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Objectives: To investigate the associations of obesity with growth and puberty in children.
Methods: From November 2017 to December 2019, height, weight, and Tanner stages of 26,879 children aged 3–18 years in Fuzhou, China were assessed.
Results: The obese group was significantly taller than the non-obese group after age 4 years for both genders, yet there was no significant difference in height between obese and non-obese group after 15.5 years old for boys and 12.5 years old for girls. The inflection points of significant growth deceleration in obese and non-obese groups were 14.4 and 14.6 years old for boys, and 11.8 and 12.8 years old for girls, respectively. The proportions of testicular development in boys with obesity and non-obesity were 7.96% and 5.08% at 8.5–8.9 years old, respectively, while the proportions of breast development in girls were 17.19% and 3.22% at age 7.5–7.9 years old, respectively.
Conclusion: Children with obesity were taller in early childhood, earlier onset of puberty and earlier cessation of growth than children with non-obesity of the same age. However, there was sex dimorphism on the effect of obesity on the incidence of precocious puberty.
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INTRODUCTION
Childhood obesity is a global health problem, with the prevalence of obesity in children at all ages increasing at an alarming rate over the past 40 years [1]. Obesity can be affected by many factors, such as genetic predisposition, intrauterine environment, socioeconomic status and health literacy. Incontrovertibly, ultra-processed foods and reduced physical activity play important roles [2, 3].
Mammalian growth is an intricate physiologic process, affected by nutrition, genes and hormones [4]. Insofar as nutrition plays an important regulatory role in growth and development, it follows that childhood obesity may impact onset and duration of puberty [5–7]. The association between obesity and growth is germane due to the increasing prevalence of childhood obesity worldwide [8]. For example, pubertal height gain is inversely related to peak BMI [5, 6].
The secular trend toward earlier childhood puberty onset has been observed in recent decades, possibly attributable to improvements in nutrition and healthcare [9–11]. Early puberty may be associated with an increased future risk of multiple diseases, such as cardiovascular disease, depression, type 2 diabetes and cancers, with clinical implications for treatment of children [12]. Epidemiological studies have demonstrated a link between earlier onset of puberty in girls with high BMI or obesity [13, 14], while this phenomenon remains inconsistent in boys. Some studies found a positive association between BMI and earlier onset of puberty [15], while others demonstrated delayed onset of puberty [16] or no significant relation in boys with obesity [17].
Frequently, children with obesity are taller for their age, with accelerated linear growth and advanced skeletal maturation, and tend to mature earlier than lean counterparts [18]. Although adequate nutrition is essential for normal growth in children with obesity are usually taller than their normal-weight peers, yet they do not tend to be taller height as adults [19]. A large Swedish study [6] found that puberty started earlier, and the height gain during puberty was reduced in children with obesity. This later reduction occurred despite an association of increased BMI during ages 2–8 years and with a parallel gain in height. Observational studies [19, 20] have corroborated an earlier pubertal onset and alternated linear growth during puberty in those with an elevated BMI.
The curvilinear relationship between obesity and height, and the effect of obesity on puberty, is unresolved, especially in boys. This study evaluated the associations of obesity with growth and puberty in Chinese children based on a large-scale epidemiological data base.
METHODS
Participants and Sampling
Data was extracted from the Fuzhou component of PRODY study from November 2017 to December 2019 using a stratified cluster-sampling design. Kindergartens, primary and senior high schools were randomly sampled from lists in Fuzhou, Fujian, China. Children and adolescents from 34 kindergartens, 13 primary schools and 12 senior high schools were recruited. The questionnaires encompassed birth history, past history, diet and exercise habits, and were completed by parents. Children who had been diagnosed with organic disease (such as germ cell tumor, congenital heart disease, etc.), chronic diseases (such as liver and chronic kidney disease, etc.), genital abnormalities (such as hypospadias, cryptorchidism, etc.) were excluded from the study.
Given the detection rate of precocious puberty was 6.65% in Shanghai, China [21], or our estimated sample size was 5,615. The detection rate of obesity was 8.31% for boys and 4.12% for girls in Guangzhou, China [22], and our estimated sample size was 9,308. In total, 26,879 healthy children, including 14,647 boys and 12,232 girls, who completed the questionnaire and physical examination were included in the final analysis (Supplementary Figure S1).
Anthropometric Measurement
Anthropometric measures while wearing light clothing, without shoes, were done by professional endocrinologists or pediatricians. Height and weight were measured with uniform and calibrated instruments. Waist circumference (WC) was measured at the midpoint of the horizontal line between the lower rib margin and the superior iliac border using an inelastic measuring tape. Hip circumference (HC) was measured at the maximum protuberance of the buttocks. The measurement of height, WC and HC were recorded with a precision of 0.1 cm, and weight was recorded with a precision of 0.5 kg.
The participants were defined as obese according to the sex-age-specific cut-off point standard of body mass index (BMI) for children and adolescents aged 0–18 years in China [23]. The BMI cut-off corresponded to a BMI of 28 kg/m2 (greater than the 96.3rd percentile in boys and greater than the 98th percentile in girls) at the age of 18 years (Supplementary Table S1).
Sexual Character Examination
Sexual development, including testes, breast and pubic hair, were assessed by a pediatric endocrinologist. Testicular (T) volume for boys was determined by palpation and volume determined by orchidometer. Breast (B) development in girls was evaluated by inspection combined with palpation. Pubic hair (PH) development in both genders were evaluated on exam. The age of menarche was obtained by asking the girls themselves during the physical examination, which were divided into different age groups: none, <10 years, 10–11 years, 11–12 years, 12–13 years, 13–14 years, 14–15 years and >15 years. The pubertal stage was assessed by standard Tanner staging [24, 25]. Precocious puberty was defined as secondary sexual characteristics before 9 years of age in boys and before 8 years of age in girls [26, 27].
Statistical Analysis
The collected data were recorded and proofread by two groups of researchers. Basic characteristics of the participants, such as the number of participants with obesity and precocious puberty and the means (standard deviation, SD) of age, height and BMI by sex, were calculated. A probit regression analysis was used to estimate the median age of reaching or above T2, B2 and PH2. A generalized additive model (GAM) was used to identify the non-linear relationships. A two-piece wise linear regression model was constructed to calculate the threshold effect of age on height status in terms of a smoothing plot if a non-linear relationship was observed. When the relationship between age status and height levels is conspicuous in this smoothed curve, the recursive method automatically calculated the inflection point, where the maximum model likelihood would be used [28]. Continuous and categorical variables were compared between groups using t-tests or chi-square tests, respectively, and a p value <0.05 was considered statistically significant. R software (http://www.R-project.org) and Empower (R) (www.empowerstats.com; X&Y Solutions, Inc., Boston, MA, United States) were used for all statistical analyses.
RESULTS
Characteristics of Subjects
A total of 26,879 participants, including 14,647 boys and 12,232 girls, were included in the final analysis (Table 1). Boys scored significantly higher than girls in height, BMI, WC and HC (p < 0.01). In general, the obesity prevalence in boys was higher than girls across the age group, with a prevalence of obesity of 10.42% (12.85% for boys and 7.50% for girls) aged 3–18 years (Figure 1).
TABLE 1 | Basic characteristics of the subjects (China, 2017–2019).
[image: Table 1][image: Figure 1]FIGURE 1 | Sex- and age-specific prevalence of obesity in Fuzhou, China, 2017–2019.
Associations of Obesity With Growth
As per Figure 2, obesity had an obvious influence on growth in both genders. For boys, the obesity group was significantly taller than the non-obesity group after 4 years of age, yet the significant difference in height vanished after 15.5 years of age. The height gap in boys reached a maximum at the age of 9.5–9.9 years old, with a mean difference of 6.44 cm between the obesity and non-obesity groups. For girls, the obesity group was significantly taller than the non-obesity group after 4 years of age, and no significant difference in height was evident after 12.5 years of age. The height gap in girls reached a maximum at the age of 11.0–11.4 years old, with a mean difference of 5.74 cm between the obesity and non-obesity groups (Supplementary Tables S2, S3).
[image: Figure 2]FIGURE 2 | Age-specific height differences between children with obesity and non-obesity (China, 2017–2019).
By using a two-piece linear regression model, a non-linear relationship was found between height and age. Results showed that the inflection point of significant growth deceleration was 14.6 and 14.4 years old in boys with obesity and non-obesity, respectively, while it was 12.8 and 11.8 years old in girls with obesity and non-obesity, respectively (Table 2).
TABLE 2 | The results of two-piece wise linear regression model between height and age in children with obesity and non-obesity (China, 2017–2019).
[image: Table 2]Associations of Obesity With Pubertal Stages
A probit analysis was used to estimate differences in median age at various Tanner stages (Table 3). For boys, the median age of T2 was 10.90 and 11.38 years in the obesity and non-obesity groups, respectively, and the median age of PH2 was 12.15 and 12.59 years in the obesity and non-obesity groups, respectively. For girls, the median age of B2 was 9.18 and 9.82 years in the obesity and non-obesity cohort, respectively, and the median age of PH2 was 10.43 and 11.28 years in the obesity and non-obesity groups, respectively. Compared with the non-obesity group, the median age of Tanner 2 in the obesity group was significantly earlier in both boys and girls (p < 0.05).
TABLE 3 | Age and height at different pubertal stages according to probit analysis (China, 2017–2019).
[image: Table 3]However, a sex dimorphism in the effect of obesity on the incidence of precocious puberty was observed. The proportions of testicular development in boys with obesity and non-obesity were 7.96% and 5.08% at 8.5–8.9 years old (χ = 1.287, p > 0.05), respectively, while the proportions of breast development in girls with obesity and non-obesity were 17.19% and 3.22% at age 7.5–7.9 years old (χ = 19.411, p < 0.001), respectively (Figure 3 and Supplementary Tables S4, S5).
[image: Figure 3]FIGURE 3 | Prevalence of sexual development at different ages between children with obesity and non-obesity (China, 2017–2019). (A) Prevalence of testicular development at Tanner stage 2 or greater at different ages in boys; (B) Prevalence of breast development at Tanner stage 2 or greater at different ages in girls; (C) Prevalence of pubic hair development at Tanner stage 2 or greater at different ages in boys; (D) Prevalence of pubic hair development at Tanner stage 2 or greater at different ages in girls.
Furthermore, a gender difference was noted on the effect of obesity on pubic hair development. The rates of pubic hair development in boys with obesity and non-obesity across age groups were similar, while girls with obesity developed pubic hair earlier than girls with non-obesity (Figure 3 and Supplementary Tables S6, S7).
Menarche in the girls with obesity was younger than that in the girls with non-obesity: 3,772 girls with non-obesity and 277 girls with obesity had menarche, and the proportions of menarche that occurred in less than 10 and 10–11 years were 3.25% and 23.10% in girls with obesity, respectively, compared with 1.14% and 11.98% in girls with non-obesity (Supplementary Table S8).
DISCUSSION
This study assessed the relationship between obesity and linear growth and pubertal development (as measured by breast, menarche, pubic hair and testes) based on a large-scale, population-based, cross-sectional survey in Fuzhou, China. The overall rate of obesity was 10.42% (12.85% for boys and 7.50% for girls) in the present study, which is higher than the previously reported 8.9% in China [29]. Our study found different growth curves in children with obesity and a positive relationship between obesity and puberty onset.
Herein, we found that children with obesity were taller than children with non-obesity after the age of 4 years, while this difference waned during puberty, resulting in no advantage in late adolescence. Our results established specific age and growth inflection points. In previous studies, children with obesity grew faster during prepubertal years but lost their growth advantage at puberty, ultimately resulting in no positive effect on adult height [5, 6, 30–32]. Advanced bone maturation due to obesity may explain the attenuated growth during puberty [32, 33]. In addition, we found that children with obesity ceased growing earlier, and this disparity was more noticeable in girls.
A secular trend toward an earlier onset of puberty has been observed in recent years for both girls and boys [34, 35]. Extensive studies have found a positive association between obesity (high BMI) and earlier puberty in girls, which has been confirmed by population-based cross-sectional and longitudinal studies in many diverse countries [12, 36–38]. Our results are consistent with most studies. Furthermore, a decrease in the median age of both thelarche and pubarche in girls with obesity were observed, and the age of menarche differed between non-obese and obese girls.
Unlike girls, the relationship between obesity and early puberty remains controversial in boys. Some studies have reported later puberty onset in boys with obesity. A large cross-sectional study involving 1,500 girls and 1,520 boys in the US found that early sexual maturation was reversely associated with overweight and obesity in boys [39]. However, other studies reacted antithetical conclusions. A large cohort study of Danish boys with voice breaks, considered as the marker of puberty, found a significant positive association between higher BMI and earlier puberty [40]. In a cross-sectional study in Shanghai, China, a positive association between early puberty and obesity was observed, as evidenced by an advance in testicular development with increasing BMI [21]. The lack of consistent evidence for the effect of weight status on the timing of puberty in boys may be due to differences in ethnic background, sample size, method for puberty staging and statistical approach. In our study, boys in the obesity group had a younger median age at T2 and PH2 than those in the non-obesity group. Nonetheless, the rates of precocious puberty in boys with obesity and non-obesity across age groups were similar. Puberty onset dimorphism existed between genders: although boys with obesity developed puberty earlier than boys with non-obesity on the whole, the effects of obesity were more apparent in girls than in boys.
Several potential mechanisms could explain the link between childhood obesity and early pubertal onset. Obesity has been proposed as a activated metabolic gatekeeper of puberty, one of the key factors mediating this effect of obesity on puberty may be related to adipokines, especially leptin [41], which can directly stimulate gonadotropin secretion. In addition, the association between childhood obesity and early puberty may be related to the status of hyperinsulinemia/insulin resistance associated with obesity and the genetic polymorphism of obesity [42]. The reason for sexual dimorphism is unknown, but plausibly the difference may be related to sex specificity actions of leptin [43, 44] and the interaction of kisspeptin with gonadotropin-releasing hormone [44, 45]. Kisspeptin and kisspeptin receptors in the hypothalamus, essential for the onset of puberty in both males and females, show a high degree of sexual dimorphism in expression and function and induce different GnRH secretion patterns in males and females [46].
Strengths and Limitations of This Study
This study had several strengths, including the use of multiple pubertal evaluation indicators, deriving growth curves, establishing growth inflection points, and confirming the relationship between obesity and early puberty. The population was exclusive Chinese from Fuzhou, hence, diet, lifestyles, and health tend to be homogeneous.
However, there are limitations. First, the cross-sectional design cannot determine the causal relationship of puberty and obesity, nor the speed of the consecutive pubertal stages, and accurately determine the precise onset of puberty. Second, the study did not assess bone age, hence, it is infeasible to determine whether changes in bone age were associated with the effects of obesity on height. Furthermore, there may be some inaccuracies in breast palpation in girls with obesity, given the challenge to distinguish adipose vs. breast tissue, and there may be recall error as to the age of menarche.
Conclusion
In this cross-sectional study, differences in growth curves and growth inflection points between children with obesity and non-obesity were found, corroborating that children with obesity were taller in early childhood, earlier onset of puberty and earlier cessation of growth than children with non-obesity of the same age, but there was sex dimorphism in the effect of obesity on the incidence of precocious puberty. In sum, these findings underscore the importance of assessing physical development and the onset and progression of puberty in children with obesity, and provide guidance to healthcare providers as to when a referral to endocrinology is necessary.
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