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Abstract

Objective—Identifying groups of individuals with similar patterns of body mass index (BMI) 

change during childhood may increase understanding of the relationship between childhood BMI 

and adult health.

Methods—Discrete classes of BMI z-score change were determined in 1,920 American Indian 

children with at least four non-diabetic health exams between the ages of 2 and 18 years using 

latent class trajectory analysis. In subsets of subjects, data were available for melanocortin-4 

receptor (MC4R) sequencing; in utero exposure to type 2 diabetes (T2D); or, as adults, oral 

glucose tolerance tests, onset of T2D, or body composition.

Results—Six separate groups were identified. Individuals with a more modern birth year, an 

MC4R mutation, or in utero exposure to T2D were clustered in the two groups with high 

increasing and chronic overweight z-scores (p<0.0001). The z-score classes predicted adult 

percent fat (p<0.0001, partial r2=0.18 adjusted for covariates). There was a greater risk for T2D, 

independent from adult BMI, in 3 classes (lean increasing to overweight, high increasing, and 

chronic overweight z-scores) compared to the two leanest groups (respectively: HRR= 3.2, 

p=0.01; 6.0, p=0.0003; 11.6, p<0.0001).

Conclusions—Distinct patterns of childhood BMI z-score change associate with adult adiposity, 

and may impact risk of T2D.
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Introduction

Degree of adiposity during childhood often tracks into adulthood, and obesity in childhood 

contributes to a decreased life expectancy and increased adult morbidity1, 2. Studies have 

attempted to identify critical time periods in childhood where weight gain may impact 
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development of adult obesity1, 3, 4 with varying results. These critical time periods may 

differ among studies because more than one distinct childhood growth trajectory5–14 exists 

that is associated with adult weight. Other studies have determined differing patterns of 

childhood weight gain5, 6, 8–11, and the influence such trajectories may have on future 

morbidity including asthma and kidney disease5, 12, 14, 15. However, many studies had a 

limited number of ages represented, did not have individuals with follow-up data as adults, 

or included populations with a relatively low prevalence of obesity. Many of these studies 

also did not have data on known contributors to increased childhood adiposity to test the 

validity of their models. It is unclear if differing pathways of childhood BMI change have an 

impact on adult physiology or the risk of type 2 diabetes mellitus (T2D), or if only the 

weight attained by the end of childhood is important.

The National Institutes of Health (NIH) previously conducted a longitudinal study of health 

in the Gila River Indian Community (GRIC) of Arizona, a population which is primarily 

Pima Indians, and has a high prevalence of obesity16. These data are well suited to 

understanding patterns of childhood change and any effects on adult health. Conventional 

statistical techniques assume that all members of a population conform to a single pattern of 

change over time. Latent class trajectory analysis (LCTA), however, is a semiparametric 

group-based modeling strategy that groups subjects with similar patterns of change into 

classes, each class with a distinctly different trajectory of change. Factors influencing 

childhood growth trajectory and the association of these trajectories to adult physiology can 

then be assessed. We hypothesized that LCTA17 would identify more than one pattern of 

BMI z-score change during childhood in the GRIC. In addition, we hypothesized that the 

identified classes would be associated with differences in adult measures such as percent 

body fat, insulin action or type 2 diabetes risk.

Methods

Subjects

Subjects participated in a longitudinal study of health where, between 1965 and 2007, all 

residents of the GRIC older than 4 years were invited to participate in exams as frequently 

as every two years, as previously described18, and the consent allowed for review of medical 

records. For children under the age of 18 years, written informed consent was obtained from 

a parent or guardian, and the child assented. Adults provided written informed consent. The 

study protocol (NCT00339482) was approved by the Institutional Review Board of the 

National Institute of Diabetes and Digestive and Kidney Diseases (NIDDK).

Data for birth weight (n=704 with available data, limited to gestational age 36 weeks) as 

well as height and weight prior to the fifth birthday were obtained from review of well-child 

visits. Height and weight measures after age 4 years were from study exams, and were 

measured using a stadiometer and calibrated scale, respectively. All study exams included a 

75g, 2 hour oral glucose tolerance test (OGTT). All nondiabetic19, nonpregnant visits with 

complete data for age, height, weight, fasting and 2h glucose were considered. There were 

7528 children with at least one visit before age 18 years. Only subjects with complete data 

from at least four visits between the ages of 2 and 18 years were included in the LCTA. The 

final dataset for LCTA included 8619 visits between the ages of 2 and 18 years from 1920 
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children; 42%, 39%, 16% and 3% of participants had 4, 5, 6, and 7 visits, respectively. The 

average range of years between the first and last visit was 9.9±2.1 years.

Genetic and in utero variables

Degree of Pima heritage is the self-reported number of great-grandparents of full Pima or 

related Tohono O’odham heritage. Individuals were considered to have exposure to Type 2 

Diabetes Mellitus (T2D) in utero if their mothers were known to have T2D prior to 

pregnancy or had an OGTT consistent with T2D before the birth date of the individual, as 

previously described20. Our definition of in utero exposure to T2D included children born to 

both mothers with gestational diabetes mellitus and those with T2D preceding the 

pregnancy. Information about the T2D status of the mother prior to the birth date was 

available for 1334 subjects.

MC4R haploinsufficiency is the most common monogenic form of obesity in humans21 with 

a greater effect on BMI change in childhood22. Direct sequencing of the entire coding region 

of the melanocortin 4 receptor (MC4R) was previously done in the majority of subjects in 

the larger study, and six loss-of-function MC4R mutations were identified in the GRIC22. 

There were 1514 subjects with data contributing to the LCTA that also had MC4R genotype 

data available. Of these 1514 subjects, 38 individuals were heterozygous for one of these 6 

mutations.

Adult measures

Of these 1920 subjects, 820 (43%) had a study visit without evidence of T2D from the above 

protocol (NCT00339482) between the ages of 20 and 40 years with complete data available 

for early adult BMI, blood pressure, and fasting and 2 hour glucose and insulin 

concentrations. Data from all available adult visits between the age of 20 and 40 years were 

used to determine onset of T2D (n=873; 68 events). Serum insulin concentrations were 

measured by radioimmunoassay using the Herbert modification of the Yalow and Berson 

method23 or one of two automated analyzers (Concept 4 (ICN Radiochemicals, Cost Mesa 

CA); Access analyzer (Beckman instruments)). Because three insulin assays were used 

throughout the study, insulin values were converted to z-scores by assay ((individual insulin 

concentration meanassay)/SDassay) for comparability.

A subset of subjects (n=313) also participated, as young adults, in the ongoing study of the 

metabolic determinants of type 2 diabetes conducted on our clinical research unit (CRU) as 

previously described24, which includes measurements of body composition, insulin action, 

and 24h energy expenditure. Exclusion criteria for this inpatient study were evidence of T2D 

via a 75g OGTT or other medical or psychiatric disease. All participants provided separate 

written informed consent for this study, and the study protocol (NCT00340132) was 

approved by the NIDDK IRB. A subset (n=111) of these individuals had assessment of 

insulin action using a euglycemic-hyperinsulinemic clamp, as previously described25, where 

the rate of glucose required to maintain euglycemia during a primed continuous insulin 

infusion of 40 mU/m2/min was the measure of insulin action (M). The average coefficient of 

variation for M was 2.3±1.0% for this analysis. There were 93 subjects with measurement of 

sedentary 24h energy expenditure (EE) from a whole room indirect calorimeter as 
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previously described26. Because of the small number in the EE subset analysis, the 

differences from expected 24h EE were used as variables after accounting for known adult 

predictors (fat mass, fat free mass, age, sex, ethnicity) in the larger population of all 529 

individuals with EE measures.

Statistics

Alpha was set at 0.05. Subject characteristics, except for degree of Pima heritage which was 

left skewed, are presented as means±standard deviations. Degree of Pima heritage is 

reported as median and interquartile range. Corrections for multiple comparisons in 

individual analyses are described below, but because the study was primarily exploratory in 

nature, no global correction for the number of analyses was made. All analyses were 

performed using SAS 9.2 and SAS Enterprise Guide 4.1.

BMI z-scores were calculated from standards published by the Centers for Disease Control27 

using the recommended equation for normalized z-scores. BMI was also categorized as a 

dichotomous variable, indicating if the subject was overweight (OW) or not at the visit, to 

determine patterns of progression to an unhealthy weight. OW was defined as above the US 

95th percentile for age28. LCTA, using PROC TRAJ17, was used to determine distinct 

classes of BMI and BMI z-score change over time, as well as differing OW trajectories to a 

BMI greater than the 95th percentile. PROC TRAJ identifies homogeneous clusters of 

growth patterns, where the degree and direction of change can vary freely. The number of 

groups (k) in the model and the functional relationship of each group with time (linear v 

quadratic v cubic) were varied until the best possible model was obtained. Model criteria 

included an improvement in Bayesian Information Criterion (BIC) compared to a k-1 model, 

all classes with posterior probabilities >0.8 and with at least 50 people (>3%)29, stability of 

the trajectories during modeling, parsimony, and theoretical justification from prior 

literature3, 5, 6, 8–11, 13, 14. Subjects were assigned to a single trajectory using the maximum-

probability assignment rule. Posterior probabilities are the average post hoc probability that 

subjects belong to the assigned trajectory. Random generation of the start values did not 

alter the selected model. The weighted kappa coefficient was used to test for agreement 

between assignment to BMI and BMI z-score classes. After comparison of the models 

created with LCTA using the three variables (BMI, BMI z-score, OW), BMI z-score classes 

were used in further analyses because they were comprehensible, were relatively 

representative of the BMI classes (see Results), and provided a greater depth of information 

than the OW classes.

Clustering of known risk factors for increased adiposity within BMI z-score groups was 

assessed with the Jonckheere trend test. Differences in continuous variables between groups 

were compared using 1-way ANOVA followed by Tukey’s post hoc pairwise test. Identified 

differences in adult variables were assessed further in multivariate regression models 

accounting for age, sex, birth year, degree of Pima heritage and adult BMI. Concurrent 

percent body fat and glucose concentration were also included in the models of M and 

insulin z-scores, respectively. M was log transformed to meet the assumptions of linear 

regression.
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Time to T2D was calculated from the age of 20 years to onset of T2D determined from 

either the OGTT results19 or chart review if the diagnosis occurred between study visits. The 

number of events in the 2 leanest BMI z-score groups was small (n<5), and the assumption 

of proportional hazards was not met between them, so they were combined into a joint 

comparator. Cox proportional hazards models were used to determine the hazard rate ratio 

(HRR) associated with the other four BMI z-score groups, adjusting for degree of Pima 

heritage, birth year, sex, as well as maximum adult BMI.

Results

Latent Class Trajectories

LCTA identified six BMI z-score trajectory classes, which we descriptively called ‘below 

average’, ‘average’, ‘lean increasing to overweight’, ‘stable above average’, ‘high 

increasing’ and ‘chronic overweight’ z-score classes (Figure 1a). LCTA also identified six 

BMI classes (Figure 1b), and, using the dichotomous OW variable, 4 patterns of progression 

to a weight >95th US percentile (Figure 1c). These 4 classes included a group that was 

always lean (<95th percentile) and 3 classes that progressed to overweight either early, at 

prepuberty or at puberty (Figure 1c). The internal validity of the BMI z-score model, as 

represented by the posterior probabilities, was good (Table 1). In addition, there was 

reasonable agreement between subject assignment to the 6 BMI z-score classes and the 6 

identified BMI classes (weighted kappa = 0.5). Because the BMI z-score trajectory classes 

were more accessible, representative of the BMI classes, and provided more information 

than the OW classes, the BMI z-score model was used for all further analyses. 

Characteristics of the BMI z-score groups, including the average BMI per 2 y age intervals, 

are shown in Table 1. There was good separation of the average BMI at each time period 

between the BMI z-score classes (Table 1, Figure 1a).

To further test the validity of the identified BMI z-score classes, we assessed the association 

of known risk factors for obesity and these groups. On average, birth year was more recent 

in the lean increasing to overweight, high increasing and chronic overweight BMI z-score 

classes (Table 2). However, a greater degree of Pima heritage was only observed in the lean 

increasing to overweight and the chronic overweight BMI z-score groups. Individuals with 

in utero exposure to T2D or MC4R haploinsufficiency were more likely to be in the high 

increasing and chronic overweight groups (p<0.0001) (Table 2). Of the 38 individuals with 

MC4R haploinsufficiency and the 76 individuals with in utero exposure to T2D, 71% and 

72%, respectively, were classified into either the high increasing or chronic overweight 

classes. LCTA identified similar classes if the study population was divided into birth 

cohorts born before and after 1975 or into males and females.

Impact of BMI z-score groups on Adult Characteristics

Final early adult BMI and height for the BMI z-score classes is shown in Table 1. In 313 

individuals, childhood BMI z-score group explained an additional 18%, 41%, and 34% of 

the variance in percent fat, fat mass and fat free mass, respectively, beyond that explained by 

adult age, sex, birth year and degree of Pima heritage (Table 3). Differences in insulin action 

(M), glucose, blood pressure and deviations from predicted 24h EE between BMI z-score 
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groups are shown in Table 3. None of these variables differed between BMI z-score class 

after accounting for adult BMI. In addition, fasting and 2h insulin z-scores did not differ 

between BMI z-score groups after accounting for adult BMI. However, the risk of 

developing T2D was elevated in the lean increasing to overweight, high increasing and 

chronic overweight groups compared to the below average and average BMI z-score groups 

(Table 3, Figure 2). The HRRs of these 3 groups were robust to sensitivity analyses 

including addition of maximum lifetime BMI to the model (respectively: HRR (95% CI) = 

3.2 (1.3, 7.9), p=0.01; 6.0 (2.3, 16.1), p=0.0003; 11.6 (3.7, 36.5) p<0.0001) or exclusion of 

individuals with an MC4R mutation or exposure to diabetes in utero.

Discussion

Latent class trajectory analysis using either BMI or BMI z-scores identified six pathways of 

childhood weight gain. Individuals in the three classes with a BMI z-score greater than 1.5 at 

the end of childhood were more likely to have had a more recent birth year, have in utero 

exposure to T2D, or have an MC4R mutation. These BMI z-score classes associated with 

greater adult adiposity, but were not independent contributors to adult insulin action or 

cardiovascular risk factors. Nevertheless, the three groups that ended with a BMI z-score 

>1.5 had an increased risk of T2D in early adulthood, which was independent from 

maximum adult BMI, and proportional to the number of years with a z-score greater than 

one.

Our findings indicate that for many variables, it is only the final weight achieved that 

matters rather than the pathway to that weight. However, the longer children remain lean, 

the less likely they are to develop T2D. Other studies have tried to determine if early life 

experiences such as childhood obesity or scarcity lead to programming of future body 

composition and adult disease1–4, 12, 24, 30–32. However, assuming that BMI change occurs 

in a homogenous manner can lead to loss of information. In a population with a high 

prevalence of childhood obesity33, we found six separate BMI z-score trajectories of change. 

We also found 4 classes using the dichotomous overweight variable including an always-

lean group plus 3 classes with differing periods for progression to a weight greater than the 

95th percentile, i.e. at an early age, at a prepubertal age, and at puberty. Our results are 

consistent with findings by others6, 8, 9, 11, 12. In particular, one similar study, which 

assessed patterns of progression to overweight from age 2 to 20 years, found the same four 

groups12 as we did. This supports the concept that there is 3 separate time periods where 

childhood obesity is more likely to develop. Because of the magnitude of increased BMI in 

some individuals in our study, the BMI z-score groups provided additional information 

beyond the dichotomous overweight classes. Most studies that assessed for distinct patterns 

of change in childhood using BMI or BMI z-scores have found between 4 and 7 

groups5–7, 13, depending on the age range included and propensity for excess weight within 

the study population. We did not find a very low BMI z-score group as others have5, 6, 13, 

but did find a chronic overweight group. In the studies that used data extending throughout 

childhood, as we did, similar groups were found5,13. However, we noted differing 

proportions within some classes than other studies, with a greater number of individuals 

assigned to groups with higher BMI z-scores. Identifying varying patterns of change may 

help determine differing etiologic pathways to obesity. For example, future research might 
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focus on the underlying reasons why some children’s growth follow the lean increasing to 

overweight versus the average BMI z-score trajectory even though both groups have similar 

BMIs at age 2. This may eventually lead to preventative strategies to help children maintain 

a stable z-score throughout childhood.

To validate the model selection procedure, we assessed whether known risk factors for 

increased childhood adiposity were associated with the BMI z-score classes. On average, the 

lean increasing to overweight, high increasing and chronic overweight classes had a more 

recent birth year consistent with the known increase in prevalence of obesity in the GRIC 

after World War II34. We also assessed for clustering of in utero exposure to T2D35 and 

MC4R haploinsufficiency22 in the determined trajectories. Greater than 70% of individuals 

with these risk factors were in the high increasing and chronic overweight groups. In future 

studies, it may be useful to categorize individuals into trajectory classes to assist with 

identifying new genetic risk targets. It is highly likely that environmental factors also 

contribute to which pathway of weight change an individual follows. In support of this 

hypothesis, it is known that maternal behavior has a stronger influence on food intake than 

in utero exposure to T2D36. Other studies have found that sedentary behavior11, maternal 

weight gain during pregnancy5, psychological distress7, and poverty9 are all risk factors for 

childhood weight trajectory classes.

BMI z-score trajectory explained a large proportion of the variance in adult body 

composition, consistent with prior studies37. A prior study demonstrated that BMI change 

after the age of 2 was a better predictor of adult fat mass than BMI change in infancy37. 

Although it is known that a lower than expected energy expenditure in the Pima Indian 

population is associated with future weight gain in adults38, individuals with relatively low 

energy expenditure did not group into a distinct trajectory. Most notably, the pathway of 

childhood BMI change was a risk factor for T2D during early adulthood that was 

independent from maximum adult BMI. This increased risk was not reflected in the measure 

of insulin action, which implicates impaired insulin release as the etiology behind the 

increased risk. Unfortunately, the number of individuals from this analysis who also had 

evaluation of beta cell function on our CRU was too small to assess for differences in insulin 

release (n<50). Alternatively, we may not have observed an effect of childhood trajectory on 

insulin action due to a survivor bias, as T2D was an exclusion criterion for participation in 

the study of adult phenotyping. In our study, the degree of increased risk was proportional to 

the duration of time with a BMI z-score >1 in childhood. This is consistent with other 

studies demonstrating that early onset of overweight and duration of obesity, as an adult, 

was associated with an increased risk of T2D39, 40.

One of the limitations of any secondary analysis is that the data was not originally collected 

to evaluate the current research question so, in this case, no exact measures of puberty were 

collected. Another limitation is the differing number of participants in our subset analyses, 

although we assumed that those in each subset were representative of the larger group. 

However, the power for the proportional hazards model was based on 68 cases of T2D, and 

in a larger dataset, the slightly increased risk of T2D in the ‘stable above average’ group 

may reach significance. In addition, we did not have available data for social and 

environmental contributors including maternal data, food intake assessments or physical 
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activity measures in either of the two studies from which data were used. In general, 

findings relating to the risk of obesity and T2D in the Pima Indian population have been 

prototypic of other populations.

Conclusion

In this study, we identified distinct patterns of BMI z-score change during childhood. 

Individuals in the three trajectory groups that maintained a consistent z-score <1, on 

average, had a non-obese adult BMI and a lower risk of T2D than the other three groups. 

The duration of time with a BMI z-score >1 in childhood was associated with increasing risk 

of adult onset T2D that was independent from adult BMI. Although known risk factors for 

increased adiposity clustered in trajectories with greater late adolescent BMI z-scores, these 

risk factors were present in only a small number of individuals in these trajectories 

indicating that many of the contributors to childhood obesity may be modifiable, and that 

identification and intervention to maintain a stable BMI z-score <1 will result in health 

benefits throughout the entire life course.
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What is already known about this subject?

• Adiposity during childhood may influence adult body composition and 

physiology.

• More than one pathway of weight gain may exist during childhood within a 

population.

• Latent class trajectory analysis, or latent class growth modeling, can be used to 

identify unique groups in a population that follow distinct patterns of change 

over time.

What does this study add?

• Six different pathways of childhood weight gain exist within this American 

Indian population, and known risk factors for childhood adiposity cluster within 

pathways with higher BMI US z-scores.

• The identified childhood BMI z-score classes are associated with differences in 

adult adiposity.

• Three BMI z-score classes had an increased risk of type 2 diabetes mellitus in 

early adulthood (< 40 years) that was independent from adult BMI and 

proportional to the number of years with a US z-score greater than one.
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Figure 1. Classes Identified by Latent Class Trajectory Analysis
(a) Six Classes of BMI z-score Change Occurring during Childhood Identified. Brown = 

Below Average BMI (10% of study population), black = Average BMI (15%), green = Lean 

Increasing to Overweight (23%), light blue = Stable Above Average BMI (22%), blue = 

High Increasing BMI (26%), navy = Chronic Overweight (4%). (b) Six Classes of BMI 

Change Occurring during Childhood Identified. Gray dashed lines = 5th and 25th BMI 

percentiles for the United States population, black dashed line = 50th BMI percentile for the 

US population, solid gray lines = 75th, 85th, 95th percentiles for the US population. Pink = 

trending 50th percentile (20%), light blue = increasing to 85th percentile (25%), green = 

increasing to 95th percentile at puberty (21%), purple = increasing to 95th percentile 

prepuberty (19%), blue = increasing to 95th percentile early (11%), navy = Chronic 

Overweight (4%). (c) Four Classes of Progressing to a Weight Greater than the 95th 

Percentile during Childhood Identified. Black = always lean (45%), green = developing risk 
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of overweight at puberty (19%), purple = developing risk of overweight prepuberty (19%), 

navy = chronic risk of overweight (17%). Lower 95th percent confidence intervals are shown 

by dotted lines, higher 95th percent confidence intervals are shown by dashed lines.
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Figure 2. Survival Curve for Time to Type 2 Diabetes in Early Adulthood
The chronic overweight (navy), high increasing (blue), and lean increasing to overweight 

(green) BMI z-score trajectory classes were associated with an increased risk for type 2 

diabetes compared to the below average and average BMI z-score classes (represented 

together as the brown line). The light blue line is the stable above average BMI z-score 

group. The Cox proportional hazards analysis included the following covariates: degree of 

Pima heritage, birth year and sex (p<0.0001). The following sensitivity analyses did not 

change the results: including maximum, non-diabetic lifetime BMI in the model; excluding 

individuals with in utero exposure to T2D or an MC4R mutation.
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