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Abstract
Objectives—To investigate the critical period for overweight development during early
childhood by examining growth trajectory and related sex differences.

Methods—Using piecewise-linear mixed models and logistic regression, we examined the effect
of growth trajectory at different periods on overweight at age 4–5 by sex among 136,971 regularly
followed children (mean: 12.2 times) during 2000–05 in south China.

Results—The high-BMI group (> top tertile of BMI Z score at age of 4–5 years) faster growth
rates of BMI, BMI Z score, weight and height than the low-BMI group in the first 3 months of
life. Boys were more likely to be overweight (OR = 2.0, 95% CI: 1.5–2.7) than girls; the male
high-BMI group had higher growth rates during the first 3 months than girls with high-BMI,
independently of environmental factors. Those fast grown (in the upper tertile of growth rates in
BMI and BMI Z score) in periods 0–3 months had relatively higher odds ratio of at risk of
overweight at age of 4–5years than those in other periods.

Conclusions—Overweight risk develops during the first 3 months of life. Boys have an earlier
peak in growth than girls, which may help explain why overweight is more prevalent in boys in
China.
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INTRODUCTION
Childhood obesity may track into adulthood and increase the risk of cardiovascular disease
in later life.1 A number of studies have examined the risk factors that contribute to
childhood obesity. Rapid weight gain during infancy has been considered as an important
risk factor for childhood obesity as well as a key factor to be addressed in early obesity
prevention in western countries.2 Although a normal range of weight gain during childhood
is a biological phenomenon and necessary to physical growth, rapid growth can lead to
metabolic-related disorders such as obesity, hypertension and diabetes mellitus.3
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The prevalence of childhood overweight and obesity has increased rapidly in China during
the past two decades, mainly a result of the recent socio-economic transition.4–6 Data from
nationwide surveys show that the prevalence of overweight in Beijing and Shanghai
increased from below 4% in 1985 to approximately 10% in 2000.7 Considering the direction
of current economic development, it is likely that more Chinese children may face rapid
growth due to excessive dietary intakes and lack of physical activity, both of which are
influenced by parenting styles and economic factors.8

Sex differences in obesity prevalence have been observed among children worldwide.9–11 In
China, boys have a much higher prevalence than girls, and the sex-difference starts early in
life.12 Previous research has examined diet, physical activity and socio-economic status as
possible reasons for the sex difference,13 but did not pay attention to the difference in rapid
postnatal growth rates between boys and girls, which may be a result of different feeding
patterns. Moreover, previous studies on child growth were mainly based on cross-sectional
data or longitudinal data collected from predominantly Western populations, with irregular
follow-ups at selected periods. Consequently, the results from these studies have presented
different periods as the critical windows for child growth and suggested various risk levels
based on their limited data sets.

Our data, collected in China, used a regularly measured childhood growth trajectory
combined with a large sample size, which together allowed for investigation of the critical
period of overweight development longitudinally from birth, thus helping to advance
understanding about Asian children. Our study aimed to: 1) investigate the growth trajectory
and critical period for overweight development, and 2) study the sex- difference in this
relationship.

METHODS AND MATERIALS
Study design and subjects

The data were collected as part of a large population-based health surveillance system in
four provinces in China. The Jiaxing cohort was initiated by the Perinatal Health Care
Surveillance System (PHCSS) and the Child Health Care Surveillance System (CHCSS) in
China in 1993, which was for the intervention program of folic acid supplementation on
pregnant women to prevent neural tube defects 14. This program was supported by the
Chinese Ministry of Health under collaboration between the US CDC and the National
Center for Maternal and Infant Health (NCMIH) at Peking University Health Science Center
(PUHSC). It collected various information about demographics (education level, occupation,
etc.), prenatal care, labor and delivery (gestational age, birth characteristics, etc.) from
booklets given to and filled out by obstetricians and primary physicians as well as the
children’s physical growth after birth. The 2000–2005 data provided information on 138,616
babies who were from Jiaxing, a middle-income county (include both urban and rural
residents) in Southeast China. Our study analyzed the growth trajectory of 136,971 of the
subjects from birth to age five, excluding twins, children with congenital disorders of sex
development, and extreme anthropometric measures (Z scores for weight, height and BMI;
weight for age Z score < -6 or > 5, height for age Z score < -6 or > 6, BMI for age Z score <
-5 or > 5 based on the 2006 WHO Growth Standards)15.

This study was approved by the Institutional Review Boards of the PUHSC and the Johns
Hopkins University Bloomberg School of Public Health.
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Key measurements
Anthropometric assessments—Children’s weight and height were measured by
trained primary physicians in local clinics following a standardized protocol and related
national recommendations at birth, once every 3 months in first year after birth, every six
months from ages 2 to 3, and then annually up to six year (in total, 11 times). Although
effort was made to adhere to these protocol times, there was some variation in the time of
actual assessments; the average number of times of measurement was 12.2 and ranged from
3 to 24 times. Additional health-related information (breast feeding, residential area, etc.)
was collected using survey questionnaires. Regarding data quality, our validation study
showed high agreement for anthropometric measurements made by NCMIH staff and by
local health workers in 2004 (mean difference level: height = −0.04 cm [p = 0.92], weight =
0.11 kg [p = 0.83]).

BMI and BMI Z-scores—BMI was calculated as weight (kg) divided by squared length/
height (m2). Overweight at 4–5 years was defined as BMI-for-age Z score ≥ 2, according to
the 2006 WHO Growth Standard.16 Rapid growth was defined as an increase weight-for-age
Z score >0.67 standard deviation (SD) during the first 2 years, which represents the upward
crossing of major percentile lines of a usual growth reference17. Due to the relatively small
number of children with available data at the age of 5 years (n = 604), the child’s final
measurement after the age of 4 was used for defining overweight status.

Covariates—Birth weight and gestational age were adjusted as covariates, because of the
high risks of rapid growth and overweight due to low birth weight and being pre-term. In
addition, as indicators of environmental factors, residence (urban vs. rural), exclusive breast
feeding before 6 months (yes vs. no), maternal education (≥ high school vs. less) and
occupation (unemployed, housework or temporary work vs. routine jobs) were included as
covariates.

Statistical analysis
General characteristics of longitudinal growth and related environmental factors were
compared across groups using chi-square test and ANOVA. The BMI and BMI Z score
growth curves by overweight status at 4–5 years of age were presented using locally
weighted scatter plot smoothing curve. The overweight risk at 4–5 years of age associated
with rapid growth was estimated using logistic regression.

To define the effect of growth trajectory on the risk of overweight, we selected 11,839
subjects having outcome measurements at age 4–5 and at least two times records previously.
For estimating period-specific growth rate, we used random intercept mixed models with
piece-wise specification of the 9 age periods (every 3 months in the first year after birth,
every 6 months in years 2–3, and 1 time in the 4th year, in conformity with the previous
literature on the time windows for rapid weight gain18, 19) as independent variables to
capture the periodic growth slope specifically, since BMI curves went up and down during
the earliest ages and the slope of early growth could be extremely sensitive to the time
intervals. We treated age periods as continuous and substrated values by the starting point of
each period to present the association between time and growth as several separated linear
regression slopes. The primary model without covariates was as follows:

Yij = β0i (ageij -0) + β1i (ageij -3) + β2i (ageij -6) + β3i (ageij -9) + β4i (ageij -12) + β5i
(ageij -18) + β6i (ageij -24) + β7i (ageij -30) + β8i (ageij -36) + β9i (ageij -48) + εij

Yij was the continuous BMI, BMI Z score, height and weight; the term (ageij –Ck) with age
interval Ck ∈ {0, 3, 6, 9, 12, 18, 24, 30, 36, 48} meant that child i at measurement j had
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(ageij –Ck) if Ck-1 < ageij ≤ Ck; otherwise (ageij –Ck) was equal to 0 during the other 8 age
periods.

To compare the slopes between children with BMI Z scores at the top tertile and the others,
we allowed the interaction terms of rapid growth status and the 9 age periods mentioned
above; the differences in periodic growth rates between boys and girls in the upper-BMI
group were also compared using a similar approach.

Next, we fit logistic regression models in examining which period had the biggest effect on
at risk of overweight (defined by BMI for age Z score > 1 at 4–5 years according to the 2006
WHO Growth Standard) using the following model (without covariates):

E (Yi |Xi) = 1/ [1 + exp (−Z)] + εij

E (Yi |Xi) was the High-BMI risk at 4–5 ages; the variable Z was defined as Z = β1 (high
growth rate in period 0–3 months) + β2 (those in period 3–6 months) + β3 (those in period
6–9 months) + β4 (those in period 9–12 months) + β5 (those in period 12–18 months) + β6
(those in period 18–24 months) + β7 (those in period 24–30 months) + β8 (those in period
30–36 months) + β9 (those in period 36–48 months).

Individual growth rates in different periods were calculated using mixed models (see above);
and then high growth rate was assigned the value 1, if someone’s growth rate was in the top
tertile; otherwise, assigned 0.

Statistical significance for the regression coefficients and the interaction terms were set at p
<0.05. All analysis was conducted using SAS 9.2 (SAS Institute, Cary, NC).

RESULTS
Characteristics of study subjects

BMI was highest among toddlers (1–2 years old, p <0.01) (Table 1). Low-birth-weight was
2.3% and preterm birth was 3.3%. Over 30% of the children were rapid growers. The overall
prevalence of overweight at 4–5 years was 2.1%, and rapid growers had a much higher
prevalence than non-rapid growers (3.9% vs. 1.3%, p < 0.001). After adjustment for
covariates (breast feeding, residential area, maternal education and occupation, birth weight
and gestational age), rapid growers had a 7 times higher risk of being overweight at 4–5
years of age than the others (OR=7.7, 95%CI: 5.3–11.1).

Comparison of growth trajectories in overweight vs. non-overweight children
The growth curves of BMI and BMI Z scores of overweight children at 4–5 years old
diverged from those of non-overweight children from the early months (Figure 1). Based on
the top tertile BMI Z score at 4–5 years, the children were divided into two groups: high and
low BMI. Figure 2 shows overall growth rate in 9 periods (n = 8,490) (Figure 2a) and the
different growth rates of these two groups (Figure 2b). The BMI, BMI Z score, weight and
height growth rates were drastically higher in the first 3 months than afterwards (growth rate
of BMI β [SE] = 1.65 [0.00]; BMI Z score = 0.06 [0.01]; weight = 1.17 [0.01]; height = 4.17
[0.02]). The high-BMI group (n = 2,133) grew significantly faster in BMI, weight and height
during the first 3 months. The pattern in the slope differences was similar when children
were grouped by at the overweight risk at age 4–5 (BMI Z score ≥1) the difference of β [SE]
= 0.08 [0.03], p=0.002).
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Sex-difference in risk of overweight by having rapid growth vs. not
More were overweight than girls (OR = 2.0, 95% CI: 1.5–2.7). Boys grew faster in BMI,
weight and height than girls during the first 3 months in the BMI upper group (the difference
of weight = 0.15 [0.03], p < 0.01; height = 0.49 [0.07], p < 0.01) (Figure 2c). Maternal
education level, employment status and family residence were not different between boys
and girls, however, more girls received exclusive breast feeding during their first 6 months
of life than boys (87.9% vs. 86.2%, p=0.01).

Breast feeding: After adjustment for sex, birth weight, gestational age, residential area, and
maternal education and occupation, breast feeding was protective against rapid growth (OR
= 0.82, 95% CI: 0.69– 0.97), but not against overweight (OR = 1.08, 95% CI: 0.67– 1.75).
To find the possible influence of boys being less exclusively breast-fed on the sex difference
of rapid growth risk, stratified analyses were done by exclusively breast-fed. Higher rapid
growth risk among boys as compared to girls was not different between those in the
exclusively breast-fed group and those in the other group (exclusive breast fed group: OR =
1.44, 95% CI: 1.28– 1.62; non- exclusive breast fed group: OR = 1.56, 95% CI: 1.1– 1.9, p
of OR difference = 0.76).

Period difference in risk of overweight by growth rate
Growth rate had time-dependent effects on overweight development. OR of at risk of
overweight (BMI Z score ≥ 1) by having fast growth rates of BMI (in the highest tertile) was
the biggest in the first 3 months of life (OR = 9.1, 95% CI: 5.7–14.7; n = 11,839) (Figure 3).
Similar trends were observed by using BMI Z score growth rates (OR of at risk of
overweight in period 0–3 months =7.9, 95% CI: 4.6– 13.6]; in period 36–48 months [OR =
8.9, 95% CI: 6.7– 11.8]).Our sensitivity analysis confirmed similar results in those who had
>=6 times follow-up information of physical growth in their first 3 months of life (OR = 6.7,
95% CI: 4.1– 10.9; n = 10,861) and in those who have more than 7 times (OR = 7.7, 95%
CI: 4.5– 13.2; n = 9,297).

DISCUSSION
Our results based on longitudinal data collected from 136,971 children in Southeast China
suggest that overweight develops early in life. The childhood growth curves showed that
those being overweight at age 4–5 had consistently higher BMI levels than their counterparts
from the time of infancy; their growth rates diverged from the others during first 3 months,
with steeper slopes. Chinese boys, who were at higher risk for overweight than girls, also
showed higher growth rates than girls at the same age period; their higher risk seemed to be
independent of environmental factors such as birth weight, gestational age, breast feeding,
residential area, and maternal education and occupation. In particular, fast growth during the
period of first 0–3 months of life predicted higher risk of high-BMI at age 4–5 than those in
other periods.

Previous studies have shown that the subsequent rapid growth after intrauterine growth
retardation may be a cause of metabolic problems.3 In addition, recent studies on children
with appropriate gestational age20 or full-term births21, 22 discussed the risk of high infancy
weight gain and subsequent higher BMI and body fat percentage during childhood. Our data
indicate that rapid growth can be an independent factor for obesity and metabolic disease
development.

Based on measures taken regularly (about 11 times) from 136,971 children, we tested the
periodic growth rates of BMI from birth to 4–5 years; and found those that experienced a
higher growth rate during their first 3 months of life were more likely to be overweight at
age 4–5. This was consistent with results from the GINI and LISA birth cohorts in German,
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period-specific models.23 However, the German study did not test when the overweight
group became faster growers than the others. They compared the probability of being
overweight at different time periods (birth to < 3months, 3 to < 6 months, 6 to < 12 months,
12 to < 24 months, and 24 to < 72 months). They concluded that the monthly velocity for
overweight accelerated through the 12th month and then diminished afterward.

In addition, our data showed that within the same period, those who had a higher BMI level
at age 4–5 grew significantly faster than their counterparts. This result may explain why the
rapid growers in previous and our studies had a significantly higher risk of later overweight
than others. Early infancy is considered to be a critical period for body fat mass
accumulation, which persistently affects body fat mass in older ages; newborns, in
particular, attain a peak of adiposity with a fat mass before a period of about 4–6 months.24

In previous studies, differences in study design have resulted in the use of various
definitions of “rapid growth” in terms of amount of weight gain and periods of time. As a
result, the reported effects on overweight risks are inconsistent. One multi-cohort study and
one New York state study in the U.S. used weight gain in the first a few months (100 g/
month) and presented similar results; children with increasing weight gain by 4 months or
by 6 months were more likely to be overweight at age 4 (OR = 1.4 [1.3– 1.6])25 or at age 7
(OR = 1.4 [1.3– 1.4]).21 However using “more than 0.67 SD in weight Z score change” as
the rapid growth definition, Japanese rapid growers during the first 3–4 months of life had a
much higher overweight risk at 3 years of age (OR = 6.77 [2.18– 21.01]).26 In the U.K.,
groups with rapid growth during the first 2 years showed significantly higher BMI
(difference: 0.79 SD score at 2 year, 0.63 SD score at 5 year) and body fat percentage
(difference: 1.4%) than their counterparts at 5 years old.27 Ethnic differences may contribute
to the relationships between rapid growth and overweight risk, as well.

Other studies have compared the effects of weight gain in different periods on later
overweight risk. Swedish children in Stockholm showed a stronger linear relationship
between weight gain by 3 to 6 years (β = 1.5 [0.9– 2.1]) and BMI at 17 years than those with
a linear relationship by the first 6 months of life (β = 0.9 [0.5– 1.3]).17 On the other hand,
Brazilian children showed relatively higher overweight risk at 15 years of age in those who
had been rapid growers by 2 year (OR = 1.6 [1.1– 2.4]) and than in those who had been
rapid growers during ages 2 to 4 (OR = 1.9 [1.3– 2.8]).28 But another Brazilian study
suggested the upepr quartile weight gain group during years 1 to 4 had the most significant
p-value for group difference on BMI mean levels at year 9, compared to the other p-values
in different periods.29 Although a recent systematic review of 18 studies on infant size or
growth within the first two years of life and subsequent obesity summarized the odds ratios
of obesity among rapid growers ranging from 1.17 to 5.7030, it was still difficult to
determine the critical period of overweight development, since the studies had selective
follow-up periods and were thus only able to cover some specific time ranges rather than an
overall growth trajectory.

We also found more Chinese boys were overweight than girls. The sex-difference was
consistent with previous studies, which are mainly among school students.4, 12 In our study,
boys had a greater growth rate of BMI than girls during their first 3 months of life. This sex
difference was independent of breast feeding and other covariates, although rapid growth in
boys and girls was negatively affected by breast feeding.

It is still not clear why Chinese boys have rapid growth and subsequent overweight than
girls, independent of the related environmental factors. More studies are needed to
understand what contributes to the ethnic differences in sex-dependent risks of obesity
across countries11. Some other studies, such as those done in the Netherlands and Romania
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out of a total of 18 E.U. countries9 and in Indonesia compared to China and Vietnam10,
showed a higher obesity rate in girls than in boys. Further studies are needed to examine
possible ethnic and cultural effects to help understand these various sex-differences in
obesity rates across populations.

Our study has a few limitations. First, no data on dietary intakes were collected after
infancy, except for breast feeding. Second, we could not suggest whether fat or lean mass
made the rapid weight gain during early postnatal age as such measures were not collected.
Despite lack of such information, regular follow-up data and our mixed model allow us to
cover the most of critical periods in growth until age 5 for studying the association between
growth rates and overweight development. The large sample size made subgroup analysis
possible by high-BMI status and sex.

Along with economic development in China, more food has been accessible and caloric
intake has been greater than ever before.31 We may suspect that without guidelines, parents
in these new social conditions may feed their young children with more foods to make grow
faster and thus may also put them at risk of developing obesity6. As a result, their risk for
chronic diseases later in life may increase faster than the past. The increase in non-
communicable chronic diseases such as type 2 diabetes and cardiovascular disease and some
types of cancer has become an alarming public health threat in China.5 Prevention of such
chronic diseases needs to start earlier in life.

CONCLUSION
Based on data collected from a large population-based cohort in China, our study suggests
that overweight risk develops in the first three months after birth and persists afterwards.
Chinese boys have a faster growth rate than girls, even after adjusted for selected
environmental factors, which helps explain in part why obesity is more prevalent in boys in
China.
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What’s already known about this subject

• Rapid postnatal growth during infancy has been considered as an important risk
factor for childhood obesity.

• However, it was difficult to determine the critical period for overweight
development due to the limitation of previous study designs and ethnic diversity.

What this study adds

• Our analysis of longitudinal data collected from 136,971 children in Southeast
China suggests that overweight develops early in life.

• Those who grew fast during ages of 0–3 months had a higher risk of having high
BMI than those in other periods.

• Faster growth during the first 3 months in boys could partly explain their higher
risk of overweight at 4–5 years of age than girls in China.
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Figure 1. Comparison of BMI and BMI Z score from birth to 5 years old between children being
overweight vs. non-overweight at 4–5 years in China*†‡

*BMI for age Z score was calculated based on the 2006 WHO Growth Standard.
†Overweight (n = 239): BMI Z score ≥ 2 SD at 4–5 years; others (n = 11,600): non-
overweight.
‡The BMI and BMI Z score growth curves by overweight at 4–5 years were presented using
locally weighted scatter plot smoothing curve.
The 4 tangent lines on each figure showed how the growth rates in figure 2 were drawn from
these growth curves.
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Figure 2. Growth rates per month for BMI, weight and height development during the first 4
years
a. Average growth rates †
b. The differences in growth rates by BMI status at 4–5 years*†‡
c. The differences in growth rates by sex*†§
Each beta coefficient for periodic growth rate and their standard error bars were presented.
*Difference of growth rates between groups, p < 0.05.
†Piecewise- linear mixed model with random intercept was fitted with adjustment for breast
feeding, residential area, gestational age, birth weight, maternal education and occupation
(n=8,490).
‡BMI status was defined by top tertile of BMI for age Z score at 4–5 years; differences by
BMI status (n=8,490) = Growth rate of high BMI group - growth rate of low BMI group.
§Differences by sex in the high BMI group (n = 2,133) = Growth rates of boys - growth
rates of girls in the high BMI group.
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Figure 3. The odds ratio of at risk of overweight at 4–5 years with high growth rates of BMI and
BMI Z score in different periods*†‡
*At risk of overweight was defined by BMI for age Z score > 1 at 4–5 years according to the
2006 WHO Growth Standard.
†Individual growth rates of BMI and BMI Z score in different periods were calculated by
previous mixed model and then high growth rates was assigned the value 1, if someone’s
growth rate was in the highest tertile of growth rate values in the entire population;
otherwise it was assigned the value 0.
‡Logistic regression was used to present odds ratio and 95%CI of at risk of overweight with
high growth rates of BMI and BMI Z score in different periods after adjusted for breast
feeding, residential area, gestational age, birth weight maternal education and occupation.
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