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Abstract

Background—Low levels of energy expenditure (TEE) may contribute to excess weight during 

childhood, but limited longitudinal data exist.

Objectives—Test whether low TEE during the first six years of life could predict excess weight 

status at 8y.

Methods—TEE from doubly labeled water, weight, stature, waist circumference and fat mass 

and fat-free mass (FFM) in children at 0.25, 2, 4, and 6 years of age. This cohort includes 

individuals at high- (n=27) and low-risk (n=26) for childhood obesity, based upon whether pre-

pregnant maternal obesity. A linear mixed effects model was fit to TEE. Individual variation was 

accounted for as a random effect. Residual TEE was calculated for age and individually averaged 

across time.

Results—FFM (kg) was highly correlated (R2=0.91) with TEE (kcal/d), and waist 

circumference, and sex were also significant predictors of TEE. TEE residual tracked within 

individuals. TEE residuals did not correlate with either BMI or %fat at age 8y.

Conclusion—Using the residual TEE approach to identify high and low TEE during the first 6 

years of life did not explain excess weight at 8 years of life in this cohort of children at high and 

low risk of obesity based upon maternal obesity status.
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The prevalence of childhood obesity between 1980 and 2010 has tripled. This increase is a 

result of undue positive energy balance, however, the individual roles of energy expenditure 

and energy intake in childhood obesity are controversial. For example, Roberts et al. 

followed 18 infants and found that subjects who became overweight age one year had a 

significantly lower TEE at 0.25 years than subjects who did not become overweight.1 In 

contrast, Davies et al followed 33 infants from 0.25 to 2 years of age and found no 

relationship between TEE at 0.25 years of age and adiposity at 0.75 or 2 years.2 Among 

older children, DeLany et al. examined the relationship of TEE on adiposity in lean and 

obese 9–11 year old children and found that TEE with or without adjustment for height was 

negatively associated with subsequent increased fat mass.3. In contrast, Johnson et al, found 

no association between TEE and increase in ratio of body fat mass to fat-free mass and black 

and white children between 5 and 11 years old.4 They did, however, find an inverse 

relationship between fitness and adiposity suggesting a role for physical activity independent 

of TEE.

These studies have focused on the first year of life or the later years of childhood. Few 

studies included the period of adiposity rebound, after which the association between 

childhood obesity and adult obesity increases.5,6 To address this gap, the Infant Growth 

Study (IGS) was initiated to examine the roles of energy intake and expenditure in children 

from 0.25 to 8 years, thus included adiposity rebound.7 Infants born to lean or obese mothers 

(pre-pregnancy BMI <33 percentile or >66th percentile) were followed from age 0.25 

through 8 years. Early IGF findings have been reported, including data on TEE and weight 

status at 1 and 2 years of age.7–12 Findings included markers of energy intake, but not 

energy expenditure contributed to excess body weight and adiposity at age 1 year.8 These 

two reports, however, preceded the age of adiposity rebound.5,6 BMI typically decreases 

until the age of 4 to 7 years, before beginning to increase through late childhood, 

adolescence, and into adulthood and the characteristics of the rebound predict adult BMI.5 

These findings suggest that it may be important to examine TEE through the period of BMI 

rebound.

The IGS included measures of TEE at 0.25, 2, 4, 6 years allowing us to test whether low 

TEE from during these years predicted excess adiposity at age 8 years.

SUBJECTS AND METHODS

Subjects

The IGS enrolled 81 subjects who were classified as low-risk children (lean mothers, 

(average BMI 19.5±1.1 kg/m2) or high-risk (overweight or obese mothers, average BMI = 

30.3±4.2). All subjects were White to minimize the differences in growth pattern due to 

race.7 Details on study design are reported elsewhere.7–12 The IGS was approved by Internal 

Review Boards of the institutions and written informed consent was provided by parents.

Zinkel et al. Page 2

Pediatr Obes. Author manuscript; available in PMC 2017 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Subject Exclusion—Of those 81 children, 70 subjects remained in the study at age 8 

years. Three measures of adiposity were used in current analysis: BMI percentile, BMI z-

score, and percent body fat (% BF) at 8 years of age. Not all subjects completed all measures 

included in the protocol resulting in more exclusions (Supplemental Figure 1). Eight 

subjects completed all four TEE measurements, 33 completed three, 22 completed two, 13 

completed only one, and five did not complete any. This resulted in 188 TEE measures from 

76 participants between ages 0.25 and 6 years, a TEE participation rate of 58%. Eleven 

subjects did not complete the body composition analysis at age 8 years, a participation rate 

of 86%. After these exclusions, there were 53 subjects (29 females and 24 males) in the BMI 

percentile and BMI z-score outcome analysis. Of these 53 subjects, 27 were at high-risk for 

the development of obesity and 26 were at low-risk. For the %fat outcomes, 19 of the 

subjects were missing body composition measurements at 8 years and 14 had less than 2 

TEE measures, leaving 41 subjects (19 females and 22 males) who were included in the 

%fat outcome analysis. Of these, 19 were in the high-risk group and 22 in the low-risk 

group.

Measures

Total Energy Expenditure—TEE was measured using the doubly labeled water (DLW) 

method as described previously.9 Briefly, a baseline urine was collected and subjects drank 1 

g of 10 atom percent 18O water and 0.15 g of 99.9 atom percent 2H water per kg body 

weight. Urines were collected on days 1 and 7, isotope abundance s were measured by mass 

spectrometry in the laboratories of the University of Wisconsin, and CO2 production and 

TEE was calculated as summarized by Thorson.13

Growth and Body Composition—Subject protocol visits included those at 0.25, 2, 4, 6, 

and 8 years of age. Length/height, weight and waist circumference (WC) were measured as 

described previously. 7–12 Body composition was measured by Total Body Electrical 

Conductivity (HP2-TOBEC; EM-SCAN Incorporated, Springfield, IL) at age 0.25 and 2 

years,8,9 and by Dual-energy X-ray Absorptiometry (DXA) (2DR 2000; Hologic Inc, 

Bedford MA) at 4 and 6 years,11 using standardized protocols.14

Statistical Analysis—Analyses were performed using R version 2.8.1 (R Foundation 

Statistical Computing, Vienna, Austria). A TEE prediction equation was developed using 

stepwise regression including fat-free mass (FFM), fat mass (FM), waist circumference 

(WC), BMI, BMI z-score, BMI percentile, length/height, weight, and sex in a linear mixed 

effects model until all remaining predictors were significant (p<.05).

Residual TEE was calculated for each TEE measurement and the TEE prediction model. 

TEE residuals were averaged within each subject to determine whether subjects had 

persistently high TEE (higher TEE than predicted) or low TEE residuals (lower TEE than 

predicted) by regressing residual against BMI percentile, BMI z-score, and %fat at age 8 

years, respectively.

To calculate energy intake, we applied the energy balance equation:
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where EI denotes metabolizable energy intake, ES denotes change in body energy stores, 

and TEE represents total energy expenditure (kcal/d). The value for ES was estimated by 

calculating the average change in FFM and FM in kg/d denoted by . The changed 

values of kg of FFM and FM were determined from data collected at the endpoints, and the 

interval duration of time in days (Δt).15 ES was calculated by converting the average change 

in body stores using the respective energy density constants:15

For each interval, TEE values at beginning and end were averaged. It was assumed that ES 

and TEE increased linearly over the time. 15,16

RESULTS

The subject physical characteristics at each age for the children who had at least one TEE 

measure (n=75) are summarized in Supplemental Table 1. Participants were classified by 

BMI percentile at age 8 years as underweight, healthy weight, overweight, and obese (<5, 5–

85, 85–95, and >95 percentile). Characteristics at age 0.25 years between these BMI 

categories did not differ.

Linear mixed effects models were developed to predict TEE from the potential factors FFM 

(kg), FM (kg), WC (cm), BMI (kg/m2), BMI z-score, BMI percentile, height (cm), weight 

(kg), and sex (1=female) for the 75 subjects with at least one TEE measure. For all models, 

FFM was the predictor that was most highly correlated with TEE (R2=0.91, syx= 125 

kcal/d). One data point which was 8 standard deviations off the line had a large influence on 

the regression was removed from this and further analyses (Supplemental Figure 2).

After that exclusion, step-wise rejection of potential predictors identified four predictors, 

which along with their univariate correlations with TEE, were FFM (r2=0.89), p<0.00001), 

WC (r2=0.42, p<0.00001), sex (r2=0.03, p=0.02), and whether the child was an infant 

(r2=0.63, p<0.00001). The resulting prediction equation was:

where sex = 1 or 0 for females or males respectively, and infant = 1 for 0.25 years of age or 

0 for ages 2, 4 and 6 years. The standard deviation for the prediction (sy,x) was 104 kcal/d. 

Based on forced step-wise regression, FFM was the major predictor, whereas sex, infant and 

WC explained only an additional 5, 4, and 3% of the variance, respectively.

Of the 75 subjects with at least one TEE measurement, there were 98 TEE residuals from 39 

low-risk individuals, and 87 from 36 high-risk individual (low= 2±96 kcal/d, high= −4±113 
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kcal/d), a nonsignificant difference. When ranked according to average TEE residual, within 

individual residuals ranged from 142 to −124 kcal/d and residuals did cluster within 

individuals (p<0.05) (Figure 1). We also investigated linear regression models. Average TEE 

residual across age 0.25 to 6 years was regressed against BMI percentile at age 8 years. 

There was no significant association between average TEE residual from 0.25 to 6 years of 

age and BMI percentile at age 8 (R2=0.01, NS). Similarly, no association with average 

residual was found for BMI z-score at age 8 years (R2=0.004, NS) and percent body fat at 

age 8 (R2=0.047, NS).

To investigate smaller time intervals, we regressed the TEE residual at each age against the 

change in BMI during the following year (Figure 2) and there was no correlation (R2=0.005, 

NS). Similarly, we regressed individual TEE residuals against change in %fat during the 

subsequent year but this limited us to changes between ages 0.25 and 1 year, and 4 and 6 

years because different body composition methods before and after age 2 years. We found 

no correlation (R2=0.005, NS). This was repeated with the residual expressed as percent of 

TEE for that individual at that age and neither regression was significant (R2 = 0.018 and 

0.012)

Unadjusted total energy expenditure at intervals from 0.25 to 6 years (last age that TEE was 

measured) was calculated for subjects who were underweight (n=2), typical weight (n=41), 

overweight (n=3), and obese (n=9) at age 8 years. The subjects who were obese at age 8 

years expended more energy than healthy weight subjects, but differences were not 

significant until after age 2 years (Figure 3).

Calculated cumulative metabolizable energy intake from 0.25 to 8 years was lowest in the 

underweight group and highest in the obese group, as expected (Supplemental Figure 3). 

The obese group consumed approximately 748,000 kcal more over the first 8 years of life 

than the healthy weight group. This corresponds to an average daily difference of 256 kcal/

day.

DISCUSSION

The principal findings from this study were that TEE in children increases with body size 

and there was no evidence supporting the hypothesis that a low habitual TEE for that body 

size leads to subsequent increases in BMI or % fat in our study cohort of children followed 

from 0.25 to 8 years of age. There was no association between adiposity measures expressed 

as BMI z-score or % body fat at age 8 years and TEE residual from 0.25 to 6 years 

expressed in kcal/d or as the percentage of the child’s age specific TEE.

As expected, energy expenditure was highly correlated with FFM, and weight was not a 

significant predictor of TEE when the model also included FFM, reflecting that FFM is 

more metabolically active than FM.17 Similar to our findings, Zakeri and colleagues 

reported that FFM explained 75 to 85% of variation in energy expenditure in 5 to 19 year old 

subjects, while FM explained only 2 to 3% of the variation.18 In addition to FFM, we found 

WC was a minor, but significant predictor of TEE. This is consistent with the use of WC in 

adults and adolescents as a proxy measure of central adiposity and a predictor of BMI and 
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FM.19–21 Sex was the other predictor of TEE in this cohort. It explained little of the total 

variance in slope, but identified a systematic sex difference in which males expended 62±15 

kcal/day more than females when controlled for FFM. This is similar to Butte et al. who 

reported that males had 3.6% (=43 kcal/day for our cohort) higher TEE than females 22,23 

and Goran et al. who reported males had a 59 kcal/day higher TEE than females in children 

aged 4 to 10 years.24 Goran et al. reported this was due a higher resting metabolic rate.24

Our finding that TEE is greater in obese compared to healthy weight children extends the 

cross-sectional report by Butte et al. who demonstrated that obese children aged 4 to 19 

years had a higher, unadjusted 24-hour energy expenditure than in non-overweight 

children.22 In our cohort, the weight difference between children at age 6 years classified as 

obese vs. healthy weight at age 8 years was approximately 5 kg. According to the energy 

costs predicted from cross-sectional data by Butte et al., this difference in weight predicts a 

higher total daily energy cost of approximately 244 kcal/d assuming similar physical activity 

level (PAL), height, sex, and pubertal development stage, which is quite similar to the value 

derived from our longitudinal study.23 Both analyses come to the conclusion that the weight 

gain was not due to decreased or low energy expenditure.22,23

This absence of correlation between body size adjusted energy expenditure and excess 

relative weight and fat at 8 years of life is consistent with some of the studies in this 

controversial research area. Goran and colleagues found that energy expenditure measured at 

age 5 years, did not predict FM gain or loss in 75 children followed from age 5 to 9 

years.24, 25 Instead, they found that the main predictors of growth in were initial fatness at 

age 5 years, parental weight status, and sex. Johnson et al also reported that energy 

expenditure at baseline in 115 Black and White children did not explain any of the variance 

in increasing adiposity over the next 3 to 5 years.4 A study from Davies et al. as well as a 

subanalysis from the IGS found that weight status at 1 year of life, was not correlated with 

energy expenditure at 0.25 years of age.2,9 In contrast, Roberts et al. found that six who 

became overweight by age 1 year had lower TEE at 0.25 years of age than the twelve 

subjects who did not become overweight.2 This was supported by a larger study by Delany 

et al found that low energy expenditure at baseline among 114 Black and White prepubertal 

children predicted increased in percent body fat when measured two years later.3 In that 

study, however, adjusted TEE only explained a small percent of the variation in excess 

adiposity. Taken together, these studies indicate that at most a small fraction of excess 

weight or fat gain is due to low TEE after adjustment for body size.

Following the lead of Butte et al, we calculated excess energy intake associated with the 

development of obesity in our longitudinal cohort.23 We found the difference in cumulative 

energy intake from 0.25 to 8 years between those subjects who were obese at age 8 years 

and those who were healthy weight was 748,000 kcal, an average energy intake of 256 

kcal/day more than the healthy weight group. Other findings from the IGS, included positive 

relationships with various eating behaviors that were thought to be markers of high 

consumption including, high rates of nutritive suckling, rapid eating, eating in the absence of 

hunger or energy consumption, with excess weight gain. Roberts et al also reported that the 

infants who became overweight in the first year of life consumed 42% more energy during 

test period than the infants that remained at healthy weight.26
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Our failure to find a relationship between low TEE and increasing adiposity may explain 

why physical activity interventions alone in children have been led to small or no reductions 

in adiposity,27 although there may other compensation in play.28 This, however, does not 

imply that such interventions are without value because interventions to increase physical 

activity have improved metabolic markers of health.29 Our study, however, cannot explain 

why nutritional interventions alone have little impact on the incidence of childhood obesity, 

but the combination of the two has been more successful.27

There are limitations to our study. The sample was entirely White, the children were 

recruited based on low or high maternal BMI, and the sample size was relatively small; 

therefore, our sample should not be assumed to reflect the entire childhood population in the 

United States. Despite the small sample size and missing measures, we had the ability to 

detect a difference of 87 kcal/day in average TEE residuals between overweight and healthy 

weight subjects over 6 years if such a difference existed. Also, TEE measurements were 

relatively infrequent, so there may have been periods of lower TEE that were not measured 

and corresponded with weight gain. Finally, our validated body composition measurement 

methods were different at 0.25–2 years than they were at 4–8 years; however, we only 

tracked change when the same method was used.

Our study also lacks a direct measure of dietary energy intake. This, however, is not so much 

a limitation of our study as it is a limitation of methods for directly measuring dietary energy 

intake. A recent review found parental and childhood dietary reports lacked reliability and 

accuracy.30 As such, we applied the first law of thermodynamics and calculated dietary 

energy intake from repeated measures of energy expenditure and change in body energy 

stores. 15, 16

CONCLUSIONS

Low energy expenditure was not the primary factor leading to excess weight gain in the 

eight obese children in this sample and energy intake was likely more important. This further 

complements earlier findings regarding the importance of food intake patterns in the 

development of obesity. 2,4,8,9,23,25 It should also be noted the eight children who became 

obese were from the high maternal BMI group and thus are most likely to represent those 

whose major obesity risk factor is high maternal BMI. These findings suggest that obesity 

prevention efforts aimed at improving children’s diets are more likely to be effective at 

obesity prevention than those aimed at increasing physical activity, although increasing 

physical activity has many other health benefits and should be encouraged, especially when 

performed in conjunction with nutrition interventions.29

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

BMI Body Mass Index

DLW Doubly Labeled Water

FFM Fat Free Mass

FM Fat Mass

IGS Infant Growth Study

TEE Total Energy Expenditure
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Figure 1. 
TEE Residuals by subject, ranked by average TEE residual. Each subject is plotted with 

their individual TEE residual value as well as their average TEE residual (lines). Open and 

closed symbols are the low risk and high risk individuals, respectively. Diamonds, squares, 

triangles and circles indicate ages 0.25, 2, 4, and 6 years, respectively.
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Figure 2. 
Average TEE Residual vs. BMI Percentile at Age 8 years. There is no significant association 

(r2 = 0.020) between average TEE residual and BMI Percentile. Open symbols are the low 

risk group and closed symbols are the high risk group.
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Figure 3. 
Average TEE vs. age for underweight, healthy, overweight, and obese subjects as classified 

by BMI percentile at 8 years of age. TEE increases with age and body weight. At 3 months 

age 2 years, there is no association between average TEE and 8-year BMI percentile. At 

ages 4 and 6 differences in TEE are found for the difference outcomes at age 8 as indicated 

by different letters within the age grouping (p>0.05).
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