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Polygenic interactions with adiposity rebound in the prediction
of thelarche
Jiao Fang1, Chun Gong1, Puyu Su1,2, Yuhui Wan2, Zhihua Zhang3, Fangbiao Tao1,2 and Ying Sun1,2

BACKGROUND: The earliest onset of puberty had shifted downward, which may be due to the role of early growth and
development factors in childhood.
METHODS: All of 1575 Kindergarten Two (K2) children from Anhui province, China were followed up to elementary school. Girls
(n= 342) with available data on AR and breast development were included for this analysis. Polygenic risk score (PRS) was
computed based on 17 single nucleotide polymorphisms for early puberty. Accelerate failure time (AFT) model was used to
describe thelarche timing by early AR among girls with different polygenic susceptibility.
RESULTS: After adjustment for perinatal anthropometric, household income, parental education and prepuberty BMI-Z score,
puberty started 4.12-month earlier in early AR girls compared with normal AR girls (TR: 0.96; 95% CI: 0.95, 0.98, p < 0.001).
Furthermore, this puberty-accelerating effect was observed among girls with high (6.06-month earlier, TR: 0.94; 95% CI: 0.90, 0.99)
and moderate PRS (4.20-month earlier, TR: 0.96; 95% CI: 0.93, 0.98). No similar results were observed in the low PRS groups (TR: 1.00;
95% CI: 0.96, 1.04).
CONCLUSIONS: Girls with early AR displayed younger age at thelarche; however, this accelerating effect was only observed among
those with genetic susceptibility to early puberty.
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IMPACT:

● Early AR plays a more important role in predicting earlier thelarche among girls with high and moderate PRS.
● This study combined with the hot topics of pubertal-related polygenic risk score (PRS) for pubertal timing to examine the

longitudinal association between early AR with accelerated pubertal onset.
● Our results mean that accelerating growth in the early childhood years after birth might forecast early puberty only among girls

with genetic predisposition to early puberty. Prevention strategies and management options should be emphasized to target
early childhood to address secular trend for early puberty observed in the past decades in China.

INTRODUCTION
The childhood–adolescent–adulthood transition is an important
milestone in human development, of which puberty is a pivotal
phase in the life-course whose characteristics can affect adulthood
health outcomes (e.g. type 2 diabetes, cardiovascular mortality).1 The
secular trend toward earlier menarche seemed to cease for the last
30−40 years in industrialized countries. However, the puberty
initiation of girls, marked by the first visible signs of breast
development, has shown an advanced trend.2,3 To some degree, a
decline in the age of pubertal onset is a maladaptive response to the
present obesity epidemic,2,4 or reflects the potential influence of
genetic, nutritional, the role of early growth and development
factors in childhood.5,6 Consequently, modifiable factors, especially
early life growth factors, remain to be well documented.
As one of the most important indicators of early growth, adiposity

rebound (AR) is defined as the time in which body mass index (BMI)
rebounds immediately after it reaches its nadir, observed between
ages 5 and 7.7 Early AR is conventionally considered to have a close

relationship with obesity, but there are novel ideas into early AR that
have implied an acceleration of pubertal growth and development
in the twenty-first century compared with in the past.8–10 Williams
and Dickson8 proposed that the timing of AR might be an early
indicator of physical maturity rather than obesity, which was
supported by a case-control study showing that early AR could be
observed in children with premature adrenarche.9 One study from
German et al.10 further demonstrated that age at which thelarche
and menarche occurred correlated positively with the timing of AR.
However, these studies on AR and pubertal development have
mainly focused on children from high-income countries, with limited
evidence from the rest of the populations, and specifically evaluated
for puberty development, which warrants further clarity.
In the last 10 years, genome-wide association studies (GWAS)

have successfully identified some genomic loci related to age at
menarche (AAM) and other markers of pubertal development
(thelarche or pubarche) in females,7,11–13 which have transformed
our understanding of genetic contributions to this complicated
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trait. The current study aims to test for interaction between
polygenic risk and early AR in the prediction of thelarche timing in
a sample of Chinese girls followed from preschool.

MATERIALS AND METHODS
Study participants and data collection
Data were analyzed from an established prospective puberty cohort
since September 2010 in Anhui province, China. Children were
selected from two kindergartens through clustering convenience
sample. Participants were classified as cohort 1 (2010), cohort 2
(2011) and cohort 3 (2012) according to the recruiting year. During
the period of kindergarten, physical examination was carried out
every 3 months, eight times in total. After entering elementary
school, all children were followed up annually with a questionnaire
survey, as well as a physical and pubertal development assessment.
Parents/caregivers completed the questionnaires when children
were in grades 1 and 2. Survey questionnaires were completed by
children since grade 3. DNA of each children was extracted and
genotyped from buccal cheek swabs in 2017. The final sample of
children who had effective data on adiposity rebound, breast
Tanner stage and polygenic susceptibility consisted of 342 girls
aged 9.25−11.58 years in the last follow-up. Response rates and
sample size for the three cohorts are depicted in Fig. 1. Children
were excluded from the sample for organic or chronic diseases that
could affect puberty or if they were taking oral or inhaled
glucocorticoids or human growth hormone, and all the girls

enrolled in this analysis did not experience thelarche regression. We
secured approval from the Institutional Review Boards at Anhui
Medical University (No. 20160112) and then obtained written
informed consent from parents and school teachers, as well as child
assent.

Measurements
Definition of breast development. Breast Tanner stage was
assessed through both observation and palpation every year
from Grade 2 to Grade 4 in primary school by two trained female
pediatric endocrinologists, which follows the same protocol of
China Puberty Collaboration Study.14 Each endocrinologist had
more than 90% agreement (same breast stage) with another in
breast assessment. Stage of development for breast develop-
ment was defined as Tanner stage classified between 1 and 5,
children progress from a prepubescent (Tanner Stage 1) state to
a full sexual maturity (Tanner Stage 5) state.15,16 Onset of breast
development (thelarche) was defined as attaining breast Tanner
stage 2+.5

Assessment of early adiposity rebound (AR). As illustrated in Fig. 1,
for cohort 1, each child had 12 measurements of height and
weight from K2 (eight measurements during K2 and K3) to grade 4
in primary school. For cohorts 2 and 3, 11 and 10 measurements
were collected for each child from K2 to grade 3 and from K2 to
grade 2, respectively. Age at adiposity rebound was determined
via visual inspection of individual growth curves.17 The following

Three cohorts of children selected from two kindergartens in Bengbu, Anhui Province, n = girls/total
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Fig. 1 Flowchart of the puberty cohort in Anhui province, China. K kindergarten, G grade, AR adiposity rebound, SNP single nucleotide
polymorphisms. We defined early AR as age at AR younger than 5.67y, which was the 25th percentile curves of BMI among 1575 children from
cohorts 1, 2 and 3.
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criteria were adopted to reduce any subjectivity in the assessment:
(1) all consecutive measurements of BMI after the nadir had to
show an increase, and (2) any increase in BMI after the nadir had
to equal or exceed 0.1 kg/m2.7,17 According to previously
published article by our group,18 we defined early AR as age at
AR younger than 5.67y, which was the 25th percentile curves of
BMI among 1575 children.

Genotyping and SNP selection. DNA was extracted from buccal
cheek swabs through PCR-RFLP and real-time PCR and genotyped
in the Sequeom Mass Array. The mean concordance rates were
98.8% for the Sequeom Mass Array Targeted Genotyping System.
The current study identified 21 independent genome-wide

significant signals that related to early puberty, located at 14
genomic loci (in/near TMEM38B, RXRA, BSX, KDM3B, VGLL3,
FUSSEL18, MKL2, LIN28B, RXRG, PRDM13, MCHR2, SEC16B, 3q13.32,
RNF144B-ID4). Of those 21 SNPs, 11 SNPs for decreasing age at
menarche that reached genome-wide significance were chosen
from a joint analysis of 32 GWAS of 87,802 women of European
ancestry.19 Ten SNPs were selected that associated with both
decreasing age at voice breaking in men and menarche in women
from the largest genomic analysis.20 One SNP (rs5932886) has
been excluded due to genotyping rate < 10%. Of remaining 20
SNPs, 3 SNPs (rs35327298, rs142058842 and rs4237264) were
excluded due to minor allele frequency (MAFs) < 5%, and LIN28B
on chromosome 6 (rs314276) which was the first genetic
determinant associated with earlier breast development and
voice breaking was selected.21 We verified that the loci were not in
a significant linkage disequilibrium with each other (r2 < 0.3) by
using the SNP server and Han Chinese (CHB) data. Genotype data
were imputed based on the CHB HapMap data (phase 2 and phase
3). Details regarding single nucleotide polymorphisms (SNP)
included in the PRS had been listed in a published article of our
group.22

Each SNP was recorded as 0, 1 and 2 according to the number
of effect allele (e.g., if the effect allele is A, then AA= 2, AG= 1,
GG= 0). Polygenic risk score (PRS) was calculated from 17 SNPs by
using the following formula:

PRS ¼ SNP1 þ SNP2 þ SNP3 þ � � � þ SNP17:

To clarify the effect of polygenic risk and early AR on the breast
development of girls, at assessment, puberty PRS was categorized
into high risk (>P75), moderate risk (P25−P75) and low risk (<P25)
groups.

Body mass index. During annual visits, height and weight
were examined by trained and certified staff members. Height
was measured using a portable stadiometer to the nearest
0.1 cm and weight with electronic scale (Tanita TI1618) to the
nearest 0.1 kg. BMI was calculated as weight (in kg) divided by
height (in m) squared, which has been converted into BMI-for-
age Z score. Children with BMI-Z score between +1SD and
+2SD, and >+2SD were defined as overweight and obesity,
respectively.23

Covariates
Detailed information on birthweight, infancy feeding mode
(exclusive breastfeeding, mixed feeding and formula feeding),
gestational age, delivery mode of children was reported by their
parents in K2. Birthweight was converted to Z score (SDS) for sex
and gestational age according to the population reference.
Preterm was defined as children who were born with gestation
age before 37 completed weeks.24 Delivery mode included vaginal
and cesarean section.
Parental education was derived from the items of parental

reports, including four levels as “junior school or below”, “high

school”, “vocational college” and “bachelor or postgraduate”.
Household monthly income was collected with a question from
parents: “How much does your family’s monthly income?” with
six response alternatives: “<5000 yuan per month ($755)”,
“5000–10,000 yuan ($755–$1511)”, “10,000–15,000 yuan per
month ($1511–$2266)”, “15,000–20,000 yuan per month ($2266–
$3021)”, “20,000–30,000 yuan per month ($3021–$4532)” and
“>30,000 yuan per month ($4532)”.

Statistical analysis
Demographics from our puberty cohort are presented as
frequency (percentage) if categorical in the last three follow-
ups. We modeled early AR, puberty-related polygenic risk and
pubertal onset, assessing timing of breast stage 2 or higher
(B2+), throughout the approximate 8 years of follow-up. Weibull
distribution accelerated failure time (AFT) models, derived by
Carroll,25 were used to obtain hazard ratios (HR), time ratios (TR)
and their 95% confidence intervals (CI) for the association
between AR and PRS with the age at thelarche, adjusting for
birthweight, infancy feeding, gestational age, delivery mode,
household monthly income and parental education, as well as
prepuberty BMI percentile. A TR of >1.0 generally indicates a
longer time to pubertal onset, while a TR of <1.0 indicates earlier
timing of pubertal development compared to the reference
group. AFT models are fit for interval-censored data (i.e., onset of
puberty occurring at an unknown time between two observa-
tions), in addition to the more typical right-censoring. For girls
who attained B2+ during follow-up visits, the interval was
defined as the period from the last exam visit consistently at
stage 1 to the first visit where the girl was observed to be
consistently at B2+. All analyses were conducted using SAS 9.4
and STATA 14.0.

RESULTS
The final analysis included 342 girls aged (10.34 ± 0.56) years and
had average BMI (18.65 ± 3.35) kg/m2. The percentage of girls with
overweight and obesity was 26.02% (89/342) and 18.13% (62/342),
respectively. The majority (84.21%, 288/342) of girls attained
breast stage 2+ (B2+) (Table 1).
As illustrated in Table 2, the proportion of girls who had

attained B2+ during the analysis varied by age, AR, PRS and BMI-Z
score. Median ages of B2+ varied by different tertiles of PRS. The
age at thelarche among the high-risk group (8.33y) was earlier
than that of the low-risk group (8.67y, HR= 2.32, 95% CI: 1.45,
3.51, p < 0.001), but not observed in the group of moderate risk
(8.58 years old, HR= 1.30, 95% CI: 0.86, 1.34, p= 0.529).
Girls with early AR matured (reached B2) at a younger age (8.50

years old) than those with normal AR (8.58 years old) (HR= 1.72,
95% CI: 1.30, 2.29, p < 0.001). Girls with BMI-Z score ≥+1SD were
progressively more likely to have attained B2+ at a younger age
than those <+1SD (p trend < 0.05).
After adjustment for birthweight-Z score, BMI-Z score, infant

feeding, gestational age, delivery mode, household monthly
income, parental education, girls who had high PRS risk were,
on average, 5.20-month (TR: 0.95; 95% CI: 0.92, 0.97) earlier likely
to attain B2+ than those girls who had low PRS (p trend < 0.001).
Similarly, girls experiencing early AR were more likely to have
earlier timing of thelarche compared with normal AR (4.12-month,
TR: 0.96; 95% CI: 0.95, 0.98, p trend < 0.001) (Table 2).
As noted in Fig. 2, we examined the cumulative B2+ prevalence

by the tertiles of PRS; girls with early AR matured earlier than
those normal AR in the group of high PRS (TR: 0.94; 95% CI: 0.90,
0.99) and moderate PRS (TR: 0.96; 95% CI: 0.93, 0.98). In other
words, girls with early AR were progressively 6.06-month and 4.20-
month earlier reaching B2 than those with normal AR, respec-
tively, in the high and moderate PRS groups. But not found in the
low PRS groups (TR: 1.00; 95% CI: 0.96, 1.04).
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DISCUSSION
Our findings
By utilizing an 8-year longitudinal study that included 10–12
measurement points for the sample of 342 preschool girls, the
current endeavor provides more reliable insights into the effects
of early adiposity rebound in predicting early onset of puberty
while taking into account inherited polygenic susceptibility. The
findings indicate that early AR predicts younger age at thelarche
in a genetic background-dependent manner. Specifically, for girls
with early AR, more than a third of a year and half a year earlier
thelarche (4.20-month and 6.06-month) was observed among
those with moderate and high genetic predisposition, with less
evidence of an accelerated effect of early puberty in low PRS
groups.
This result might further support previous researches high-

lighting the association between age at AR and pubertal
maturation (age at menarche).8–10,26,27 Williams and Dickson8 first
raised an exciting clue about the specific association between age
at rebound and age at menarche, which suggests that timing of
rebound is an indicator of physical maturity rather than obesity.
Support for this opinion can be found in Dunedin Multidisciplinary
Health and Development Study27 and Study of Early Child Care
and Youth Development (SECCYD).25 Taylor et al.27 found that
average age at menarche of girls with early AR was 0.1-year and
1.9-year earlier than girls with average and late AR groups.
German et al.10 identified the age of pubarche−thelarche
−gonadarche−menarche as a function of early BMI and AR,

indicating that early thelarche and menarche were correlated
positively with the age of occurrence of AR. Moreover, Hochberg
clarified that the deviation from a decreasing to an increasing BMI
(the deflection of age at AR) parallels adrenarche and the
deceleration of growth during the transition from childhood to
juvenility, suggesting that the AR and adrenarche are some
manifestations of the childhood–adolescent transition,23 which
was confirmed by a recent research from Marakaki et al.9

indicating that early AR was observed in children with premature
adrenarche.
Although some previous studies have indicated the association

between early AR and younger age at puberty development,
however, these studies have mainly focused on subjective self-
reported pubertal indicators, including the age at menarche—a
relatively late milestone of pubertal development. In this study, we
used the prospectively collected indicator, Tanner staging for
breast, as the objective early marker of puberty onset. In addition,
the Weibull accelerated failure time model was used to predict the
timing of thelarche.
Currently, it is not clear whether the relationship between early

AR and accelerated thelarche is simply an association or implies
that AR marks a critical period for the pubertal development.28

Some researchers proposed AR as a mechanistic factor that
controls the maturational tempo or a measurement of the amount
of stored energy by using dehydroepiandrosterone as a signal to
prepare the brain for puberty during the transition of
childhood–juvenility.10,27,28 The main changes in body composi-
tion that occur during AR may be due to rapid accumulation of
excessive adipose tissue.27,29,30 Girls with early rebound deposit an
extra 0.3–0.9 kg of fat annually, resulting in much higher
percentage body fat values by age 7.31 Another small Dunedin
study of girls using dual-energy X-ray absorptiometry revealed
that girls with earlier AR gain extra fat and not extra lean tissue.27

Similarly, our results showed that girls with early AR had higher
BMI than those with normal AR during follow-up.
The mechanisms involved in the association between early AR

and accelerated thelarche may be directly and/or indirectly
attributed to leptin. A study of 296 children from the Japanese
community found that earlier AR was correlated with higher leptin
levels at 12 years of age, regardless of gender, suggesting that the
age at AR is an important indicator predicting future leptin
levels.30 Leptin is an endocrine peptide that is synthesized and
released by adipose tissue, which has emerged as one of the
major factors allowing the reproductive system to sense the
magnitude of energy reserves.32 It is known that leptin, as a
communication pathway from the size of the adipose reserve to
the hypothalamus,33 has the effect to facilitate GnRH secretion, a
kisspeptin expression during peri-puberty.34,35 Emerging evidence
from some GWAS studies indicate that there is overlap between
the identified loci for puberty and adiposity (e.g. FTO, SEC16B and
LIN28B).12,13,33 Hereby, we have conjectured that the role of early
AR in predicting accelerated thelarche might be played through
some of those specific genes. This may also explain the null
association observed among girls with low polygenic susceptibility
for early puberty in our study.

Study strengths and limitations
Several limitations of the current study warrant consideration.
Firstly, although the method for deriving AR in this study was the
most commonly used,7,24 multiple useful approaches, e.g. using
fractional polynomial multi-level models, have been proposed.33

However, the method we had chosen was the most commonly
used, and there is evidence that AR cannot be identified in all
children, although the timing of AR was observed in all 342 girls in
this analysis. It would be important to further clarify an association
between critical period of other early life growth and earlier onset
of puberty in children. The second limitation of the study is the
younger age of children, lack of observation of thelarche in all girls

Table 1. Thelarche (breast Tanner stage 2) and other demographic
data for girls over 3 years.

Characteristic n %

Thelarche

Follow-up in 2016 67 19.6

Follow-up in 2017 198 57.9

Follow-up in 2018 288 84.2

Infancy feeding

Exclusive breastfeeding 168 50.0

Mixed feeding 117 34.8

Formula milk 51 14.9

Birthweight Z score

<+1SD 287 83.9

+1SD to +2SD 39 11.4

>+2SD 16 4.7

Delivery mode

Vaginal delivery 203 59.4

Cesarean section 139 40.6

Gestational age

≥ 37 weeks 328 95.9

< 37 weeks 14 4.1

Income (yuan)

<5000 62 18.1

5000–10,000 182 53.2

10,000–15,000 69 20.2

>15,000–20,000 29 8.5

Parents education: father/mother

Junior school or below 68/47 19.9/13.7

High school 125/118 36.5/34.5

Vocational college 90/96 26.3/28.1

Bachelor or postgraduate 59/81 17.3/23.7
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and lack of boys’ data who had not reached the timing of pubertal
development. Therefore, the estimation of age at thelarche used a
well-established approach, an accelerated failure time model
(specifically the Weibull model), which is an effective approach to
estimate interval censoring of pubertal onset during within-
interval investigation.5,28 Thirdly, our sample included only Han
Chinese girls; thus, the generalizability of our findings to girls of
other ethnicities is uncertain. Fourthly, the onset of breast
development may regress spontaneously due to the accumulation
of adipose tissue among overweight and obese girls. That’s
inevitable on over evaluating some girls, who may actually did not
present pubertal onset. Therefore, it is important to identify the
maturation or puberty on activation of hypothalamic−pituitary
−gonadal axis and maturation (hormonal studies, bone age, pelvic
ultrasonography, etc.) during the following study. Fifthly, much of
the breast development occurs during puberty; specific dietary
components or nutrients could be essential environmental factors
for thelarche timing. Despite adjusting for potential confounders
for early life environment, residual confounding by dietary and
nutritional factors cannot be ruled out. Moreover, menarche age

of the mothers was not collected, which has been recognized as a
potential limitation of the present study. Finally, this analysis only
explored the relationship between early AR and onset of puberty
among girls. A total of 259 boys in our cohort had an average age
of 10.43 years in the last follow-up, 49.4% of them showed
testicular development (testicular volume > 3ml). The association
in boys can be more rigorously studied as the ongoing follow-up
continues.

CONCLUSIONS
Although the meaning of age at adiposity rebound is complicated,
an important point is that AR has an effect on adverse health
outcomes. The present study demonstrates a potential role of
early AR in predicting earlier pubertal timing among girls with
high and moderate PRS. It means that accelerating growth in the
early childhood years after birth might forecast early puberty only
among girls with genetic predisposition to early puberty. There-
fore, targeting modifiable factors in earlier life to delay the timing
of adiposity rebound is necessary. Prevention strategies and
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Fig. 2 Comparing the cumulative prevalence of thelarche in different AR and PRS groups. AR adiposity rebound; PRS polygenic risk score.
The dashed line represents the early AR group, and the solid line represents the normal AR group. The picture on the left is low PRS group, the
middle is moderate PRS group and the right is high PRS group.

Table 2. Girls with thelarche (breast Tanner stage 2) and hazard ratio by polygenic risk score and early adiposity rebound.

Strata Girls with thelarchea Adjusted likelihood of thelarche by end of follow-up from AFT modelb

n Observed Censored Median age Time ratio 95% CI Hazard ratio 95% CI P value

Lower Upper Lower Upper

All girls 342 288 54 — — — — — — —

PRS

High risk 89 (26.0) 89 0 8.33 0.95 0.92 0.97 2.32 1.45 3.51 <0.001

Moderate risk 163 (47.7) 131 32 8.58 0.98 0.95 1.01 1.30 0.95 1.81 0.105

Low risk 90 (26.3) 68 22 8.67 1.00 1.00

Early AR

Yes 115 (33.6) 129 17 8.50 0.96 0.95 0.98 1.72 1.30 2.29 <0.001

No 227 (66.4) 159 37 8.58 1.00 1.00

BMI-Z scorec

>+2SD 15 (4.4) 15 0 7.83 0.96 0.93 0.99 2.01 1.12 3.98 0.044

+1SD to +2SD 35 (10.2) 34 1 8.25 0.95 0.91 0.99 1.77 1.01 2.80 0.013

<+1SD 292 (85.4) 239 53 8.58 1.00 1.00

aGirls who did not reach thelarche before the end of the observation are censored.
bHazard ratios and 95% confidence intervals are calculated as described by Biro, controlled for BMI percentile, birthweight, infancy feeding, gestational age,
delivery mode, household monthly income, parental education.
cFor girls who had thelarche at baseline assessment, BMI-Z score is BMI-Z score at enrollment. For girls whose thelarche was first observed during the
investigation, BMI-Z score is based on BMI-Z score at the last examination with data before thelarche. For girls who had not attained thelarche by the end of
the study, BMI-Z score is based on the last examination.
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management options should be emphasized to target early
childhood to address secular trend for early puberty observed in
the past decades in China.
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