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Summary

Background: Childhood BMI predicts adult obesity. How growth trajectories during childhood 

relate to adult obesity risk is not well defined.

Objective: We aimed to characterize BMI growth trajectories from childhood to midlife and to 

examine the associations between BMI growth rates at childhood age points and adult obesity risk.

Methods: The longitudinal study included 2,732 participants with repeated BMI measurements 

from childhood (4–19 years) to adulthood (20–51 years). A random-effects model was used to 

construct BMI growth curves by race and sex. Model-estimated levels and linear growth rates of 

BMI were linked to adult obesity in separate multivariable logistic regression models at individual 

childhood age points.

Results: BMI followed cubic growth curves. Childhood BMI linear slope estimates were higher 

in adults with obesity than in adults without obesity (p<0.001). The association between childhood 

BMI growth rate and adult obesity was significantly higher in puberty and post puberty (12–19 

years) than in early childhood (4–11 years) with a peak at age 14 (odds ratio=3.1 and 95% 

confidence interval=2.7–3.5).

Conclusions: Rates of change in BMI at different childhood ages are differentially associated 

with adult obesity. Puberty and post puberty are crucial periods for the development of obesity in 

later life.
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Introduction

Obesity is a major public health challenge due to its high prevalence1 and associated 

increased comorbidity2 and mortality3. Numerous studies have documented that obesity in 

adult life has its origins in childhood4–6. Body mass index (BMI), the most commonly used 

measure to diagnose obesity, in childhood is highly correlated with BMI in later life, with 

correlations varying from 0.3 to 0.9, depending on the time interval and age period4–10. In 

addition to absolute BMI values, rapid BMI increase is also a predictor of obesity in adult 

life11,12. We have shown that the overall rate of change in BMI during childhood (age range: 

5 to 19 years) is significantly associated with risk of obesity in adult life, independent of 

absolute BMI values12. Recently, Aris et al. reported that infant peak BMI and pre-peak 

BMI velocity (rate of change) were associated with overweight at age 48 months, suggesting 

an important impact of early BMI growth patterns13.

BMI levels at different ages in childhood indicate the body weight status at a particular time 

point, and the rate of increase in BMI at specific childhood ages reflects the velocity at 

which weight changes relative to height. A steeper slope of BMI at a particular age point is 

indicative of the potential to gain weight later. Previous studies have examined different 

characteristics of BMI growth patterns in early life, such as early rebound14–16, period 

growth velocity17, and group membership of modeled trajectories18,19, for their relevance to 

adult obesity and cardiometabolic health. Yet the relevance of rate of change at different 

ages during childhood for adult obesity risk has not been reported. Information in this regard 

is important to understanding how childhood BMI trajectories relate to risk of obesity in 

adulthood and will facilitate developing informed strategies for early intervention and 

prevention. We hypothesized that rate of change in BMI at different time points during 

childhood may be predictive of adult obesity risk, independent of the absolute BMI value at 

the same time point.

Using BMI data from childhood to adult life from the Bogalusa Heart Study cohort20, we 

aimed to characterize BMI growth trajectories from early school age to midlife and to 

examine the associations of BMI growth curve parameters, including BMI levels and rates of 

change at different ages during childhood, with adult obesity risk.

Methods

Study cohort

The Bogalusa Heart Study, a series of long-term observations in a semi-rural community 

with about 65% Whites and 35% Blacks in Bogalusa, Louisiana, has been continuously in 

operation since 1973. It is focused on understanding the early natural history of 

atherosclerosis beginning in childhood20. Nine cross-sectional surveys of children and 

adolescents aged 4–19 years and eleven cross-sectional surveys of adults aged 20–51 years 

Zhang et al. Page 2

Pediatr Obes. Author manuscript; available in PMC 2020 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



who were previously examined as children were conducted between 1973 and 2010 in the 

Bogalusa community. Linking data from these repeated cross-sectional examinations 

conducted every 2–3 years provided 40,365 serial observations from childhood to adulthood 

on 14,164 individuals. In the current study, 2,732 adult subjects (1,772 Whites and 960 

Blacks; 44.9% males) who had been examined for BMI 4–15 times (7.0 times on average, at 

least 2 times in childhood and at least 2 times in adulthood) formed the longitudinal study 

cohort, with 19,164 observations. The average follow-up time was 28.4 years.

All participants or their legal guardians at each examination provided written informed 

consent. Study protocols were approved by the Institutional Review Board of the Tulane 

University Health Sciences Center.

Examinations

All measurements were obtained by trained study staff members who followed a standard 

protocol20. At each study visit, weight was measured with participants in light clothing 

without shoes to the nearest 0.1 kg on a study-designated scale that was routinely calibrated, 

and height was measured to the nearest 0.1 cm with a free-standing stadiometer. Height and 

weight were measured at least twice and the mean value of each of these was used to 

calculate BMI (calculated as weight in kilograms divided by height in meters squared). 

Intraclass correlation based on rescreening of about 10% randomly selected participants was 

0.99 for both height and weight. Information on smoking and alcohol use was obtained by 

means of a staff-administered standardized questionnaire21,22. Current smoking and drinking 

in adulthood were defined as smoking at least one cigarette per day and consuming alcohol 

every day, respectively, during the prior 12 months.

Statistical methods

Parameters of nonlinear growth curves of BMI from childhood to adulthood were estimated 

using a random-effects mixed model by SAS proc MIXED as previously reported23,24. The 

mixed model incorporates fixed and random effects and allows the intercept, linear and 

nonlinear parameters to vary from individual to individual. The random effect coefficients 

represent deviations of BMI for individuals from the fixed effect parameters. In addition, the 

mixed model allows for repeated measurements and different numbers of unequally spaced 

observations across individuals. The model computes maximum likelihood estimates of 

growth curve parameters, including fixed effect parameters (for a group) and random-effect 

parameters (for each individual within the group). By combining these two types of 

parameters, 2,732 different sets of growth curve parameters were generated for each of 2,732 

participants in the study cohort. The model selection was based on the Akaike’s information 

criterion (AIC) and p-values of the independent variable (age) at the significance level of 

0.05. Age and its higher-order terms were included one by one for model building. The 

higher-order terms of age were not included in the model if they were not significant, or 

made lower-order terms not significant, or did not improve the goodness-of-fit of the model 

based on AIC values. Cubic curves were fitted for BMI in the four race and sex groups:

BMIi = β0 + b0i + β1 + b1i age + β2 + b2i age2 + β3 + b3i age3 + ε
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where β = (β0, β1, β2, β3)’ is a vector of fixed effect parameters, b = (b0, b1, b2, b3)’ is a 

vector of random effect parameters, and ɛ is an unknown error term. Age was centered to 

the mean age (20.1 years) to reduce the collinearity of age with its higher-order terms. The 

term age2 was divided by 10 and age3 by 20 to improve model fitting. We modeled the 

growth curves for the four race and sex group separately. To illustrate differences in BMI 

growth curves from childhood to adulthood between adults with and without obesity, we 

also modeled the growth curves further by adult obesity status.

Figure 1 shows the BMI growth curve of a white male participant as an example to describe 

the calculation of model-estimated rate of change (slope) in BMI at different age points 

during childhood. The rate of change (blue tangent lines in Figure 1) in BMI at each 

childhood age point was estimated during the 4- to 19-year age period for each individual. 

The levels and rates of changes of BMI were calculated using individual-specific curve 

parameters and their first derivatives, respectively.

Obesity, the outcome variable, was defined as BMI ≥ 30 kg/m2 in the last adult survey. The 

significance of differences in mean levels of study variables and curve parameters between 

race-sex groups was tested using analysis of covariance in generalized linear models. 

Logistic regression models were used to estimate the association of rate of change in BMI at 

each childhood integer age point with adult obesity, adjusting for age, race, sex, smoking 

and alcohol drinking in the last adult survey. The odds ratios (ORs) of levels and level-

adjusted slopes of BMI at individual childhood age points were estimated in separate 

models. Prior to logistic regression, rate of change in BMI at each childhood age point was 

adjusted for the BMI level at the same age point by regression residual analyses by race and 

sex to avoid the collinearity between BMI levels and rates of change in the same model, and 

then multiplied by 5 such that ORs represent increased odds of having obesity associated 

with each 0.2 kg/m2/year change in the slope. Because the associations of rates of change 

with adult obesity largely followed similar patterns across the race and sex groups, we 

presented the results with the four groups combined (with additional adjustment for race and 

sex) in the main text and the results by race and sex in the supplementary materials.

Results

The overall prevalence of adult obesity was 34.0%, with a significant sex difference in 

Blacks (44.7% in women versus 30.0% in men, P<0.001) and a significant race difference in 

women (44.7% in Blacks versus 30.3% in Whites). BMI showed sex differences from 

puberty to middle-age adulthood in Blacks (males<females, P<0.01) and Whites 

(males>females, P<0.01) and race differences in females only (Blacks>Whites, P<0.001) 

(Table 1).

The longitudinal trajectories of BMI from childhood to adulthood differed by race and sex 

(Figure 2). The growth curves fitted well with the observed BMI values except in early 

childhood (age 4–6 years) (Supplementary Figure 1). Growth curves in White males and 

Black males had similar trajectories. BMI increased faster in Black females than the 

remaining race-sex groups, and this difference was discernible from around 10 years of age; 

White females tended to have a lower BMI than the remaining race-sex groups after 15 years 
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of age. All growth curve parameters were significant (p<0.001) except the cubic terms in 

Blacks (p=0.353 for males and p=0.054 for females) (Supplementary Table 1). Model-

estimated BMI levels and rates of change by race and sex, calculated according to the 

growth curves at different ages during childhood, are presented in Supplementary Tables 2 

and 3, respectively. BMI levels were significantly correlated with rates of change in BMI at 

different ages during childhood (P<0.001 for all).

BMI growth curves for adults with and without obesity separated in early childhood (Figure 

3). Intercepts (β0+b0) and linear growth rates (β1+b1) during childhood were greater for 

adults with obesity than for adults without obesity (Table 2); model-estimated BMI levels 

and rates of change at childhood ages also were higher for adults with obesity than for adults 

without obesity (Table 3).

In multiple regression analyses, adjusting for adult age, sex, race, adult smoking, and alcohol 

drinking, higher rate of change in BMI during childhood (4–19 years) tended to be 

associated with increased odds of having obesity in adult life. The association weakened in 

ages 6–8 years, strengthened thereafter, peaked at age 14 (OR=3.1 and 95% CI=2.7–3.5, 

p<0.001), and gradually decreased but remained above 2.0 at age 19 (Figure 4). In contrast, 

the BMI levels-adult obesity associations did not show a similar trend although higher BMI 

levels at childhood ages were all significantly (p<0.001) associated with adult obesity; the 

strength of the association decreased from 5 to 10 years of age and remained relatively 

stable after age 11. The associations of model-estimated linear slopes of BMI in childhood 

ages with adult obesity by race and sex are presented in Supplementary Figure 2. Although 

the overall association patterns were similar across the four race and sex groups, there were 

potential race and sex differences: stronger associations during puberty period among Black 

males than the other three groups and inverse associations in early childhood in Black 

females (Supplementary Figure 2).

Discussion

In this community-based cohort with repeated measurements of BMI from childhood to 

midlife, we characterized BMI growth trajectories from childhood to midlife and linked 

BMI growth parameters during childhood to adult obesity. We showed that the rate of 

change in BMI at different ages during childhood was differentially associated with adult 

obesity, independent of absolute BMI values at the corresponding ages. This, to our 

knowledge, is the first time that rate of change and absolute BMI values at different 

childhood ages are simultaneously considered for their relevance to obesity risk in midlife. 

This study provides new insights into the development of obesity and emphasizes the 

importance of BMI trajectories during childhood for adult obesity risk.

As expected, and consistent with previous studies5–7,25, childhood BMI was predictive of 

adult obesity risk in the current study. Of particular interest, our study also showed that both 

BMI levels and rate of change (linear slope) at different age points during childhood were 

consistently and significantly higher in adults with obesity than in those without obesity. The 

difference in BMI at age 4 (1.1 kg/m2) was already present between the two groups, which 

was amplified over time and reached 6.4 kg/m2 at age 19 years. Previous studies have shown 

Zhang et al. Page 5

Pediatr Obes. Author manuscript; available in PMC 2020 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



that BMI levels are already different at around age 3 between adults with and without 

obesity26,27.

The associations between rate of change in BMI at different ages during childhood and adult 

obesity varied during early and late childhood periods. Importantly, these associations were 

independent of absolute BMI values. Limited literature is available for comparison. Guo et 

al. previously reported that maximum speed in BMI increases in post-puberty was associated 

with obesity and fat mass index in young adults11, which is consistent with the observation 

in the current study. Most recently, Balantekin et al. reported that children with rapid weight 

gain from age 5 to 15 had a higher rate of obesity at age 2428. Geserick et al. reported in a 

large longitudinal study that rapid BMI increase during preschool years was associated with 

increased obesity risk in adolescence29. Adopting a life-course approach, we have extended 

the previous observations by linking childhood characteristics of BMI growth curves to 

obesity risk in midlife.

Our study also suggests that puberty (11–16 years of age) and post-puberty (17–19 years of 

age) are critical periods for obesity risk in midlife as the associations of BMI slopes during 

puberty and after puberty with adult obesity were much stronger compared to those in other 

periods. Our findings are also consistent with those by Guo et al11 and Wen et al30. Our 

study supports the belief that there are critical periods in childhood for risk of developing 

obesity in adult life. These periods cover intrauterine growth (in particular in the third 

trimester), BMI rebound, puberty and post-puberty11,31–35. Of note, the potential race and 

sex differences in these critical periods demand further investigation. Sex differences in 

growth patterns and in the link between growth patterns in childhood and adult obesity risk 

have been observed in previous studies11,30. Together with our previous observations that 

childhood BMI variability and the overall linear rate of change during childhood are 

predictive of adult obesity risk12, it can be concluded that BMI growth patterns during 

childhood, in particular during critical periods, are closely related to adult obesity risk.

Previous reports have linked BMI growth trajectories during childhood to adult 

cardiometabolic health36–40. The importance of early prevention for adult cardiometabolic 

diseases is well recognized41. It is unknown whether the observed associations in our study 

were causal or merely reflected the influence of a programmed growth pattern that begins 

much earlier in life, as childhood growth and development undergoes consecutive, 

programmed periods with hormones playing a major role42. It is not well understood how 

growth and development programming during childhood influences BMI growth trajectories 

and adult obesity outcome. As such, public health implications of our findings remain 

uncertain; further research is needed to determine if targeting critical periods in childhood to 

prevent obesity is more efficient and effective than targeting the entire childhood period. 

Nevertheless, our study suggests that new research in this area may lead to opportunities for 

developing effective and efficient strategies for prevention of adult obesity and associated 

cardiometabolic disorders.

The current study has several strengths. Body weight and height were measured from 

childhood to adulthood using a consistent study protocol. Participants were examined at 

least four times, and growth curves fit reasonably well with the observed data except for the 
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period between 4–6 years of age. The random-effects model allows for simultaneous 

estimation of both BMI levels and rates of change at the same time points during childhood. 

In addition, the associations between rate of change in BMI at different childhood ages and 

adult obesity risk largely followed similar patterns across the four race and sex groups, 

despite differences in growth trajectories among the four groups. This study also has 

limitations. Since BMI was not measured annually in childhood in this study cohort, rate of 

change in BMI at different ages had to be estimated through statistical modeling. The growth 

curve did not fit well with the observed data between age 4 and 6 years due to the small 

number of observations and adiposity rebound during this period. This may have caused bias 

in the model estimation of BMI levels and slopes during this period. As such, the 

associations of BMI slopes at ages 4–6 with adult obesity should be interpreted with caution. 

The current study included only Blacks and Whites in one region of the US. Replications in 

other populations are needed.

Conclusions

The current study demonstrates that the absolute values of BMI during childhood are 

associated with adult obesity and that rate of change in BMI, particularly during and after 

puberty periods, predicts obesity risk, independent of childhood BMI levels. Our 

observations support early prevention and intervention of childhood obesity. It remains to be 

determined, however, whether specifically targeting critical periods during childhood is 

more efficient and effective in reducing adult obesity burden. Further studies are needed to 

explore the underlying mechanisms, such as hormonal changes during puberty, for the 

observed differential associations between rate of change in BMI during childhood and adult 

obesity risk.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Illustration of model-estimated linear slopes of BMI during childhood in a white male 

participant. Age was centered to 20.1 years for model fitting.
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Figure 2. 
BMI growth curve from childhood to adulthood by race and sex. Age was centered to 20.1 

years for model fitting.
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Figure 3. 
BMI growth curve from childhood to adulthood by race, sex, and adult obesity status
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Figure 4. 
Odds ratio (OR) and 95% confidence interval of model-estimated levels and level-adjusted 

linear slopes of BMI for adult obesity by childhood age, adjusting for adult age, sex, race, 

adult smoking and alcohol drinking
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Table 1.

Characteristics of the study cohort by race and sex

Study variable
Whites Blacks P for Race Difference

Males (n=803) Females (n=969) Males (n=423) Females (n=537) Males Females

Pre-Puberty (4–11 years)

 Age (years) 8.1 (2.0) 7.9 (2.1) 8.2 (2.1)* 7.9 (2.0) 0.200 0.819

 BMI (kg/m2) 16.5 (2.3) 16.6 (2.9) 16.5 (2.5) 16.5 (2.6) 0.986 0.662

Puberty (12–19 years)

 Age (years) 16.7 (2.0) 16.7 (2.0) 17.0 (1.8) 16.9 (1.8) 0.012 0.016

 BMI (kg/m2) 22.3 (4.4)** 21.6 (4.4) 22.4 (4.7)** 23.5 (5.3) 0.591 <0.001

Adulthood (20–51 years)

 Age (years) 35.0 (8.9) 34.7 (9.0) 32.3 (9.4) 32.9 (9.2) <0.001 <0.001

 BMI (kg/m2) 28.5 (6.2)** 27.6 (7.5) 27.7 (7.0)** 30.3 (8.8) 0.041 <0.001

 Obesity (%) 33.5 30.3 30.0** 44.7 0.241 <0.001

 Smoker (%) 33.0** 32.2 36.2** 25.5 0.294 0.008

 Drinker (%) 32.1** 15.8 42.1** 17.3 0.001 0.486

Sex difference within racial groups:

*
p<0.05

**
p<0.01

Data are presented in means (standard deviations) are presented unless otherwise indicated.
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Table 2.

Fixed effect parameters of BMI in means (SDs) between adults with and without obesity by race and sex

Curve parameters
Whites (n=1,772) Blacks (n=960)

Males Females Males Females

N (Obese/Non-obese) 190/613 178/791 121/302 153/384

β0+b0 (kg/m2)

 Obese 27.8 (4.6) 27.9 (5.6) 28.4 (5.8) 29.5 (6.2)

 Non-obese 22.0 (2.7) 21.1 (2.9) 21.8 (2.4) 21.9 (2.9)

 P-value <0.001 <0.001 <0.001 <0.001

β1+b1 (kg/m2/year)

 Obese 0.63 (0.22) 0.70 (0.30) 0.72 (0.26) 0.82 (0.34)

 Non-obese 0.41 (0.14) 0.30 (0.17) 0.42 (0.18) 0.36 (0.18)

 P-value <0.001 <0.001 <0.001 <0.001

β2+b2 (kg/m2/year2)

 Obese −0.143 (0.112) −0.088 (0.121) −0.115 (0.130) −0.116 (0.141)

 Non-obese −0.087 (0.069) −0.082 (0.073) −0.096 (0.071) −0.097 (0.082)

 P-value <0.001 0.183 0.106 0.018

β3+b3 (kg/m2/year3)

 Obese 0.0027 (0.0096) −0.0021 (0.0097) 0.0002 (0.0150) −0.0022 (0.0120)

 Non-obese 0.0015 (0.0060) 0.0040 (0.0063) 0.0012 (0.0085) 0.0045 (0.0070)

 P-value 0.109 <0.001 0.086 <0.001

P-values for the differences between the two groups were adjusted for average age.
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Table 3.

Model-estimated BMI levels and linear slopes (SDs) at childhood ages between adults with obesity (n=930) 

and adults without obesity (n=1,802)

Age (years)
BMI Level (kg/m2) BMI Linear Slope (kg/m2/year)

Obese Non-Obese Δ
a Obese Non-Obese Δ

b

4 14.0 (1.7) 12.9 (1.1) 1.1** 1.07 (0.68) 0.76 (0.38) 0.31**

5 15.1 (1.8) 13.7 (1.1) 1.4** 1.05 (0.62) 0.72 (0.35) 0.33**

6 16.1 (2.0) 14.4 (1.2) 1.7** 1.02 (0.56) 0.69 (0.31) 0.33*

7 17.1 (2.4) 15.1 (1.4) 2.0** 1.00 (0.51) 0.66 (0.28) 0.34*

8 18.1 (2.7) 15.7 (1.5) 2.4** 0.98 (0.46) 0.64 (0.25) 0.35*

9 19.1 (3.1) 16.3 (1.7) 2.7** 0.96 (0.42) 0.61 (0.22) 0.35**

10 20.0 (3.4) 16.9 (1.9) 3.1** 0.94 (0.39) 0.58 (0.20) 0.36**

11 20.9 (3.7) 17.5 (2.0) 3.5** 0.92 (0.36) 0.56 (0.18) 0.36**

12 21.9 (4.0) 18.0 (2.1) 3.8** 0.89 (0.33) 0.53 (0.17) 0.36**

13 22.7 (4.3) 18.5 (2.3) 4.2** 0.87 (0.31) 0.51 (0.16) 0.36**

14 23.6 (4.5) 19.0 (2.4) 4.6** 0.85 (0.30) 0.48 (0.15) 0.37**

15 24.4 (4.7) 19.5 (2.4) 4.9** 0.83 (0.29) 0.46 (0.15) 0.37**

16 25.3 (4.9) 20.0 (2.5) 5.3** 0.81 (0.29) 0.44 (0.15) 0.37**

17 26.0 (5.1) 20.4 (2.6) 5.6** 0.78 (0.29) 0.42 (0.16) 0.36**

18 26.8 (5.3) 20.8 (2.6) 6.0** 0.76 (0.29) 0.40 (0.16) 0.36**

19 27.6 (5.4) 21.2 (2.7) 6.4** 0.74 (0.29) 0.38 (0.17) 0.36**

a
P-values for the difference (Δ) adjusted for race and sex

b
P-values for the difference (Δ) adjusted for race, sex, and BMI levels

*
p<0.05

**
p<0.01
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