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Precocious puberty is characterized by early sexual maturation in children before 8 years in girls and

9 years in boys. While puberty is initiated by the activation of the hypothalamic—pituitary—gonadal
axis, precise mechanisms triggering the early activation of this axis in children with central precocious
puberty (CPP) remain elusive. Here, we aimed to identify variables that may influence the risk of CPP.
This retrospective cohort study utilized data from the Korean National Health Insurance Service and
National Health Screening Program for Infants and Children and included 43,952 children with CPP
and 854,749 controls. Participants were followed up until 2020 for CPP development to determine
their height, weight, and head circumference measurements, as well as evaluate their physiological,
emotional, cognitive, and social development. The birth weights for boys and girls with CPP were 0.09
and 0.06 kg lower than those of controls, respectively. Breastfeeding rates for children with CPP were
lower than those for controls. Children with low birth weights (boys: odds ratio [OR]=1.71, P<0.0001;
girls: OR 1.30, P<0.0001) and those who were overweight (boys: OR 1.33, P=0.0006; girls: OR 1.30,

P <0.0001) or obese (boys: OR 1.60, P<0.0001; girls: OR 1.14, P<0.0001) were more likely to develop
CPP. Breastfeeding exerted a significant protective effect against CPP in girls (OR 0.95, P=0.0003). Low
birth weight and high body mass index were associated with CPP development.
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While normal puberty typically begins at the ages of 8-13 years in girls? and 9-14 years in boys>*, precocious
puberty is a condition characterized by early sexual maturation in children before the ages of 8 years in girls and
9 years in boys®. Puberty is initiated by the activation of the hypothalamic-pituitary-gonadal (HPG) axis, leading
to the development of secondary sexual characteristics®. This can substantially impact a child’s physical’~® and
emotional development!®!!. Therefore, it is essential to comprehensively clarify factors contributing to its onset
for developing effective treatment strategies.

Despite attempts to identify the etiology of central precocious puberty (CPP), its exact cause remains unclear.
During puberty, pulsatile secretion of gonadotropin-releasing hormone (GnRH) from the hypothalamus is a
critical hormonal event that is regulated by the emergence of activators and suppression of inhibitors of GnRH
secretion!?. Several studies have documented the potential impact of early life stressors'®, obesity'*, high-fat
diet', and endocrine disrupting chemicals!® on the onset of CPP. However, despite these efforts, underlying
mechanisms that trigger the early activation of the HPG axis in children with CPP remain unclear.

The medical community is yet to fully understand the etiology of CPP. CPP may have a multifactorial etiology,
with different factors contributing to its onset. Thus, in this study, we aimed to assess early life factors influencing
pubertal development, which may be crucial for effectively stratifying the risk of CPP and devising management
strategies for children at high risk.
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Methods
Data sources
The National Health Insurance Service (NHIS) provides medical insurance coverage to all Korean citizens to
ensure a basic standard of living and improve their overall quality of life. Each individual is registered with
a health insurance identification number and is offered insurance coverage for medical expenses. In Korea,
the National Health Screening Program for Infants and Children (NHSPIC) is a periodic health examination
developed to target the major causes of infant mortality and health issues throughout the lifespan!®. This
screening tool is completed by caregivers and is indicated for infants and children aged 4-6, 9-12, and 18-
24 months and 2.5-3, 3.5-4, 4.5-5, and 5.5-6 years. The main examination items include height, weight, and
head circumference measurements; physiological, emotional, cognitive, and social developmental evaluations;
visual acuity measurement; hearing screening; nutrition; safety accidents; and critical developmental milestones.
These check-ups have been successfully implemented nationwide as one of the primary clinical services for
infants and children.

In this retrospective population-based cohort study, we examined enrollment and claims data from the
population covered by the NHIS between 2008 and 2020 and those included in the first to seventh NHSPIC.

Participants

Children with CPP were defined as those who had been diagnosed with CPP (E22.8 or E30.1) and prescribed
GnRH agonists. In the context of the health insurance criteria in Korea, children with CPP are eligible for
treatment coverage by health insurance if (1) the Tanner stage is 2 or above; (2) the skeletal age is advanced
compared with the chronological age; and (3) the luteinizing hormone peak during the GnRH stimulation test
is>5.0 mIU/mL before the ages of 9 years in girls and 10 years in boys.

To account for the approximately 1.5-year lag time between parents recognizing puberty signs and the
hospital diagnosis of CPP'’, we only included girls and boys diagnosed before the ages of 9 and 10 years,
respectively, when estimating CPP incidence. The control group included children who were not diagnosed with
CPP. Owing to the use of anonymous identifying codes in compliance with South Koreas Bioethics and Safety
Act, the Institutional Review Board of Severance Hospital waived the requirement for review board approval for
this study (approval number: 4-2021-0752). Due to the retrospective nature of the study, the Institutional Review
Board of Severance Hospital waived the need for obtaining informed consent. All experiments were performed
in accordance with relevant guidelines and regulations.

Intervention

In all participating cohorts, trained personnel determined the weight and length (if age © 2 years) or standing
height (if age>2 years) of the children following the standard protocols, which were used to derive the body
mass index (BMI). Considering potential etiological relevance to health outcomes in later years, the growth of
children across the following age periods was examined in the first 5 years of life: early infancy (4-6 months),
late infancy (9-12 and 18-24 months), and early childhood (2.5-3, 3.5-4, 4.5-5, and 5.5-6 years). To determine
the potential association between demographic characteristics and early-life factors in children, the model
considered birth weight, household income, prematurity, breastfeeding, height, weight, and BML

Variables

This study was performed using data from the NHSPIC. Breastfeeding was determined by the response “YES”
in the first check-up survey. Prematurity was defined as birth before 37 weeks of gestational age, and low birth
weight was defined as < 2.5 kg at birth. For each age group, BMI was categorized as “underweight (below the 5th
percentile),” “normal weight (between the 5th and 85th percentiles),” “overweight (between the 85th and 95th
percentiles),” and “obese (above the 95th percentile).” We also reviewed additional variables from the NHSPIC,
such as the consumption of solid food, milk, fruit juices, or beverages containing sugar; breakfast eating patterns;
and daily habits related to eating behaviors. Additionally, we examined variables such as daily screen time
for television or computer usage and playtime activities. However, given that no significant differences were
observed in these variables between the CPP and control groups, they were excluded from the analysis. Also, to
investigate the increasing prevalence of CPP in recent years, time trend by birth year was incorporated into the
analytical model.

The Korean NHIS premium is based on the concept of taxation determined by income; therefore, household
income is included in the NHIS dataset. The income-related information within the dataset was divided into
20 percentiles. For the current study, the top 5 percentiles (16th-20th percentiles) were designated as “high
income;” whereas the remaining percentiles were classified as “middle and low income”

Statistical analyses

First, the crude distributions of weight, height, and BMI were recorded by computing the mean of the total
number of children in the reported national health screening. BMI is calculated by dividing an individual’s
weight in kilograms by the square of their height in meters. To account for known sex differences in pubertal
onset, we decided a priori to conduct separate analyses for boys and girls'®. Multivariate logistic regression
models were used to identify factors associated with CPP. Statistical analyses were performed using R software
version 3.1.1 (R Foundation, Vienna, Austria) and SAS version 9.4 (SAS Institute Inc., Cary, NC, USA). A P-
value <0.05 was considered statistically significant.
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Results

A total of 43,952 children with CPP were identified between 2008 and 2020. The control group comprised
854,749 children (Fig. 1). Among the children with CPP, 41,218 (93.8%) were girls, and 2734 (6.2%) were boys.
The mean ages at CPP diagnosis were 8.43+0.69 (range 1.75-9.00) and 9.73 £0.77 (range 3.42-10.00) years in
girls and boys, respectively (Table 1).

The birth weights of boys and girls with CPP were 0.09 and 0.06 kg lower than those of children without CPP,
respectively (boys: CPP =3.13 kg, without CPP =3.22 kg, P<0.0001; girls: CPP=3.11 kg, without CPP=3.17 kg,
P<0.0001). The prevalence of premature birth was higher in boys with CPP than in those without CPP
(CPP =5.60%, without CPP =3.79%, P <0.0001). Breastfeeding rates were lower among boys and girls with CPP
than among those without CPP (boys: CPP =59.18%, without CPP =62.69%, P=0.0002; girls: CPP =62.08%,
without CPP =63.91%, P<0.0001). Height, weight, and BMI proportions in each group were similar throughout
infancy to early childhood.

Children with and without CPP demonstrated significant differences in BMI from late infancy to early
childhood (Table 2). Across all surveys, the CPP group had a small proportion of underweight and normal-
weight children and a high proportion of children who were overweight and obese. Additionally, the CPP group
exhibited a significantly faster timing of adiposity rebound (lowest BMI) (boys: without CPP, 6th check-up [54-
60 months]; CPP, 5th check-up [42-48 months] [Fig. 2]; girls: without CPP, 6th check-up [54-60 months]; CPP,
4th check-up [30-36 months] [Fig. 3]).

In multivariate logistic regression models (Table 3), children with low birth weight (boys: odds ratio [OR]
1.71, P<0.0001; girls: OR 1.30, P<0.0001) and those who were overweight (boys: OR 1.33, P=0.0006; girls: OR
1.30, P<0.0001) or obese (boys: OR 1.60, P<0.0001; girls: OR 1.14, P<0.0001) were more likely to develop CPP
than children with normal weight. Breastfeeding exerted a significant protective effect against CPP in girls (OR
0.95, P=0.0003). Prematurity did not appear to be a significant risk factor for CPP; rather, it had a protective
effect in girls (OR 0.88, P=0.0011). Furthermore, the high-income group had a significantly lower probability of
CPP occurrence than the middle- and low-income groups.

Discussion

In this retrospective population-based cohort study, which used data from the NHIS and NHSPIC from 2008 to
2020, we observed that several early life factors could impact the development of CPP. Factors associated with
the increased risk of CPP were low birth weight, high BMI, and early BMI rebound. Conversely, breastfeeding
appeared to exert a protective effect against CPP in girls.

The global prevalence of overweight, obesity, and metabolic syndrome in children and adolescents has
increased considerably in recent years!®?%. An association between higher childhood BMI and puberty
development has been reported in both boys and girls**-?¢, and various mechanisms have been proposed as
hypotheses. Adipose tissue is rich in aromatase, which can produce estrogens from adrenal androgen precursors.
Also, obesity is associated with insulin-induced reductions of sex hormone binding globulin (SHBG), which
increases bioavailability of sex steroids?’. Moreover, obese children have high leptin levels, which accelerates

he National Health Insurance Service (NHIS) &
The National Health Screening Program for Infants and Children(NHSP) in Korea
- Born in year 2004-2013

Data set contained 1,904,721
(CPP* group n = 112,026 and Normal group n = 1,792,695)
*CPP : patients with diagnostic codes 'E22 & E30' who prescribed GnRH agonist

Excluded:

1. NA in height and weight from 1st to 7th cohort and birth outcome (n = 83,540)
2. Outliers(height & weight) in the top or bottom 0.1% (n = 23,647)

3. NA in demographics (n = 495,863)

4. girls born after 2012 and boys born after 2011 (n = 503,703)

\VA

Total dataset n = 898,701
(CPP group n =43,952 and Normal group n = 854,749)

Fig. 1. Flow diagram of the selection process for the study cohort.

Scientific Reports |

(2025) 15:16165 | https://doi.org/10.1038/s41598-025-98529-4 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Boys Girls
Control group | CPP group | Control group | CPP group

Variables, mean (SD) (N=391,314) | (N=2734) (N=463,435) | (N=41,218)
Age at CPP diagnosis (year) - 9.73 (0.77) - 8.43 (0.69)
Birth weight (kg) 3.22(0.5) 3.13(0.52) 3.17 (0.49) 3.11 (0.48)
Household income, N (%)

0-4 3652 (9.33) 173 (6.33) | 43,475 (9.38) | 3115 (7.56)

5-8 43,269 (11.02) | 273 (9.99) 51,146 (11.04) | 5312(12.89)
Ventile 9-12 85,711 (21.90) | 686 (25.09) 102,820 (22.19) | 10,976 (26.63)

13-16 131,078 (33.50) | 989 (36.17) 156,124 (33.69) | 14,400 (34.94)

17-20 94,744 (2421) | 613 (22.42) | 108,870 (23.71) | 7415 (17.99)
Premature birth, N (%)

[ Yes (14828 (379) [153(560)  [17,194(37) [ 1,543 (374)
Breastfeeding, N (%)
[ Yes [ 245,303 (62.69) [ 1,618 (59.18) [ 296,182 (63.91) [ 25,588 (62.08)

National health screening program for infants and children, mean (SD)

Height (cm) | 68.3 (2.79) 67.97 (2.86) | 66.6 (2.76) 66.55 (2.75)
ifg months | Weight (kg) | 8.45 (0.97) 836 (0.96) | 7.81(0.93) 7.78 (0.92)

BMI (kg/m?) | 18.1 (1.62) 18.08 (1.63 17.6 (1.6) 17.55 (1.57)

Height (cm) | 76.15 (2.82) 75.95(2.91) | 74.62 (2.8) 74.71 (2.81)
3?32 months Weight (kg) | 10.13 (1.06) 10.13 (1.08 9.48 (1.01) 9.5(1.01)

BMI (kg/m?) | 17.47 (1.42) 17.54 (1.41 17 (1.42) 17.01 (1.4)

Height (cm) | 86.1 (3.39) 85.91(3.38) | 84.72 (3.39) 84.89 (3.38)
3rd

18-24 months

BMI (kg/m?) | 16.49 (1.33) 16.56 (1.32) | 16.13 (1.32) 16.18 (1.3)
Height (cm) | 94.15 (3.28) 94.08 (3.45) | 92.97 (3.21) 933 (3.28)

)
(2.91)
(1.08)
(1.41)
(3.38)

Weight (kg) | 12.24 (1.31) 12.24 (1.33) | 11.59 (1.26) 11.68 (1.28)

(1.32)
(3.45)
(1.65)
(1.27)

4th .

3036 months | Weight (kg) | 14.36 (1.54) 14.44 (1.65) | 13.79 (1.52) 13.95 (1.54)
BMI (kg/m?) | 16.17 (1.26) 16.28 (1.27) | 15.93 (1.28) 16 (1.26)
Height (cm) | 101.03 (3.73) | 101.12 (3.99) | 99.98 (3.69) 100.55 (3.75)

5th N

1248 months | Weight (kg) | 16.43 (1.9) 16.67 (2.05) | 15.92 (1.86) 1622 (1.9)

BMI (kg/m?) | 16.06 (1.28) 1626 (13) | 1589 (1.3) 16.01 (1.29)
Height (cm) | 107.97 (4.12) | 1083 (44) | 106.96 (4.05) | 107.75 (4.13)
Weight (kg) | 18.75 (2.5) 19.22 (2.74) | 18.2(2.39) 18.67 (2.45)
BMI (kg/m?) | 16.04 (1.48) 16.33 (1.56) | 15.86 (1.47) 16.04 (1.47)
Height (cm) | 114.57 (4.39) | 115.03 (4.73) | 113.49 (4.33) | 114.54 (4.4)
Weight (kg) | 21.35 (3.32) 222(3.68) | 20.63 (3.09) 21.36 (3.14)
BMI (kg/m?) | 16.2 (1.83) 16.69 (1.94) | 15.96 (1.74) 16.22 (1.72)

6th

(
(
(
54-60 months (

7th
66-71 months

Table 1. Characteristics of the study participants. For boys, the respective sample sizes for the control and
CPP groups stratified by cohort are as follows: 1st cohort (338,697 and 2734, respectively), 2nd cohort
(255,047 and 2014, respectively), 3rd cohort (280,492 and 2114, respectively), 4th cohort (277,678 and 2064,
respectively), 5th cohort (263,839 and 1987, respectively), 6th cohort (244,948 and 1862, respectively), and
7th cohort (220,151 and 1613, respectively). For girls, the respective sample sizes for the control and CPP
groups by cohort are as follows: 1st cohort (378,368 and 41,215, respectively), 2nd cohort (299,490 and 30,611,
respectively), 3rd cohort (336,458 and 32,622, respectively), 4th cohort (338,028 and 32,608, respectively),

5th cohort (319,758 and 31,071, respectively), 6th cohort (294,212 and 28,559, respectively), and 7th cohort
(263,741 and 25,391, respectively). BMI body mass index, CPP central precocious puberty, SD standard
deviation.

gonadotropin-releasing hormone (GnRH) pulsatility in hypothalamic neurons and has a direct effect on the
anterior pituitary gland?.

In the current study, we analyzed the association between obesity and precocious puberty by analyzing the
timing of adiposity rebound. Adiposity rebound refers to the period when a child’s BMI reaches its lowest point
before beginning to increase again. Typically, this occurs around 6 years of age in normal development. An
early adiposity rebound, occurring before age 5.5 years, has been associated with several negative outcomes
such as obesity and faster pubertal development?. Our study results also showed that the timing of adiposity
rebound was faster in the CPP group compared to control for both boys and girls. In addition, multivariate
logistic regression analysis reconfirmed that overweight and obesity are risk factors for CPP.
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Boys Girls
Variables, mean (SD) Control group | CPP group | P-value | Control group | CPP group P-value
Underweight | 8693 (3.10) 49 (2.32) 0.0438 | 7156 (2.13) 606 (1.86) 0.0002
3rd Normal weight | 206,588 (73.65) | 1532 (72.47) 263,388 (78.28) | 25,380 (77.80)
18-24 months | Qverweight | 40,287 (14.36) | 326 (15.42) 41,318 (12.28) | 4162 (12.76)
Obese 24,924 (8.89) | 207 (9.79) 24,587 (7.31) | 2474 (7.58)
Underweight | 9808 (3.53) 60 (2.91) 0.0003 | 13,903 (4.11) | 1114(3.42) | <0.0001
4th Normal weight | 202,170 (72.81) | 1436 (69.57) 246,767 (73.00) | 23,484 (72.02)
30-36 months | Overweight | 31,028 (11.17) | 278 (13.47) 36,630 (10.84) | 3855 (11.82)
Obese 34,672 (12.49) | 290 (14.05) 40,728 (12.05) | 4155 (12.74)
Underweight | 8696 (3.30) 43 (2.16) <0.0001 | 10,802 (3.38) | 787 (2.53) <0.0001
5th Normal weight | 211,021 (79.98) | 1527 (76.85) 251,702 (78.72) | 23,975 (77.16)
42-48 months | Qyerweight 23,898 (9.06) | 220 (11.07) 33,553 (10.49) | 3725 (11.99)
Obese 20,224 (7.67) | 197 (9.91) 23,701 (7.41) | 2584 (8.32)
Underweight | 11,112 (4.54) | 62 (3.33) <0.0001 | 10,936 (3.72) | 760 (2.66) <0.0001
6th Normal weight | 197,904 (80.79) | 1430 (76.80) 237,868 (80.85) | 22,639 (79.27)
54-60 months | Qverweight 19,250 (7.86) | 193 (10.37) 26,843 (9.12) | 3056 (10.70)
Obese 16,682 (6.81) | 177 (9.51) 18,565 (6.31) | 21,04 (7.37)
Underweight | 10,103 (4.59) |36 (2.23) <0.0001 | 13,392 (5.08) | 773 (3.04) <0.0001
7th Normal weight | 172,153 (78.20) | 1190 (73.78) 208,860 (79.19) | 19,680 (77.51)
66-71 months | Qverweight | 18,290 (8.31) | 168 (10.42) 21,740 (8.24) | 2718 (10.70)
Obese 19,605 (8.9) 219 (13.58) 19,749 (7.49) | 2220 (8.74)

Table 2. Age-specific BMI classification among children from the National Health Insurance Service database
(2008-2020). BMI body mass index, CPP central precocious puberty. Classification of BMI: Underweight: < 5th
percentile; normal weight: 5th-85th percentile; overweight: 85th-95th percentile; obese: > 95th percentile for
each age group.

BMI
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e CPP group ___. Control group

Fig. 2. Adiposity rebound in boys from the 2008-2020 National Health Insurance Service database.

The relationship between birth weight and the risk of developing CPP has been reported previously. For
example, children with a lower birth weight were found to be at a higher risk of developing CPP than those with
a normal birth weight*. In a large population-based study on postnatal growth of Swedish children, girls who
were underweight at birth or short for their gestational age reached puberty at a younger age (underweight,
10.7+ 1.0 years; short, 10.6+ 1.2 years) than normal-weight girls (11.1+1.0, P=0.02)*!. Lazar et al. reported
that children born small for gestational age reached puberty (girls=10.4+0.9; boys=12.0+0.9) significantly
earlier than those born appropriate for gestational age (girls=11.4+1.3, P<0.01; boys=13.0+1.1, P<0.01)*.
The adiposity rebound hypothesis suggests that children who experience rapid weight gain during infancy and
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Fig. 3. Adiposity rebound in girls from the 2008-2020 National Health Insurance Service database.

Boys (N=221,764) Girls (N =289,132)

OR (95%CI) | P-value | OR (95% CI) P-value
Breastfeeding | 0.92 (0.83-1.02) | 0.11 | 0.95 (0.93-0.98) <0.01
Premature birth | 1.05 (0.82-1.35) | 0.71 | 0.88 (0.82-0.95) <0.01
Low birth weight | 1.71 (1.42-2.07) | <0.01 | 1.30 (1.24-1.37) <0.01
Income
High income 0.94 (0.84-1.04) ‘0.23 ‘0.75 (0.72-0.77) <0.01
BMI at 5 years of age
Underweight 0.52 (0.37-0.72) | <0.01 | 0.66 (0.62-0.7) <0.01
Overweight 133 (1.13-1.56) | <0.01 | 1.30 (1.24-1.36) <0.01
Obese 1.60 (1.39-1.85) | <0.01 | 1.14 (1.08-1.19) <0.01
Time trend 1.39 (1.31-1.46) | <0.01 (120 (119-1.22) | <0.01

Table 3. Multivariate logistic regression analysis among children with central precocious puberty. BMI body
mass index, CI confidence interval, OR odds ratio.

early childhood may have a higher risk of developing CPP*. According to this hypothesis, children with low
birth weight may experience catch-up growth during the first few years of life. Catch-up growth can lead to
an increased risk of obesity*, which has been highlighted as a risk factor for CPP. In a previous nationwide
population-based study conducted in Korea, any rapid weight gain from birth to 3 years of age was shown to
contribute to an increased risk of CPP in girls**. Our data found similar findings regarding the difference in the
timing of the BMI nadir between the control and CPP groups.

Prematurity (birth before 37 weeks of gestation) is reportedly associated with long-term health concerns,
including growth failure, intellectual disabilities, and an increased risk of developing CPP3°. Previous reports
have supported the potential association between prematurity and CPP. Premature infants may be at an increased
risk of developing CPP owing to the immaturity of their HPG axis, which regulates puberty. However, other
studies have failed to establish a clear association between prematurity and CPP. Several studies have reported
no difference in the timing of menarche between the preterm-born and term-born groups®’-*°, with one study
even identifying a delay in menarche in the preterm-born group?’. Likewise, the current study also revealed that
prematurity was not a risk factor for CPP in either gender.

Recent studies have suggested that breastfeeding may be associated with a lower risk of developing CPP than
formula feeding®"*2. Breast milk contains various hormones and growth factors, including insulin-like growth
factor-1, ghrelin, and leptin, that may help regulate appetite and body mass*’. Upon comparing 6-day-old
formula-fed and breastfed infants**, higher insulin levels were detected in formula-fed infants, demonstrating the
role of formula-feeding in body fat accumulation. Breastfeeding provides healthy body fat levels by maintaining
a balance between nutrients and bioactive substances, which may delay the onset of puberty and reduce the
risk of CPP. Conversely, findings from a Hong Kong Chinese birth cohort study did not detect any notable
association between breastfeeding or cow milk consumption at approximately 6 months, 3 years, or 5 years of
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age and at the onset of puberty®. In the current study, we observed that breastfeeding could exert a protective
effect only in girls (OR 0.95, P=0.003), with no clear association detected in boys (OR 0.92, P=0.1073). This may
be due to the substantially smaller sample size of boys than that of girls, indicating the need for further research
with a larger sample.

According to the life history theory, humans are believed to have evolved a sensitivity to specific elements
in their early childhood environments*®. Exposure to diverse environments tends to influence children toward
distinct reproductive strategies, potentially leading to early pubertal timing®. Household-level socioeconomic
position (SEP) is often used as an indicator of childhood disadvantages?. The earlier reported inverse
socioeconomic gradient observed in the National Health Examination Survey I (1959-1962) was found to
have reversed, with SEP now associated with a younger age at menarche in the 2005-2008 National Health
and Nutrition Examination Surveys*®. Braithwaite et al. recently explored the variations in age at menarche
based on socioeconomic status, which was determined by household income, parental education, and race®.
In addition, cumulative exposure to highly unfavorable household SEP from birth was found to be associated
with an increased risk of early puberty in boys and girls when compared with individuals from a more favorable
background®. Consistent with previous studies, the current study indicates that exposure to highly unfavorable
household SEP independently predicts an elevated likelihood of developing early precocious puberty.

The strength of this study lies in the use of national data drawn from a large sample, including 112,026
children diagnosed with CPP in South Korea during the analysis period. This study has the largest sample size
among all studies conducted to date on the etiology of precocious puberty. Furthermore, a notable advantage
is that the empirical analysis considers a range of explanatory variables that have been identified as primary
factors influencing CPP in previous studies. However, it is important to acknowledge the limitations of this
retrospective cohort study, which relied on recall surveys. Potential limitations include recall bias, incomplete
data, loss to follow-up, and possible inaccuracies in exposure assessment. For example, gestational age and
birth weight values were frequently missing; hence, they were treated as separate, independent variables in the
analysis. Additionally, the data provided by NHIS lacked information on specific bone age and tanner stage,
which made it difficult to conduct a detailed analysis of the study group.

In Korea, the NHIS defines CPP based on the following criteria: onset of secondary sexual characteristics
before the ages of 8 years in girls and 9 years in boys, advanced skeletal age compared to chronological age,
and sex hormone levels that have risen to pubertal levels before the ages of 9 years in girls and 10 years in
boys. However, because it is difficult to clearly prove the exact time of first appearance of secondary sexual
characteristics, NHIS defined the diagnostic criteria for CPP as 9 years of age for girls and 10 years of age for
boys based on the time of the GnRH stimulation test. This is slightly different from the internationally accepted
standard, which reflects the difference between the time when secondary sexual characteristics are observed
and the time when actual tests and diagnoses are conducted. In Korea, treatment costs are low, and access to
treatment is good, ensuring that most patients diagnosed with CPP receive treatment. However, this assumption
has not been statistically confirmed, potentially leading to bias between diagnosis and treatment. Given that the
data was limited to diagnoses and medication administration, it was not possible to assess disease progression.
This limitation could introduce bias, particularly because, in CPP, treatment decisions are markedly influenced
by disease progression.

This study provides insights indicating that early life factors, such as low birth weight, and high BMI, are
associated with the development of CPP, while breastfeeding appears to have a protective effect. The findings
underscore the importance of early life experiences in shaping future health outcomes of children, emphasizing
the relevance of precise history-taking and regular monitoring from birth. However, it is crucial to recognize the
inherent limitations of this study, which adopts a retrospective cohort design relying on recall surveys. Given
the retrospective nature of the study design, further research is warranted to meticulously assess the causal
relationship between these identified early life factors and the onset of CPP.

Data availability
All data generated or analyzed during this study are included in this published article or in the data repositories
listed in References.
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