, Chowen J, Argente J. Metabolic signals in
human puberty: effects of over and undernutrition. Mol Cell
Endocrinol. 2010;324(1–2):70–81.

54. Norris SA, Frongillo EA, Black MM, et al. Nutrition in
adolescent growth and development. Lancet. 2022;
399(10320):172–184.

55. Villamor E, Jansen EC. Nutritional determinants of the
timing of puberty. Annu Rev Public Health. 2016;37:
33–46.

Am J Epidemiol. 2022;191(12):2026–2036

https://www.cdc.gov/nchs/data/hestat/obesity_child_15_16/obesity_child_15_16.htm
https://www.cdc.gov/nchs/data/hestat/obesity_child_15_16/obesity_child_15_16.htm

	 Associations Between Childhood Obesity and Pubertal Timing Stratified by Sex and Race/Ethnicity
	METHODS
	RESULTS
	DISCUSSION


