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Background: The late occurrence of adiposity peak (AP) and the early occurrence of adiposity rebound (AR) are considered the earliest indicators for obesity and its related health conditions later in life. However, there is still limited information for their upstream factors. Therefore, in this study, we aimed to identify the parental and child factors associated with the timing of AP and AR in the early stage of life.

Methods: This is a population-based longitudinal study conducted in Shanghai, China. The BMI data of children born between September 2010 and October 2013 were followed from birth to 80 months. Subject-specific body mass index trajectories were fitted by non-linear mixed-effect models with natural cubic spline functions, and the individual's age at AP and AR was estimated. The generalized linear regression models were applied to identify the upstream factors of late occurrence of AP and early occurrence AR.

Results: For 7,292 children with estimated AP, boys were less likely to have a late AP [adjusted risk ratio (RR) = 0.83, 95% confidence interval (CI): 0.77–0.90, p < 0.001], but preterm born children had a higher risk of a late AP (adjusted RR = 1.25, 95% CI: 1.07–1.47, p < 0.01). For 10,985 children with estimated AR, children with breastfeeding longer than 4 months were less likely to have an early AR (adjusted RR = 0.80, 95% CI: 0.73–0.87, p < 0.001), but children who were born to advanced-age mothers and who were born small for gestational age had a higher risk of having an early AR (adjusted RR = 1.21, 95% CI: 1.07–1.36, p < 0.01; adjusted RR = 1.20, 95% CI: 1.04–1.39, p = 0.01).

Conclusions: Modifiable pre-birth or early-life factors associated with the timing of AP or AR were found. Our findings may help develop prevention and intervention strategies at the earliest stage of life to control later obesity and the health conditions and diseases linked to it.
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INTRODUCTION

Over the past half-century, the prevalence of overweight or obesity in China has rapidly increased, alongside with fast economic growth, globalization, and urbanization (1). The national data suggest that more than half of Chinese adults are now living with overweight or obesity (2). People affected by obesity are at increased risk of various adverse health conditions, many of which are potentially life-threatening (1). Obesity is now a remarkable public health issue in China (2), but the research about upstream determinants or risk factors at the individual level is scarce in the country (1, 2). It is urgent to identify the starting point or predictor early in life for obesity and provide scientific evidence for developing and implementing prevention and management of obesity in China.

Body mass index (BMI) is an indicator of the amount of body fat (3). It does not directly assess body fat, but it is strongly correlated with the gold standard methods for measuring it (3). As a screening tool for overweight and obesity (4), a higher BMI can be an indicator of a greater risk of health problems due to the weight in an individual. The BMI value rapidly increases during the first year of life and then decreases and reaches a nadir between 4 and 6 years of age. After that, it increases again gradually through adolescence and most of adulthood. The highest point of the BMI trajectory in infancy is termed “adiposity peak (AP),” and the second rise during childhood is referred to as “adiposity rebound (AR)” (5). There is growing evidence that the age at AP or AR has a predictive significance for obesity in later life. The current literature has shown that a later AP or an earlier AR is associated with the occurrence of overweight or obesity (6–9) and the associated adverse health outcomes (insulin resistance/type 2 diabetes mellitus and cardiovascular disorders) in childhood, adolescence, or adulthood (6, 7, 9–12).

As vital and early predictors of life-course health risk, experts conducted extensive, in-depth studies on the determinants for the timing of AP and AR during pre-birth and early-life and agreed that there are modifiable and non-modifiable factors associated with them. Researchers have concurred with each other in the view that genetic susceptibility, sex, ethnicity, and birth order were all non-modifiable factors associated with the timing of AP or AR (5, 13–20). However, studies about modifiable factors caused by in utero and early-life exposures reported conflicting results regarding factors such as breastfeeding (13, 21, 22) and maternal complication of gestational diabetes mellitus (GDM) (14, 23), leaving them the subject of controversy. Meanwhile, evidence remains scant regarding modifiable factors associated with the timing of AP or AR, which has been reported other than parental obesity or its related conditions (14, 15, 17, 18), pre-eclampsia (14), isolated hyperglycemia (14), birth weight (5, 13), and breastfeeding (13, 14, 19, 20).

We emphasize the role of early-life risk factors in obesity development and the need to provide recommendations to prevent and manage obesity in China. Hence, we generate the hypothesis that some modifiable antenatal or postnatal factors may associate with the timing of AP or AR, which were confirmed to relate to the risks of adverse health conditions later in life. By estimating the timing of AP and AR at the individual level, we aimed to evaluate their association with prenatal, perinatal, and early-life factors in a contemporary, large, population-based longitudinal study.



MATERIALS AND METHODS


Study Population and Data Sources

We used the data from a population-based longitudinal study conducted in the Minhang District of Shanghai, a typical urban area in one of the metropolises of China. Health records of children born between September 2010 and October 2013 in this area were collected from the authorized database (N = 22,281). We retrieved data on the age, sex, weight, and height of these children seen for well-child visits or other consultations reported by clinics and hospitals in this area, and retrieved the information concerning the delivery and newborn of the children from birth records. We excluded 8,512 records that met one of the following exclusion criteria: null value for all the measures (n = 6,845), duplicate records (n = 982), and records with fewer than three measurement times (n = 685). We selected only children who had at least three measurement times (weight and length/height at the same measurement, and only one measurement per month) during their 1st and 80th months of age for growth trajectory modeling (24). To avoid influential points, high leverage points, and outliers, we also removed records of children with abnormal growth patterns (n = 153). Finally, the number of subjects included in our study was 13,616 (7,164 boys and 6,452 girls) (Figure 1). The Minhang District Center for Disease Control and Prevention Ethics Committee approved this study (EC-2019-011). As the anonymous retrospective data were collected routinely during clinical practice, the requirement for informed consent was waived.
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FIGURE 1. Flow diagram for subject selection.




Timing of AP and AR

Height and weight were measured at each visit at local hospitals or clinics in the Minhang District during infancy and childhood (until the 80th month of age). Bodyweight and length/height were measured by calibrated mechanical weight scales and stadiometers, respectively, and these instruments all passed the inspection by the Shanghai Compulsory Verification Center for Measuring Instruments. Weight was assessed to the nearest 1 g, and the height/body length was measured to the nearest 1 cm. All practices strictly followed the Work Specifications of Children Healthcare, and trained nurses who participated in in-service training performed all measurements following standardized techniques to ensure validity. BMI was calculated as weight in kilograms divided by length or height in meters squared.

All data of multiple observations obtained in early life regarding children's age, weight, and length/height were used to estimate BMI and its trajectories. To guarantee the quality of BMI trajectory fitting, children with no measurement between the 1st and 12th months of age were excluded for AP estimation (n = 3,711), and children with no measurement after 18 months of age or between 42 and 84 months of age were excluded for AR estimation (n = 457) (Figure 1) (24). The individual-specific BMI trajectory from the 1st to 80th months of age was fitted using non-linear mixed-effect models with natural cubic spline functions for age to capture the non-linear trend (14, 24). Estimates of age at AP and AR were drawn from the BMI-for-age curve for each child. The AP and AR could not be estimated in 2,613 and 2,174 children, respectively, and their ages at AP or AR could not be determined. Based on the final results, 7,292 and 10,985 children have estimated ages at AP and AR, respectively (Figure 1). In this study, the timings of AP and AR were set as binary variables, and the children were categorized into groups of late or non-late AP and early or non-early AR. According to the literature, the age at AP later than 12 months or the age at AR earlier than 48 months has been linked to numerous obesity-related health risks in later life (14, 25–28). Hence, a child who has an AP occurrence later than 12 months of age was defined as being with a late AP, and a child who has an AR occurrence earlier than 48 months of age was defined as being with an early AR in this study.



The Pre-Birth and Early-Life Factors

Information concerning the delivery and newborn of the children was retrieved from birth records, including sex, gestational age, mode of delivery, and birth weight. Gestational age was measured in weeks, from the first day of the mother's last menstrual cycle to the day of childbirth. Preterm is defined as a child born alive before 37 weeks of gestational age. The delivery modes included vaginal delivery and cesarean section. Children born weighing <2,500 g were defined as low birth weight, and those weighing > 4,000 g were defined as macrosomia. Small for gestational age (SGA) was defined as a birth weight of less than 10th percentile for gestational age, and large for gestational age (LGA) was defined as a birth weight of more than 90th percentile for gestational age (29, 30). Parental information was collected from the hospital birth records, including maternal age, parental education levels, common pregnancy complications, history of childbirth, and multiple gestations. The parental educational level was categorized as university-educated or not (14), and the common complications included gestational anemia, gestational hypertensive disorders, and GDM. Information on breastfeeding and sleep duration of the children was collected from self-administered standardized questionnaires completed by their parents during postpartum follow-ups or collected from pediatric clinical consultation records. The duration of breastfeeding was divided into five groups according to the length of time (longer than 4, 6, 9, or 12 months). The reference group was defined as no breastfeeding initiation or breastfeeding for shorter than 4 months (≤ 4 months). We adopted the World Health Organization (WHO) guideline to reference the sleep duration category during infancy and early childhood (31).



Statistical Analyses

Characteristics of children are presented as the medians (interquartile range, IQR) for continuous variables and as percentages for categorical variables. Differences in characteristics of children with AP or AR timings were detected by the Wilcoxon rank-sum tests for continuous variables and chi-square tests for categorical variables. Because the detection rate of late AP or early AR occurrence was >15%, we applied the generalized linear model (GLM) to identify the upstream factors, and risk ratios (RRs) with 95% confidence intervals (CIs) were estimated. Univariable regression analyses were first applied to screen the pre-birth and early-life factors. A p-value < 0.25 was used as the entry criterion of multivariable regression analyses due to the fact that it is supported in earlier literature and allows for clinically relevant factors to be included (14, 32, 33). After that, the multivariable regression analyses were conducted with factors identified by univariable analyses in the forward stepwise selection approaches. Meanwhile, we also conducted the multivariable analyses by backward stepwise selection approach and simultaneously included all factors identified from the univariable analyses into a regression model (14) as a sensitivity analysis to determine the robustness of the results. The analyses of the upstream factors were based on the children with estimated ages at AP or AR, without imputation for missing data. All tests of hypotheses were 2-sided and conducted at a 0.05 level of significance (p-values). All models' fitting was implemented using R version 3.6.2 (34, 35). Statistical analyses were performed in Stata SE 15 (StataCorp LP, Texas, USA).




RESULTS


Characteristics of the Study Population

A total of 7,292 children with estimated AP (93,010 times of BMI measurements) and 10,985 children with estimated AR (118,238 times of BMI measurements) were included in this study (Figure 1). Table 1 showed their characteristics by the timings of AP or AR occurrence. Results indicated significant differences in the factors of sex, preterm birth, low birth weight, SGA, multiple gestations (twin), and sleep duration longer than 17 h/day during birth and 3 months of age for children with estimated AP. At the same time, significant differences were found in the factors of advanced maternal age, GDM, breastfeeding longer than 4 months, sleep duration longer than 17 h/day during birth and 3 months of age, and sleep duration longer than 16 h/day during 4 and 11 months of age for children with estimated AR.


Table 1. Characteristics of children included in this study.

[image: Table 1]



Factors Associated With the Late Occurrence of AP or Early Occurrence of AR

The results of univariate regression analyses are shown in Table 2. The upstream factors related to a late AP occurrence and selected into the multivariable model were parental education levels, gestational anemia, GDM, multiparous, sex, preterm birth, cesarean delivery, multiple gestations, low birth weight, macrosomia, SGA, breastfeeding duration longer than 4 and 6 months, sleep duration shorter than 14 h/day during birth and 3 months of age, and longer than 17 h/day during birth and 3 months of age. The forward stepwise regression was run, and the multivariable regression analysis showed that sex and preterm birth were factors associated with the late occurrence of AP. Boys were less likely to have a late AP than girls (adjusted RR = 0.83, 95% CI: 0.77–0.90, p < 0.001), and children who were born preterm was associated with a higher risk of late AP occurrence (adjusted RR = 1.25, 95% CI: 1.07–1.47, p < 0.01). Sensitivity analyses were performed, and the results were similar to those in the forward stepwise regression (the results of backward stepwise regression and those for the regression model simultaneously included all factors identified from the univariable analyses are presented in Supplementary Tables S1, S2).


Table 2. Univariate regression analyses of factors associated with the late occurrence of AP or early occurrence of AR.
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The upstream factors related to an early AR occurrence and selected into the multivariable model were advanced maternal age (≥35 years), GDM, SGA, breastfeeding duration longer than 4 and 6 months, and sleep duration longer than 17 h/day during birth and 3 months of age, sleep duration shorter than 12 h/day during 4 and 11 months of age, and sleep duration longer than 16 h/day during 4 and 11 months of age. The forward stepwise regression was run, and the multivariable analysis showed that breastfeeding duration longer than 4 months, advanced maternal age, and SGA were the factors associated with the timing of AR. Children with breastfeeding longer than 4 months were less likely to have an early AR than those who had no breastfeeding or had breastfeeding for shorter than 4 months (adjusted RR = 0.80, 95% CI: 0.73–0.87, p < 0.001). Children who were born to advanced-age mothers and who were born SGA had a higher risk of having an early AR (adjusted RR = 1.21, 95% CI: 1.07–1.36, p < 0.01; adjusted RR = 1.20, 95% CI: 1.04–1.39, p = 0.01). Sensitivity analyses were also performed, and results were similar to those in the forward stepwise regression (Supplementary Tables S1, S2).




DISCUSSION

In this large, population-based longitudinal study, we found the parental and early-life factors for the occurrence of late AP and early AR in children who were born after the first decade in this century and grew up in a metropolis of China. The upstream factor, such as sex, preterm birth, breastfeeding duration, advanced maternal age, or SGA, was associated with the timing of AP or AR.

In line with the previous studies, we found that females were more likely to have a late AP than males (5, 13, 14). As a non-modifiable factor, the sex difference in physical development during infancy is difficult to be explained by hormones, nutrition status, or physical activity levels. Hence, it may be attributed to a genetic difference. Although a late AP was suggested to be associated with later adiposity, no evidence supported that females are at a higher risk of being overweight or obese at any stage of their life.

Children born preterm were found to have a higher risk of late AP occurrence in our study. The growth pattern of preterm infants is usually catch-up growth. Catch-up growth refers to the rapid growth of preterm infants that minimizes the size difference with term counterparts. It is usually noted in the weight and length and occurs during the first 2–3 years of life (36, 37). In this study, a late AP means the peak of a BMI curve occurred after 12 months of age. We can speculate that the preterm born children still had a delay in reaching the peak BMI value within infancy, and the longer time left to BMI increase contributes to the larger magnitude of BMI value, which tracks to the later life. Experiments on animal models showed that mice with catch-up growth would be susceptible to the adverse effects of an obesity-inducing diet and favor the development of obesity in adulthood (38, 39). For humans, children with catch-up growth were fatter and had more central fat distribution at 5 years of age, and had the risk of visceral obesity, insulin resistance, and glucose intolerance in adulthood (40, 41). Therefore, future studies are encouraged to explore the mediating effect of catch-up growth between preterm birth and AP timing. Certainly, preterm birth also appeared to be independently associated with an increased risk of developing cardiovascular disease in adolescence and type 2 diabetes in adulthood (42, 43).

In the crude model for factors associated with the late occurrence of AP, the identified factors also included multiple gestations (twin), low birth weight, and SGA (all p-value < 0.01). Although the associations could not be observed in the adjusted model, the factors all pointed to the catch-up growth pattern. The result indicated that growth monitoring should be implemented for children with intrauterine growth restriction to identify catch-up growth, and the intervention of obesity should be provided early in childhood. Previous studies also reported that isolated gestational hyperglycemia, a larger birth weight, and breastfeeding non-initiation were associated with a delayed AP (5, 13, 14, 19, 20, 44, 45). However, these associations could not be observed in this study.

Results also demonstrated that children with breastfeeding longer than 4 months had later AR than their counterparts who had no breastfeeding or had breastfeeding for shorter than 4 months. However, this association could not be found among children with breastfeeding longer than 6, 9, or 12 months. It is worth noting that two studies from Europe did not report the association between early AR occurrence and breastfeeding duration longer than 6 months, too. These two studies suggested that children of European ancestry receiving 3–5 months of exclusive breastfeeding had later AR only in females, but no observation was identified in males (19, 20). Furthermore, although the association between breastfeeding and AR timing is a topic of general interest, whether breastfeeding protects children from early AR remains determined (46–48). As there are increasing challenges (49) of the widely accepted opinion that a longer duration of breastfeeding is associated with slower growth and less weight gain than formula feeding in young children (50), it is a necessity for future studies to examine the effect of breastfeeding in terms of its duration.

No previous study reported the association between advanced maternal age and early AR. The immediate neonatal outcomes of advanced maternal age included pre-eclampsia, intrauterine growth restriction, preterm birth, and stillbirth (51–54), and the long-term outcomes were cardiovascular disease, obesity, and certain types of cancers in adulthood (55–58). A study from Kuwait suggested that childhood obesity was associated with advanced maternal age at pregnancy (59). However, a recent study from China has shown that maternal age younger than 28 years could predict pediatric overweight or obesity (60). Other studies also supported that although children of mothers with an advanced maternal age exhibited a higher BMI, mother's age at pregnancy has not been identified as a predictor of overweight for children (61, 62). Based on all known evidence, we infer that the association between advanced maternal age and the early occurrence of AR was mediated by immediate neonatal outcomes such as intrauterine growth restriction or preterm birth.

Children born SGA are also tied to an early AR in this study. Researches summarized that SGA was associated with early AR, obesity, metabolic syndrome, or non-communicable diseases in later life (63). A Japanese study suggested that about 7% of children with SGA had AR before 3 years of age (64). Compared with children born appropriate for gestational age and born large for gestational age, children born SGA seemed to have the earliest timing of AR (65).


Strengths and Limitations

The strengths of this study include the large sample size and the standardized and quality-assured data collection processes that were conducted over a long-time span from pregnancy to middle childhood. However, several limitations have impacted our results. First of all, AP and AR timing estimations used for analysis was not from the observation records and might lead to inaccuracy. Also, there was a possibility of recall bias since the data of some variables were self-reported. Meanwhile, due to one of our hypotheses that the birth weight would be an associated factor, we did not include the birth weight/length/BMI when deriving individuals' BMI growth trajectories, even if it is a strong determinant of subsequent growth. Additionally, we did not differentiate breastfeeding by exclusive breastfeeding or not due to the loss of information. The breastfeeding in this study referred to any breastfeeding (includes nonexclusive and exclusive). Furthermore, since the subjects were almost Chinese Han children born and lived in an economically developed area, generalization of these results to other ethnic groups or regions should be performed with caution. Finally, although preterm birth, advanced maternal age, and SGA were risk factors identified in our study, their clinical impact could be limited. Results in Table 1 showed that in our population, only 5.4% of children with a late AP were born preterm, 6.5% of children with an early AR were born to advanced-age mothers, and 6.7% were born SGA. Modification of these factors could just have limited impact on children's timing of AP and AR.

In conclusion, in this population-based longitudinal study, the timing of AP or AR occurrence was found to be explained by factors arising in pregnancy and early infancy. Our study underscores a critical need for interventions to change modifiable factors during the early stage of life to affect the AP or AR occurrence time and may even affect adiposity and its complications in later life. However, the timing of AP and AR is not fully explained by the evaluated factors included in our study. Therefore, further studies are required for the investigation of other upstream factors.




DATA AVAILABILITY STATEMENT

The datasets presented in this article will be available for investigators after approval by Fudan University and the Minhang District Center for Disease Control and Prevention. Requests to access the datasets should be directed to Huijing Shi, hjshi@fudan.edu.cn.



ETHICS STATEMENT

The studies involving human participants were reviewed and approved by the Minhang District Center for Disease Control and Prevention Ethics Committee. Written informed consent from the participants' legal guardian/next of kin was not required to participate in this study in accordance with the national legislation and the institutional requirements.



AUTHOR CONTRIBUTIONS

HS, DL, and DC conceptualized and designed the study, contributed to data analysis, drafted the initial manuscript, and reviewed and revised the manuscript. LW and XW helped with study design, overviewed the study, coordinated data acquisition, and contributed to data analysis. JH and YL coordinated and supervised data collection, served as data managers at their institutions, and critically reviewed the manuscript. All authors critically reviewed and approved the final manuscript.



FUNDING

This study was supported by the Special Foundation of Basic Science and Technology Resources Survey from the Ministry of Science and Technology of China (2019FY101004), the Fifth Round of the Three-Year Public Health Action Plan of Shanghai from the Shanghai Municipal Health Commission (GWV-10.1-XK08), and the Fudan-Minhang Health Consortium Cooperation Project from the Minhang Branch, School of Public Health, Fudan University, Shanghai (2019FM11).



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fped.2021.742551/full#supplementary-material



REFERENCES

 1. The Lancet Diabetes E. Obesity in China: time to act. Lancet Diabetes Endocrinol. (2021) 9:407. doi: 10.1016/S2213-8587(21)00150-9

 2. Pan XF, Wang L, Pan A. Epidemiology and determinants of obesity in China. Lancet Diabetes Endocrinol. (2021) 9:373–92. doi: 10.1016/S2213-8587(21)00045-0

 3. Gallagher D, Visser M, Sepulveda D, Pierson RN, Harris T, Heymsfield SB. How useful is body mass index for comparison of body fatness across age, sex, and ethnic groups? Am J Epidemiol. (1996) 143:228–39. doi: 10.1093/oxfordjournals.aje.a008733

 4. Force USPST, Barton M. Screening for obesity in children and adolescents: US Preventive Services Task Force recommendation statement. Pediatrics. (2010) 125:361–7. doi: 10.1542/peds.2009-2037

 5. Wen X, Kleinman K, Gillman MW, Rifas-Shiman SL, Taveras EM. Childhood body mass index trajectories: modeling, characterizing, pairwise correlations and socio-demographic predictors of trajectory characteristics. BMC Med Res Methodol. (2012) 12:38. doi: 10.1186/1471-2288-12-38

 6. Perng W, Rahman ML, Aris IM, Michelotti G, Sordillo JE, Chavarro JE, et al. Metabolite profiles of the relationship between Body Mass Index (BMI) Milestones and Metabolic Risk during Early Adolescence. Metabolites. (2020) 10:316. doi: 10.3390/metabo10080316

 7. Aris IM, Rifas-Shiman SL, Li LJ, Kleinman KP, Coull BA, Gold DR, et al. Patterns of body mass index milestones in early life and cardiometabolic risk in early adolescence. Int J Epidemiol. (2019) 48:157–67. doi: 10.1093/ije/dyy286

 8. Roche J, Quinart S, Thivel D, Pasteur S, Mauny F, Mougin F, et al. Comparison between type A and type B early adiposity rebound in predicting overweight and obesity in children: a longitudinal study. Br J Nutr. (2020) 124:501–12. doi: 10.1017/S0007114520000987

 9. Di Gravio C, Krishnaveni GV, Somashekara R, Veena SR, Kumaran K, Krishna M, et al. Comparing BMI with skinfolds to estimate age at adiposity rebound and its associations with cardio-metabolic risk markers in adolescence. Int J Obes (Lond). (2019) 43:683–90. doi: 10.1038/s41366-018-0144-8

 10. Kang MJ. The adiposity rebound in the 21st century children: meaning for what? Korean J Pediatr. (2018) 61:375–80. doi: 10.3345/kjp.2018.07227

 11. Perkiomaki N, Auvinen J, Tulppo MP, Ollila MM, Junttila J, Perkiomaki J, et al. Childhood growth patterns and cardiovascular autonomic modulation in midlife: Northern Finland 1966 Birth Cohort Study. Int J Obes (Lond). (2019) 43:2264–72. doi: 10.1038/s41366-019-0333-0

 12. Korpela N, Kaikkonen K, Auvinen J, Tulppo MP, Junttila J, Perkiomaki J, et al. Early growth patterns and cardiac structure and function at midlife: Northern Finland 1966 Birth Cohort Study. J Pediatr. (2020) 221:151–8.e1. doi: 10.1016/j.jpeds.2020.03.007

 13. Jensen SM, Ritz C, Ejlerskov KT, Molgaard C, Michaelsen KF. Infant BMI peak, breastfeeding, and body composition at age 3 y. Am J Clin Nutr. (2015) 101:319–25. doi: 10.3945/ajcn.114.092957

 14. Aris IM, Rifas-Shiman SL, Li LJ, Kleinman K, Coull BA, Gold DR, et al. Pre-, perinatal, and parental predictors of body mass index trajectory milestones. J Pediatr. (2018) 201:69–77.e8. doi: 10.1016/j.jpeds.2018.05.041

 15. Johnson W, Soloway LE, Erickson D, Choh AC, Lee M, Chumlea WC, et al. A changing pattern of childhood BMI growth during the 20th century: 70 y of data from the Fels Longitudinal Study. Am J Clin Nutr. (2012) 95:1136–43. doi: 10.3945/ajcn.111.022269

 16. Min J, Wen X, Xue H, Wang Y. Ethnic disparities in childhood BMI trajectories and obesity and potential causes among 29,250 US children: Findings from the Early Childhood Longitudinal Study-Birth and Kindergarten Cohorts. Int J Obes (Lond). (2018) 42:1661–70. doi: 10.1038/s41366-018-0091-4

 17. Ip EH, Marshall SA, Saldana S, Skelton JA, Suerken CK, Arcury TA, et al. Determinants of adiposity rebound timing in children. J Pediatr. (2017) 184:151–6.e2. doi: 10.1016/j.jpeds.2017.01.051

 18. Linares J, Corvalan C, Galleguillos B, Kain J, Gonzalez L, Uauy R, et al. The effects of pre-pregnancy BMI and maternal factors on the timing of adiposity rebound in offspring. Obesity (Silver Spring). (2016) 24:1313–9. doi: 10.1002/oby.21490

 19. Wu YY, Lye S, Briollais L. The role of early life growth development, the FTO gene and exclusive breastfeeding on child BMI trajectories. Int J Epidemiol. (2017) 46:1512–22. doi: 10.1093/ije/dyx081

 20. Sovio U, Mook-Kanamori DO, Warrington NM, Lawrence R, Briollais L, Palmer CN, et al. Association between common variation at the FTO locus and changes in body mass index from infancy to late childhood: the complex nature of genetic association through growth and development. PLoS Genet. (2011) 7:e1001307. doi: 10.1371/journal.pgen.1001307

 21. Aris IM, Bernard JY, Chen LW, Tint MT, Pang WW, Lim WY, et al. Infant body mass index peak and early childhood cardio-metabolic risk markers in a multi-ethnic Asian birth cohort. Int J Epidemiol. (2017) 46:513–25. doi: 10.1093/ije/dyw232

 22. Besharat Pour M, Bergstrom A, Bottai M, Magnusson J, Kull I, Moradi T. Age at adiposity rebound and body mass index trajectory from early childhood to adolescence; differences by breastfeeding and maternal immigration background. Pediatr Obes. (2017) 12:75–84. doi: 10.1111/ijpo.12111

 23. Hakanen T, Saha MT, Salo MK, Nummi T, Harjunmaa U, Lipiainen L, et al. Mothers with gestational diabetes are more likely to give birth to children who experience early weight problems. Acta Paediatr. (2016) 105:1166–72. doi: 10.1111/apa.13468

 24. Fonseca MJ, Moreira C, Santos AC. Adiposity rebound and cardiometabolic health in childhood: results from the Generation XXI birth cohort. Int J Epidemiol. (2021) 50:1260–71. doi: 10.1093/ije/dyab002

 25. Hughes AR, Sherriff A, Ness AR, Reilly JJ. Timing of adiposity rebound and adiposity in adolescence. Pediatrics. (2014) 134:e1354–61. doi: 10.1542/peds.2014-1908

 26. Rolland-Cachera MF, Deheeger M, Maillot M, Bellisle F. Early adiposity rebound: causes and consequences for obesity in children and adults. Int J Obes (Lond). (2006) 30 (Suppl 4):S11–7. doi: 10.1038/sj.ijo.0803514

 27. Koyama S, Ichikawa G, Kojima M, Shimura N, Sairenchi T, Arisaka O. Adiposity rebound and the development of metabolic syndrome. Pediatrics. (2014) 133:e114–9. doi: 10.1542/peds.2013-0966

 28. Freemark M. Determinants of risk for childhood obesity. N Engl J Med. (2018) 379:1371–2. doi: 10.1056/NEJMe1811305

 29. Osuchukwu OO, Reed DJ. Small for Gestational Age. Treasure Island (FL): StatPearls (2021). 

 30. Evagelidou EN, Giapros VI, Challa AS, Cholevas VK, Vartholomatos GA, Siomou EC, et al. Prothrombotic state, cardiovascular, and metabolic syndrome risk factors in prepubertal children born large for gestational age. Diabetes Care. (2010) 33:2468–70. doi: 10.2337/dc10-1190

 31. World Health Organization. Guidelines on physical activity, sedentary behaviour, and sleep for children under 5 years of age. Geneva: World Health Organization, p. 22. 

 32. Bursac Z, Gauss CH, Williams DK, Hosmer DW. Purposeful selection of variables in logistic regression. Source Code Biol Med. (2008) 3:17. doi: 10.1186/1751-0473-3-17

 33. Zhang Z. Model building strategy for logistic regression: purposeful selection. Ann Transl Med. (2016) 4:111. doi: 10.21037/atm.2016.02.15

 34. Venables WN, Smith DM, R Development Core Team. An introduction to R : notes on R: a programming environment for data analysis and graphics, version 1.4.1. Bristol: Network Theory (2002). p. 139. 

 35. Everitt B, Hothorn T. A handbook of statistical analyses using R. 2nd ed. Boca Raton: CRC Press. (2010). doi: 10.1201/9781420079340 

 36. Bernbaum JC, Hoffman-Williamson M, Silverman BK. Primary care of the preterm infant. St. Louis: Mosby Year Book (1991). p. 344. 

 37. Trachtenbarg DE, Golemon TB. Care of the premature infant: Part I. Monitoring growth and development. Am Fam Physician. (1998) 57:2123–30.

 38. Ozanne SE, Hales CN. Lifespan: catch-up growth and obesity in male mice. Nature. (2004) 427:411–2. doi: 10.1038/427411b

 39. Bieswal F, Ahn MT, Reusens B, Holvoet P, Raes M, Rees WD, et al. The importance of catch-up growth after early malnutrition for the programming of obesity in male rat. Obesity (Silver Spring). (2006) 14:1330–43. doi: 10.1038/oby.2006.151

 40. Ong KK, Ahmed ML, Emmett PM, Preece MA, Dunger DB. Association between postnatal catch-up growth and obesity in childhood: prospective cohort study. BMJ. (2000) 320:967–71. doi: 10.1136/bmj.320.7240.967

 41. Morrison JL, Duffield JA, Muhlhausler BS, Gentili S, McMillen IC. Fetal growth restriction, catch-up growth and the early origins of insulin resistance and visceral obesity. Pediatr Nephrol. (2010) 25:669–77. doi: 10.1007/s00467-009-1407-3

 42. South AM, Nixon PA, Chappell MC, Diz DI, Russell GB, Jensen ET, et al. Association between preterm birth and the renin-angiotensin system in adolescence: influence of sex and obesity. J Hypertens. (2018) 36:2092–101. doi: 10.1097/HJH.0000000000001801

 43. Kajantie E, Osmond C, Barker DJ, Eriksson JG. Preterm birth–a risk factor for type 2 diabetes? The Helsinki birth cohort study. Diabetes Care. (2010) 33:2623–5. doi: 10.2337/dc10-0912

 44. Baldassarre ME, Di Mauro A, Caroli M, Schettini F, Rizzo V, Panza R, et al. Premature Birth is an independent risk factor for early adiposity rebound: longitudinal analysis of BMI Data from birth to 7 Years. Nutrients. (2020) 12:3654. doi: 10.3390/nu12123654

 45. Wu Y, Lye S, Dennis CL, Briollais L. Exclusive breastfeeding can attenuate body-mass-index increase among genetically susceptible children: a longitudinal study from the ALSPAC cohort. PLoS Genet. (2020) 16:e1008790. doi: 10.1371/journal.pgen.1008790

 46. Chivers P, Hands B, Parker H, Bulsara M, Beilin LJ, Kendall GE, et al. Body mass index, adiposity rebound and early feeding in a longitudinal cohort (Raine Study). Int J Obes (Lond). (2010) 34:1169–76. doi: 10.1038/ijo.2010.61

 47. Estevez-Gonzalez MD, Santana Del Pino A, Henriquez-Sanchez P, Pena-Quintana L, Saavedra-Santana P. Breastfeeding during the first 6 months of life, adiposity rebound and overweight/obesity at 8 years of age. Int J Obes (Lond). (2016) 40:10–3. doi: 10.1038/ijo.2015.228

 48. Oddy WH. Infant feeding and obesity risk in the child. Breastfeed Rev. (2012) 20:7–12.

 49. Martin RM, Kramer MS, Patel R, Rifas-Shiman SL, Thompson J, Yang S, et al. Effects of promoting long-term, exclusive breastfeeding on adolescent adiposity, blood pressure, and growth trajectories: a secondary analysis of a randomized clinical trial. JAMA Pediatr. (2017) 171:e170698. doi: 10.1001/jamapediatrics.2017.0698

 50. Gunderson EP, Greenspan LC, Faith MS, Hurston SR, Quesenberry CP Jr, Investigators SOS. Breastfeeding and growth during infancy among offspring of mothers with gestational diabetes mellitus: a prospective cohort study. Pediatr Obes. (2018) 13:492–504. doi: 10.1111/ijpo.12277

 51. Cooke CM, Davidge ST. Advanced maternal age and the impact on maternal and offspring cardiovascular health. Am J Physiol Heart Circ Physiol. (2019) 317:H387–94. doi: 10.1152/ajpheart.00045.2019

 52. van Katwijk C, Peeters LL. Clinical aspects of pregnancy after the age of 35 years: a review of the literature. Hum Reprod Update. (1998) 4:185–94. doi: 10.1093/humupd/4.2.185

 53. Joseph KS, Allen AC, Dodds L, Turner LA, Scott H, Liston R. The perinatal effects of delayed childbearing. Obstet Gynecol. (2005) 105:1410–8. doi: 10.1097/01.AOG.0000163256.83313.36

 54. Kenny LC, Lavender T, McNamee R, O'Neill SM, Mills T, Khashan AS. Advanced maternal age and adverse pregnancy outcome: evidence from a large contemporary cohort. PLoS ONE. (2013) 8:e56583. doi: 10.1371/journal.pone.0056583

 55. Morton JS, Cooke CL, Davidge ST. In utero origins of hypertension: mechanisms and targets for therapy. Physiol Rev. (2016) 96:549–603. doi: 10.1152/physrev.00015.2015

 56. Myrskyla M, Fenelon A. Maternal age and offspring adult health: evidence from the health and retirement study. Demography. (2012) 49:1231–57. doi: 10.1007/s13524-012-0132-x

 57. Nassar AH, Usta IM. Advanced maternal age. Part II: long-term consequences. Am J Perinatol. (2009) 26:107–12. doi: 10.1055/s-0028-1090593

 58. Sandin S, Hultman CM, Kolevzon A, Gross R, MacCabe JH, Reichenberg A. Advancing maternal age is associated with increasing risk for autism: a review and meta-analysis. J Am Acad Child Adolesc Psychiatry. (2012) 51:477–86.e1. doi: 10.1016/j.jaac.2012.02.018

 59. Elkum N, Alarouj M, Bennakhi A, Shaltout A. The complex etiology of childhood obesity in arabs is highlighted by a combination of biological and socio-economic factors. Front Public Health. (2019) 7:72. doi: 10.3389/fpubh.2019.00072

 60. Liu S, Lei J, Ma J, Ma Y, Wang S, Yuan Y, et al. Interaction between delivery mode and maternal age in predicting overweight and obesity in 1,123 Chinese preschool children. Ann Transl Med. (2020) 8:474. doi: 10.21037/atm.2020.03.128

 61. Liang J, Guo Y, Dai M, Xiao Q, Cai W, Wei Y, et al. Differences in relationships of maternal and paternal age at childbirth with body fat distribution in offspring. Am J Hum Biol. (2018) 30:e23143. doi: 10.1002/ajhb.23143

 62. Varela-Silva MI, Azcorra H, Dickinson F, Bogin B, Frisancho AR. Influence of maternal stature, pregnancy age, and infant birth weight on growth during childhood in Yucatan, Mexico: a test of the intergenerational effects hypothesis. Am J Hum Biol. (2009) 21:657–63. doi: 10.1002/ajhb.20883

 63. Dulloo AG, Jacquet J, Seydoux J, Montani JP. The thrifty 'catch-up fat' phenotype: its impact on insulin sensitivity during growth trajectories to obesity and metabolic syndrome. Int J Obes (Lond). (2006) 30 (Suppl 4):S23–35. doi: 10.1038/sj.ijo.0803516

 64. Maeyama K, Morioka I, Iwatani S, Fukushima S, Kurokawa D, Yamana K, et al. Gestational age-dependency of height and body mass index trajectories during the first 3 years in Japanese small-for-gestational age children. Sci Rep. (2016) 6:38659. doi: 10.1038/srep38659

 65. Cisse AH, Lioret S, de Lauzon-Guillain B, Forhan A, Ong KK, Charles MA, et al. Association between perinatal factors, genetic susceptibility to obesity and age at adiposity rebound in children of the EDEN mother-child cohort. Int J Obes (Lond). (2021) 45:1802–10. doi: 10.1038/s41366-021-00847-w

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher's Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2021 Lin, Chen, Huang, Li,Wen,Wang and Shi. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/images/fped-09-742551-t002.jpg
Characteristics

Parental factor
Advanced maternal age (=35 years)
Mother university-educated
Father university-educated
Gestational anemia
Gestational hypertensive disorders
Gestational diabetes melitus.
Multiparous

Child factor
Male

Preterm birth, <37 weeks of gestational age at delivery

Gesarean delivery
Twin
Low birth weight
Macrosomia
Small for gestational age
Large for gestational age
Breastfeeding duration

>4 months

>6 months

>9 months

>12 months
Sleep duration
<14 h/day during 0-3 months of age
>17 h/day during 0-3 months of age
<12 h/day during 4-11 months of age
>16 h/day during 4-11 months of age
<11 h/day during 12-24 months of age
>14 h/day during 12-24 months of age

Crude RR

0.96
0.95
096
0.66
1.04
0.75
1.05

0.84
127
0.96
1.33
1.26
0.91
115
0.95

1.06
1.09

0.87
1.09

Late AP

95% Cl

0.88-1.04
0.90-1.00
091-1.01
0.34-1.27
0.69-1.67
0.47-1.20
0.99-1.11

0.80-0.88
1.16-1.38
0.91-1.00
1.17-1.62
1.13-1.41
0.82-1.01
1.05-1.26
0.78-1.14

0.99-1.12
1.00-1.18
NA

0.69-1.09
1.04-1.14
NA

AR, adiposity peak; AR, adiposity rebound: RR, risk ratio; Cl, confidence interval: NA, not applicable.

p-value

0.35
0.08
0.10
0.22
0.85
0.23
0.09

<0.001
<0.001
0.08
<0.001
<0.001
0.08
<0.01
0.56

0.08
0.06

0.23
<0.01

Crude RR

1.15
0.99
1.01
0.97
1.09
1.50
1.01

1.02
1.01
1.01
0.96
1.04
1.06
1.06
1.03

087
0.92
1.02
1.09

0.90
0.94
0.66
081
1.00
0.96

Early AR

95% Cl

1.05-1.25
0.94-1.04
095-1.06
0.57-1.66
0.67-1.77
1.18-1.91
0.96-1.07

0.98-1.07
0.90-1.14
0.96-1.05
0.79-1.18
0.91-1.20
0.97-1.17
0.97-1.16
095-1.11

0.82-0.92
0.85-1.01
0.88-1.18
0.89-1.33

0.72-1.12
0.90-0.99
0.37-1.17
0.65-1.00
0.73-1.38
0.85-1.09

p-value

<0.01
073
0.83
0.91
073
<0.01
0.64

0.34
0.88
0.74
073
0.64
017
021
045

<0.001
0.07
0.83
0.42

0.35
0.02
0.15
0.05
0.99
0.56





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Pre-Birth and Early-Life Factors Associated With the Timing of Adiposity Peak and Rebound: A Large Population-Based Longitudinal Study



		Introduction



		Materials and Methods



		Study Population and Data Sources



		Timing of AP and AR



		The Pre-Birth and Early-Life Factors



		Statistical Analyses







		Results



		Characteristics of the Study Population



		Factors Associated With the Late Occurrence of AP or Early Occurrence of AR







		Discussion



		Strengths and Limitations







		Data Availability Statement



		Ethics Statement



		Author Contributions



		Funding



		Supplementary Material



		References

















OPS/images/cover.jpg
’ frontiers
in Pediatrics

Pre-Birth and Early-Life Factors
Associated With the Timing of
Adiposity Peak and Rebound: A
Large Population-Based Longitudinal
Study





OPS/images/fped-09-742551-g001.gif





OPS/images/fped-09-742551-t001.jpg
Characteristics

Times of valid measurement
Male—no. (%)

Parental factor

Advanced maternal age (=35 years)—no. (%)
Mother university-educated—no. (%)
Father university-educated—no. (%)
Gestational anemia—no. (%)

Gestational hypertensive disorders—no. (%)
Gestational diabetes melitus—no. (%)
Multiparous—no. (%)

Child factor

Preterm bith—no. (%)

Cesarean delivery—no. (%)

Low birth weight—no. (%)
Macrosomia—no. (%)

Small for gestational age—no. (%)

Large for gestational age—no. (%)
Twin—no. (%)

Breastfeeding duration—no. (%)

>4 months

>6 months

>9 months.

>12 months

Sleep duration—no. (%)

<14 hday during 0-8 months of age

>17 hday during 0-3 months of age

<12 hday during 4-11 months of age

>16 hday during 4-11 months of age

<11 h/day during 12-24 months of age
>14 hday during 12-24 months of age

Children with a late AP

Yes

(N =3,653)

14 (12-15)
1,758 (48.12)

307 (8.41)
2,358 (70.28)
2,420 (71.85)
6(0.21)
11(039)
11(0.39)
777 (21.29)

198 (5.43)
1,695 (46.40)
120 (3.28)
197 (6.39)
216(6.49)
323 (9.41)
77 2.82)

724 (28.35)
285 (11.16)

42(1.20)
1,426 (40.86)

AR, adiposity peak: AR, adiposity rebound;: NA, not applicable.

No

(N =3,639)

13 (11-14)
2,071 (56.91)

328/(9.04)
2,385 (72.34)
2,432 (73.63)
12 (0.43)
10 (0.36)
18 (0.64)
715 (19.68)

118(3.25)
1,767 (48.61)
71(1.95)
283 (6.40)
159 (4.87)
373 (10.79)
40 (1.45)

712 (26.22)
261 (9.61)
NA

56 (1.56)
1,329 (36.98)
NA

Total

(N=7,202)

14 (11-14)
3,829 (52.51)

635 (8.72)
4,743 (71.30)
4,852 (72.79)
18(0.32)
21(037)
29 (0.51)
1,492 (20.49)

316 (4.34)
3,462 (47.50)
191 (2.62)
430 (5.90)
375 (5.69)
696 (10.07)
117 2.18)

1,436 (27.25)
546 (10.36)

98 (1.38)
2,755 (38.89)

p-value

<0.001
<0.001

0.34
0.06
0.10
0.15
0.85
0.18
0.09

<0.001
0.06

<0.001
0.07
0.01
0.07

<0.001

0.08
007

020
<0.001

Children with an early AR

Yes

(N = 4,525)

13 (9-14)
2,422 (53.52)

294 (6.51)
2,894 (70.16)
2,982 (71.91)
8(0.25)
9(0.28)
26 (0.81)
864 (19.12)

165 (3.65)
2,020 (44.64)
119 (2.80)
282 (6.40)
276 (6.74)
426 (10.04)
60 (1.67)

768 (27.03)
321 (11.30)
913.20)
47 (1.65)

47 (1.25)
1,300 (34.75)
8(0.20)
52(1.83)
20(0.50)
129 (3.24)

No

(N =6,460)

12 (4-14)
3,398 (52.60)

334/(5.19)
4,122 (70.47)
4,206 (71.71)
12 (0.26)
11(024)
16 (0.35)
1,210 (18.76)

232 (3.60)
2,861 (44.32)
159 (2.61)
364 (5.78)
359 (6.12)
584/(0.59)
94 (1.77)

1,018 (32.59)
403 (12.90)
97 (3.10)
44 (1.41)

66 (1.50)
1,640 (37.35)
18 (0.40)
85 (1.91)
22 (050)
153 (3.47)

Total

(N = 10,985)

12 (6-14)
5,820 (52.98)

628 (5.73)
7,016 (70.34)
7,188 (71.79)
20 (0.26)
20 0.26)
42 (0.54)
2,074 (18.91)

397 (3.62)
4,881 (44.45)
278 (2.69)
646 (6.09)
635 (6.38)
1,0109.77)
154 (1.73)

1,786 (29.94)
724 (12.14)
188(3.15)
91(1.53)

113(1.39)
2,949 (36.15)
26 (0.31)
137 (1.64)
42(050)
282 (3.36)

p-value

<0.001
0.34

<0.01
0.73
0.83
091

0.73
<0.01
0.64

0.88
0.74
0.54
0.18
021
0.45
0.72

<0.001
0.06
0.83
0.44

033
0.02
0.10
0.04
0.99
0.65









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Pediatrics





