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Children in urban and eastern regions tend to be taller and have higher body mass index (BMI) 
compared to those in rural and central-western regions, partially due to better family resources. We 
examined urban‒rural areas, regional differences in growth trajectories, focusing on family influences. 
Longitudinal data on 8542 children from the China Health and Nutrition Survey (1991–2015) were 
used. Random effects models assessed the mean height/BMI growth trajectories across different 
regions, urban–rural areas, and sexes within cohorts born in 1980–1989, 1990–1999, and 2000–2009. 
In the 1980–1989 cohort, before adjusting for family dietary structure, children from eastern regions 
were on average 3.3 cm taller than those from central-western regions at age 6. After adjustment, the 
height difference decreased to 2.44 cm. In the 2000–2009 cohort, the urban–rural BMI difference at 
age 6 was initially 0.53 kg/m2, which narrowed to 0.40 kg/m2 after adjusting for family socioeconomic 
factors. After adjusting for family environmental sanitation, the regional difference in the 2000–2009 
cohort was attenuated by half before adjustment and was 0.44 kg/m2 after adjustment. Family factors 
significantly account for the regional and urban–rural disparities in height and BMI. These disparities 
were driven by the family resource environment, like dietary structure and sanitation. However, with 
China’s socioeconomic changes, broader socioeconomic factors, including household income and 
parental education, have become more influential.
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In China, the distinction between urban and rural areas is not only geographical but also significantly driven by 
socioeconomic status and environmental sanitation. Urban areas typically feature higher household incomes, 
better educational resources, and superior healthcare services, whereas rural areas face challenges due to poor 
infrastructure and limited resources. Additionally, the eastern regions of China, being more economically 
developed and closer to economic centers, generally exhibit better child health and nutrition outcomes 
compared to the resource-rich but economically lagging central-western regions. These complex urban–rural 
and regional disparities provide a critical backdrop for our study into children’s growth trajectories1. Growth 
and development in childhood and adolescence are related to health and well-being throughout the life cycle2. 
In low-income/middle-income countries, stunting and underweight children (indicators of malnutrition) are 
associated with excessive disability and mortality3. The rising rates of overweight and obesity among children 
are now major contributors to cardiovascular risks and mortality later in life4–6. James Tanner pointed out in 
his research that adolescent growth spurt is the most significant nonlinear feature in the growth process, and 
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its onset time and magnitude are significantly influenced by environmental and nutritional conditions7. In 
addition, Barry Bogin and Robert Malina’s research suggests that children in economically disadvantaged areas 
typically exhibit delayed onset and slower growth rates during puberty growth spurt8,9. This study combines 
these theoretical foundations to analyze the differences in adolescent growth spurt between urban and rural 
children in China and the role of family environmental factors. Additional insights into the urban–rural and 
regional disparities in the timing and characteristics of childhood growth trajectories would be invaluable for 
developing targeted policies to reduce health inequalities.

In the context of nutritional health and life processes, some studies have observed SES convergence 
on nutritional health inequalities, while others have identified persistent disparities between socially and 
economically advantaged individuals and their disadvantaged counterparts during adolescence. Scholars 
attribute these inconsistencies to the confounding of age effects (the influence of SES on and nutritional health 
in an individual’s life) and cohort effect (the influence of SES on and nutritional health in birth cohorts born in 
different historical periods) in cross-sectional design10. However, these issues are not merely methodological 
or data-related but also conceptual, as the cohort represents the individual’s historical era. When analyzing the 
lifelong relationship between SES, nutrition, and health, neglecting the cohort structure means overlooks the 
impact of societal changes on human life.

Since the 1990s, China has aimed to narrow the urban–rural gap. Considering this historical context is 
crucial when analyzing urban–rural and regional differences in growth trajectories. There is evidence that with 
the increase in birth years, both height and body mass index (BMI) have increased, particularly among urban 
children. However, while an increase in height is generally seen as positive, a higher BMI is not necessarily 
better, as it may indicate an increased risk of obesity11. Despite the importance of family socioeconomic factors 
in child growth post-China’s economic reforms, their impact on urban–rural and regional disparities remains 
underexplored. This area of study is limited by small sample sizes and cross-sectional data when examining 
regional and urban–rural growth differences12. Many studies fail to distinguish between cohort effect and age 
effect, thus they cannot simultaneously assess the dynamic impacts of family health initiatives and societal 
changes on children’s nutritional health, leading to inconsistent results13. There is a lack of multilevel analysis of 
the impact of objective family factors on children’s health, these family factors like parental education, household 
income, dietary structure, and environmental sanitation.

To better understand how family factors influence regional and urban–rural differences in growth trajectories 
across cohorts, we analyzed longitudinal data to investigate the role of family factors in regional and urban‒rural 
differences in height and BMI across birth cohorts.

Results
Of 22,351 measurements in this study, 10,436 (46.69%) children had more than four repeated measurements 
(Supplementary Tables S1–S3 and Fig. S1). Table 1 indicates that the median per capita household income 
increased significantly from 1254.2 to 5100 yuan. The percentage of parents with at least a middle school 
education rose from 49.46 to 78.2%. The median urbanization index increased from 45 to 60.32. Approximately 
33.4% of the children were from the eastern region, while the percentage of ethnic minorities stayed around 14%. 
More parents lived in rural areas (approximately 72%). Carbohydrate intake decreased, whereas fat and protein 
intake increased. Family environmental sanitation scores improved across cohorts. Parents’ BMI progressively 
rose across cohorts, from 22 to 23.11 kg/m2.

Figure 1 illustrates an upward trend in mean height trajectories across cohorts, with children in urban and 
eastern regions consistently taller than those in rural and central-western regions from ages 0 to 18, for both 
genders (see red vs. orange bars in Supplementary Tables S5, S6). The urban–rural disparity in mean height, 
initially widening, diminished with age; the most notable difference occurred at age 13, with boys showing a 
mean height gap of 4.07 cm (95% CI 0.17, 5.52) in the 1990–1999 cohort. Regional differences in mean height 
first increased and then decreased with age across all cohorts. Girls at age 10 had the largest differences, which 
was 7.29 cm (95% CI 5.69, 8.89) in the latest cohorts. We compared the time points of adolescent growth spurt 
in urban and rural children and found that the growth spurt in urban children occurred on average 1.4 years 
earlier, which may be related to better nutritional and hygiene conditions (see Supplementary Table S4).

Figure 2 shows that the mean BMI trajectories in the latest cohort were also above those in the earliest cohort 
and that urban‒rural/regional disparities in BMI growth were much greater in the latest cohort than in the 
earliest cohort (orange vs. blue bars and corresponding values in Supplementary Tables S7, S8). For urban and 
rural areas, differences in mean BMI were greatest during adolescence and narrowed slightly thereafter. In the 
latest cohorts, the largest difference was among 13-year-old boys, which was 0.85 kg/m2 (95% CI 0.09, 1.60). For 
regional differences, differences in mean BMI were greatest during adolescence and narrowed slightly thereafter. 
Girls at 10-year-old had the largest difference, 1.45 kg/m2 (95% CI 1.03, 1.88) in the latest cohorts.

Figures 3 and 4 show the role of family socioeconomic and resource environmental factors in mean height/
BMI trajectories for both sexes. Regarding regional/urban‒rural differences in mean height, differences in the 
1990–1999 and 2000–2009 cohorts were attenuated after adjustment for education and further attenuated after 
adjustment for household income level (Supplementary Tables S9, S10). Urban‒rural differences decreased 
after adjustment for family socioeconomic factors (e.g., boy at age 10 years in the 1980–1989 birth cohort, the 
difference was 2.58 cm (95% CI 1.78, 3.38) before adjustment and 1.87 cm (95% CI 1.06, 2.65) after adjustment). 
Adjustment for household income level further attenuated urban‒rural and regional differences in mean height. 
Regarding regions, after adjustment for dietary structure, the urban‒rural/regional differences in mean height in 
the earliest birth cohort were not significantly reduced, but they were reduced by half in the latest birth cohort. 
After adjustment for environmental sanitation, the regional differences in mean height were attenuated in the 
earliest birth cohort (for example, for 6-year-old girls in the 1980–1989 cohort, the differences in mean height 
were 3.29 cm (95% CI 2.58, 4.01) before adjustment and 2.44 cm (95% CI 1.34, 3.56) after adjustment).
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Regional/urban‒rural differences in mean BMI in the 1980–1989 and 1990–1999 cohorts were attenuated after 
adjustment for education and further attenuated after adjustment for household income level (Supplementary 
Tables S11, S12). In particular, among 6-year-old boys in the latest birth cohort, there was the greatest attenuation 
in urban‒rural differences in mean BMI, and urban‒rural differences were approximately halved after adjustment 
for family socioeconomic factors (e.g., at 6 years in the 2000–2009 birth cohort, the urban‒rural differences in 
mean BMI were 0.53 kg/m2 (95% CI 0.17, 0.88) before adjustment and 0.40 kg/m2 (95% CI − 0.02, 0.82) after 
adjustment). Adjustment for dietary structure substantially reduced the urban‒rural and regional differences 
among girls in the earliest birth cohorts. After adjustment for environmental sanitation, the regional differences 
in the latest birth cohort were attenuated by half (for example, for 6-year-old boys in the 2000–2009 cohort, the 
regional differences in mean BMI were 1 kg/m2 (95% CI 0.68, 1.33) before adjustment and 0.44 kg/m2 (95% CI 
− 0.30, 1.17) after adjustment).

Discussion
This study highlights three main findings. Firstly, over nearly 30 years, children in urban and eastern regions 
exhibited greater height and BMI. Secondly, considering family socioeconomic factors, the differences in BMI 
and height were reduced in the more recent cohorts. Urban–rural disparities in height decreased in the 1980–
1989 and 1990–1999 cohorts, with regional differences halving. Thirdly, across all cohorts and ages, mean height 
and BMI were consistently higher in urban and eastern regions, even after adjusting for family socioeconomic 

Variables 1980–1989 cohort 1990–1999 cohort 2000–2009 cohort

N 9764 7119 5468

HAZ M (SD) − 0.61 (3.2) − 0.23 (2.9) 0.43 (4.3)

BAZ M (SD) − 0.12 (2.9) 0.21 (3.5) 0.45 (4.7)

Educational level [N (%)]

 Low 4815 (50.54) 2457 (38.13) 1023 (21.74)

 High 4713 (49.46) 3987 (61.87) 3682 (78.26)

Household income per capita*

 Median 1254.20 3360 5100

 Range (P25–P75) 180–5600 264–17,600 227–31,666

Sex [N (%)]

 Boy 5271 (53.98) 3760 (52.82) 2975 (54.51)

 Girl 4493 (46.02) 3359 (47.18) 2493 (45.59)

Urban–rural area [N (%)]

 Live in rural 7062 (72.33) 5201 (73.06) 3990 (72.97)

 Live in urban 2702 (27.67) 1918 (26.94) 1478 (27.03)

Nationality [N (%)]

 Ethnic minority 1328 (13.74) 1094 (15.41) 815 (14.97)

 Han nationality 8337 (86.26) 6003 (84.57) 4631 (85.03)

Regional [N (%)]

 Central-western 6535 (66.93) 4512 (63.38) 3640 (66.57)

 Eastern 3229 (33.07) 2607 (36.62) 1828 (33.43)

Urbanization index

 Median 45.00 52.30 60.32

 Range (P25–P75) 18.01–83.83 25.35–98.89 30.42–98.55

Environment sanitation score M (SD) 1.1 (1.7) 1.8 (1.3) 2.4 (1.1)

No sister or brother [N (%)] 5041 (51.63) 4862 (68.30) 5118 (93.60)

Have sister or brother [N (%)] 4723 (48.37) 2257 (31.70) 350 (6.40)

Carbohydrate intake percentage M (SD) 66.45 (0.34) 60.45 (0.37) 58.42 (0.37)

Fat intake percentage M (SD) 22.03 (0.67) 27.73 (0.68) 29.18 (0.65)

Protein intake percentage M (SD) 12.06 (0.34) 12.16 (0.38) 12.27 (0.39)

Mother’s BMI (kg/m2) M (SD) 22.21 (2.76) 22.77 (3.51) 22.84 (3.07)

Father’s BMI (kg/m2) M (SD) 22 (2.55) 22.77 (2.88) 23.11 (3.12)

Mother’s height (m) M (SD) 1.57 (0.07) 1.59 (0.06) 1.60 (0.05)

Father’s height (m) M (SD) 1.70 (0.05) 1.71 (0.04) 1.73 (0.06)

Age (years) M (SD) 11.59 (3.38) 11.61 (3.49) 10.99 (3.32)

Table 1. Characteristics sample for different cohorts. Data are mean (SD) or n (%). N means measurements, 
M means mean, SD means standard deviation. HAZ and BAZ were height-for-age and BMI-for-age z-scores 
using sex- and age-specific WHO 2007 growth reference. *In Chinese currency (Yuan).
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and resource environmental factors. The height gap typically narrowed between ages 6 and 10, once family 
factors were considered. Similarly, the BMI gap narrowed during puberty, between ages 10 and 13.

Although this study focuses on China, its findings have broader implications for low- and middle-income 
countries facing rapid urbanization and regional disparities. Similar socioeconomic transitions in other nations 
suggest that the impact of urbanization on child growth patterns may be a global phenomenon14. Understanding 
how family socioeconomic status and resource environmental factors interact offers crucial insights for creating 
adaptable public health interventions across various cultural contexts. Applying these insights can help other 
countries more effectively address health inequalities and support child development. Our research results 
indicate that there is a significant difference in the onset time of adolescent growth spurt among urban and rural 
children in China, which is consistent with the theory proposed by James Tanner on the impact of environment 
and nutrition on growth. In addition, this finding contrasts with similar studies on urban and rural children in 
Guatemalan8, further demonstrating the crucial role of economic development and family resources in growth 
patterns. This study provides new data support for policy-making through model innovation and large sample 
analysis.

A strength of this research is the examination of family socioeconomic status and environmental differences 
in children’s nutritional health throughout their lives. Given the social and economic changes since the late 1970s, 
understanding how these changes influence children’s life trajectories are crucial. Considering the differences 
in birth cohorts helps contextualize the life cycle and inequality, thus clarifying the dynamics between social 
changes and individual lives. Our research highlights significant short-term variations in children’s nutritional 
health trajectories. Ignoring this source of variation biases the relationship among family SES, age and health. In 
general, our findings revealed a high family SES group on a healthy track in the cohort and different family SES 
patterns of nutritional health between cohorts.

The disparities in urban and rural environments, particularly in terms of resources, explain the differences 
in family resource environmental factors starting from school age13,15. The school-age period is critical for 
children’s development16. As age increased, the average height differences between regions neither converged 
nor expanded. Approximately 80% of differences in height is controlled by genes or biology, and the remaining 
20% is determined by environmental factors such as nutrition, disease, living conditions and psychological 
pressure17,18. At the same time, height differences between regional/urban‒rural areas gradually narrowed and 
improved. Our findings align with previous studies showing that rural children aged 7–18 years have a higher 
growth rate in height compared to urban children19. This suggests that children in rural areas are reaching their 

Fig. 1. Regional and urban–rural differences in height trajectory by cohorts. Note: (A) Shows mean height 
(95% CI) trajectories by urban–rural for the earliest and latest cohorts for boys. (B) Shows mean height (95% 
CI) trajectories by urban–rural for the earliest and latest cohorts for girls. (C) Shows mean height (95% CI) 
trajectories by regional for the earliest and latest cohorts for boys. (D) Shows mean height (95% CI) trajectories 
by regional for the earliest and latest cohorts for girls.

 

Scientific Reports |        (2024) 14:31938 4| https://doi.org/10.1038/s41598-024-83459-4

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


genetic potential for height by benefiting from improved living conditions. Meanwhile, adolescents in rural and 
western areas are reducing the height gap with their urban counterparts by accessing better nutrition and energy.

Each generation of children has undergone distinct social development. To a large extent, China’s social 
and economic structure was formed after the beginning of the economic reform in the early 1980s20. Children 
in the 1990s and 2000s coincided with China’s accession to the World Trade Organization (WTO)21, and rapid 
urbanization and nutrition changes substantially increased children’s BMI22. Our study noted that with the rapid 
economic development in rural areas and changes in people’s diets, the overweight and obesity rates among 
rural children also rose rapidly. National decision-making departments and public health institutions should not 
ignore this trend. From a regional perspective, the main reason for these higher rates is the unbalanced economic 
development among regions. The relationship between socioeconomic status and BMI in China reflects the 
broader phenomenon of the ‘nutrition transition’, where rapid economic development leads to shifts in dietary 
patterns and physical activity, resulting in increased obesity rates among lower socioeconomic groups23.

Rationalizing diet structures and enhancing family resource environment can mitigate height disparities 
between urban and rural areas24. Furthermore, the correlation weakened over successive cohorts: early 
improvements in family environmental health spurred growth in rural and central-western children, whereas 
the influence of family socioeconomic status became more pronounced in later cohorts. One explanation is 
that social and economic advancements have reduced resource inequalities between urban and rural areas, 
significantly improving sanitation. However, social stratification continues to persist. The social identity formed 
by urban and rural household registration, as well as the “nested” identity formed by a provincial identity, 
have considerable differences in nutrition and health25. The mechanism behind these differences is access 
to educational resources and the space for income improvement in socioeconomic status. The reduction of 
inequality mainly comes from the narrowing of the urban–rural education development gap within the region26. 
Additionally, recent studies have increasingly validated the long-term health benefits of improved water quality. 
Chinese scholars have proven that drinking water sanitation and toilet hygiene can effectively improve height27.

Individuals with a lower family socioeconomic status may rely more on local resources because they have 
less ability to purchase goods and services in other ways28. Our research indicated sex-based differences in the 
effects of family health promotion. After considering family income, the urban and rural differences in girls’ BMI 
age trajectories were enhanced, while the differences among boys were reduced. In regions with a traditional 

Fig. 2. Regional and urban–rural differences in BMI trajectory by cohorts. Note: (A) Shows mean BMI 
(95% CI) trajectories by urban–rural for the earliest and latest cohorts for boys. (B) Shows mean BMI (95% 
CI) trajectories by urban–rural for the earliest and latest cohorts for girls. (C) Shows mean BMI (95% CI) 
trajectories by regional for the earliest and latest cohorts for boys. (D) Shows mean BMI (95% CI) trajectories 
by regional for the earliest and latest cohorts for girls.
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preference for sons, boys tend to access more family resources. The above results showed that family health 
promotion largely explains the differences in the trajectories of children’s BMI between urban and rural areas.

Our findings indicate that urban–rural disparities and the differences between eastern and central-western 
regions significantly impact children’s growth and development. While urban children display better growth 
indicators due to access to superior resources, children in rural areas also show potential for growth improvement 
with gradually enhancing infrastructure and sanitary conditions. Moreover, children in eastern regions generally 
outperform their central-western counterparts in terms of height and BMI, likely due to higher family incomes 
and better access to education and healthcare resources in the east. However, as China’s economic development 
becomes more internally balanced and resource allocation improves, we anticipate enhancements in the health 
conditions of children in central-western regions. This shift suggests that policymakers need to focus on regional 
balanced development, especially in the distribution of educational and health resources, to reduce the health 
inequalities driven by these disparities.

This study had some limitations. First, loss to follow-up occurred over time, with 12–20% for each wave, and 
we applied random effects models that allowed children with different numbers and timing of measurements. 
Despite methodological improvements, limitations in sample size and inherent challenges in tracking longitudinal 
growth across diverse age groups persist. These limitations necessitate larger, more comprehensive datasets in 
future studies. Second, the observed effects reversing after age 12 may relate to schooling, as children spend 
significant time at school, potentially confounding family-based measures. However, our database lacked school-
related variables, which should be considered in future research. Finally, the small size of the 2000–2009 cohort, 
particularly among older adolescents, likely explains the broader 95% confidence intervals in our estimates. This 
reduction in sample size over time may have somewhat compromised the accuracy of our estimations.

Fig. 3. Regional and urban–rural differences in height trajectory by cohorts. Note: (A) Shows the role of family 
socio-economic factors for boys. (B) Shows the role of family socio-economic factors for girls. (C) Shows the 
role of family resource environmental factors for boys. (D) Shows the role of family resource environmental 
factors for girls. A positive value indicates urban/east region are higher than rural/central-west region.
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Methods
Study participants
Data were taken from the China Health and Nutrition Survey (CHNS). The CHNS is an ongoing open cohort 
study of the National Institute for Nutrition and Health (Chinese Center for Disease Control and Prevention) 
in collaboration with the Population Center of the University of North Carolina in the United States. The 
CHNS is the first longitudinal cohort study on the nutrition and health of Chinese residents since 1989, and 
it is conducted every 2–4 years. The CHNS employs a multistage random cluster sampling method, sampling 
over 30,000 individuals across 15 provinces. A multistage random clustering sample design was adopted to 
ensure adequate representation. In each province, provincial capital cities, low-income cities and four (one 
high-income, two middle-income and one low-income) counties were selected. Two cities and two suburban 
communities (each city) or one township and three villages (each county) were selected. Each community 
contributed twenty selected families. In each wave of surveys, community/family/individual-level surveys were 
conducted by trained field workers. Previous studies have shown that the characteristics of participants in the 
CHNS are comparable to those of the national sample29,30. In this study, we used data from nine survey periods 
of the CHNS (1991, 1993, 1997, 2000, 2004, 2006, 2009, 2011, and 2015). Our analysis included 8542 children 
born between 1980 and 2015 who underwent physical measurements between the ages of 0 and 18 from 1991 to 
2015 (twins made up only 0.2% of the survey population) (Fig. S1). To better describe the role of social changes31, 
we used three birth cohorts (born in 1980–1989, 1990–1999 and 2000–2009) (Supplementary Tables S1–S3).

The survey procedures were reviewed and approved by the institutional review committees of the University 
of North Carolina at Chapel Hill, and the National Institute of Nutrition and Food Safety, Chinese Center for 
Disease Control and Prevention in accordance with the ethical standards laid down in the 1964 Declaration 
of Helsinki and its later amendments. Informed consent was obtained from all participants and/or their legal 
guardians (for more information, please refer to https://www.cpc.unc.edu/projects/china)32.

Fig. 4. Regional and urban–rural differences in BMI trajectory by cohorts. Note: (A) Shows the role of family 
socio-economic factors for boys. (B) Shows the role of family socio-economic factors for girls. (C) Shows the 
role of family resource environmental factors for boys. (D) Shows the role of family resource environmental 
factors for girls. A positive value indicates urban/east region are higher than rural/central-west region.
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Measures
Height and BMI
Our database uses machine-measured body shape data. For each survey wave, height (to the nearest 0.1 cm) and 
body weight (to the nearest 0.1 kg) were measured twice, after participants removed their shoes, hats and heavy 
outer garments. The average of two height measures was recorded, and BMI (kg/m2) was calculated. Height-for-
age z scores (HAZs) and BMI-for-age z scores (BAZs) were used to define outliers (sex-/age-specific WHO 2007 
growth reference).

Regional/urban‒rural and family factors
The division of regions was based on the geographical locations of the eastern and central-western regions of 
China. The eastern region included Jiangsu, Shandong, Heilongjiang, Liaoning, Beijing, Shanghai and Zhejiang 
provinces. The central-western regions included Guangxi, Guizhou, Henan, Hubei, Hunan, Chongqing, Shaanxi 
and Yunnan provinces. The distinction between urban and rural areas was based on whether the respondents 
lived in rural or urban areas.

Family socioeconomic status
Parental education (highest educational attainment of parents) was classified into high (≥ middle school) and 
low (< middle school) education groups. Household income per capita for each wave was calculated as the sum 
of the self-reported annual income of all adult family members divided by household size and inflated to 2015 
Chinese currency (Yuan) by adjusting for the consumer price index ratio15. Then, family income was classified 
into high (≥ the median) and low (< the median) family income groups.

The family resource environment
This encompassed environmental sanitation and dietary structure. The environmental sanitation scores included 
drinking water hygiene and toilet hygiene. Drinking water hygiene: “What is the source of your household 
drinking water?”. In this study, “water plant, bottled water/mineral water or purified water” were defined as 
“treated water = 2”, and “river water and other water sources” were defined as “nontreated water = 1”33. Toilet 
hygiene: “What type of toilet is in your home?”. In this study, “indoor toilet” was defined as a “household 
toilet = 2”, and “outdoor toilet” was defined as a “household non-toilet = 1”. Dietary structure: The CHNS 
recorded the content and amount of food intake in 24 h for all interviewees for 3 consecutive days. During the 
investigation, the investigators ensured the accuracy of the recorded meals through food pictures and recorded 
the food intake per family to determine food consumption. The average intake of carbohydrates, protein and fat 
(g/day) among children in three days was calculated34. The daily protein proportion among children included in 
this study was analyzed as an indicator of children’s dietary structure35.

Confounding variables
Confounding variables included age (years), sex (male or female), ethnicity (ethnic minority or Han ethnicity), 
parents’ BMIs, parents’ heights, urbanization index score, and siblings15,36.

Statistical analysis
In responding to the need for a more nuanced understanding of regional and urban–rural disparities in child 
growth trajectories, we applied a mixed effects model combined with non-restrictive cubic splines to BMI analysis 
and a Preece–Baines growth model to height analysis, conducting a detailed analysis of growth patterns in 
specific age groups. Such methodological enhancements enable a more accurate depiction of growth trajectories.

The Preece–Baines growth model was fitted for each individual using nonlinear least squares and, mostly, 
longitudinal series of data, separate models were fitted for each individual, and the analytical solution for velocity 
and acceleration was used to estimate the parameters of height spurt, the Preece–Baines growth model was 
widely reported to fit the height growth in Asian countries24. The age at peak velocity (APHV) and peak height 
velocity (PHV) were obtained from the Preece–Baines growth model. The APHV was defined as the age at the 
maximum height velocity. The PHV was defined as the velocity at the maximum spurt velocity. This nonlinear 
model has five parameters and is inferred by the following equation:

 
h = h1 − 2 (h1 − hθ)

es0(t−θ) + es1(t−θ)

where t = age in years, h1 = height (cm), h0 = height at peak height velocity (cm), S0 and S1 = prepubertal and 
pubertal rate constants, h0 = height constant (cm) at age θ, and θ = age (years) constant at peak velocity. In 
analyzing height trajectories using the PB model, we grouped birth cohort, region, rural and urban, and sex for 
analysis.

Non-restricted cubic spline growth curve models that included a random intercept and slope with an unstructured 
covariance matrix were used to account for the clustering of measurements (level 1) within individuals (level 
2) (see Supplementary Table S13). For BMI, the initial model included urban‒rural area and region, age, 
birth cohort, urban‒rural area and region by age, birth cohort by age, region, and time-varying variables. We 
tested the interactions (age terms * urban‒rural/regional area, cohort * urban‒rural/regional area) to assess 
whether urban‒rural and regional disparities in growth differed across ages and cohorts. For illustration, we 
depicted mean (95% confidence interval, CI) height and BMI trajectories for the earliest (1980–1989) and latest 
(2000–2009) cohorts by urban‒rural and regional area. To demonstrate the cohort trend in urban‒rural and 
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regional disparities, we also estimated the differences in mean (95% CI) height and BMI between urban‒rural 
and regional groups at 6–13 years for each cohort. Higher-order interactions with age were then examined for 
each of these variates and retained in the model if shown to be significant based on the Wald test (α = 0.05). 
The model was then adjusted for socioeconomic (education and income) or family resource environmental 
(dietary structure and environmental sanitation) factors and higher-order interactions of education with age if 
significant (Supplementary Appendix A).

We used SAS version 9.4 (SAS Institute, Cary, NC, USA) and R 4.2.0 for all statistical analyses. Statistical 
significance (p < 0.05) was inferred using a two-tailed test.

Data availability
The data used in this study can be obtained from cpc.unc.edu/projects/china.
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