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Background and objectives: Lower total energy expenditure (TEE) and restingmetabolic rate (RMR) are associated
with greater weight gain in Native American adults. Whether these effects exist in childhood is unclear. We hy-
pothesized that lower energy expenditure measured in childhoodwould predict greater relative change in body
mass index (BMI) during adolescence.
Methods: Measurements of height, weight, body composition, RMR and TEE were completed in 181 Native
American children at exams done at age 5 and 10 years,with 126 children having biennial follow-up assessments
of weight and height after age 10 years until age 20 years. TEE and RMR were adjusted for age, sex, height, fat
mass and fat free mass. BMI-change was assessed using population specific and Center for Disease Control
(CDC) BMI z-scores and change in the relative difference to the 95th BMI-centile.
Results: Lower adjusted RMR at age 10 years was associatedwith greater increase in population-specific and CDC
BMI z-scores, greater increase in the relative difference to the 95th BMI-centile and greater weight gain (all r ≤−
0.22, p ≤ 0.01). However, no association was found with adjusted RMR at age 5 years and with adjusted TEE and
physical activity level assessed at age 5 or 10 years.
Conclusions: Lower adjusted RMR at age 10 years predicted greater change in adolescent BMI z-score indicating
that the effects of relatively low metabolic rate on future weight gain in this population may begin in late
childhood.
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1. Introduction

Children who are obese tend to become obese adults, so risk factors
forweight gain are likely present in childhood and adolescence [1–4]. As
in adults, weight gain in childhood is due to an imbalance between en-
ergy expenditure (EE) and energy intake such that intake exceeds en-
ergy requirements including metabolic rate and growth. In terms of
EE, our group and others have shown that a lower relative 24-hour EE
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and restingmetabolic rate predictweight gain in adults [5–8]. However,
others have reported opposing effects [9] or no effect at all [10,11],
which could be explained by varying effects of ethnicity. It is unclear,
whether this relationship also exists in childhood.

It was shown that children born to obese or overweight biological
mothers had a lower EE in infancy compared to children born to
mothers with normal weight during pregnancy [12] and that a lower
total EE (TEE) at age 3 months was associated with greater risk of over-
weight at age one year [13]. However, prior studies failed to show any
relationship between EE and weight gain in later childhood [14,15]
and thus could not determine at which time point a lower metabolic
rate begins to increase the risk of subsequent weight gain.

One recent study found that the resting metabolic rate (RMR) rela-
tive to body size decreased after the age of 10 years, possibly due to pu-
berty associated energy conservation, identifying this age as a possible
transition for EE in regards to its association with weight gain [16].
Based on this evidence, we hypothesized that an effect of RMR would
emerge in later childhood. Thus, in children examined at both age 5
and 10 years, we investigated total EE and RMR as predictors of weight
change during adolescence.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.metabol.2018.12.008&domain=pdf
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2. Methods

From 1992 to 1996, 181 5-year-old Native American children of
southwestern heritage participated in a study conducted either at the
National Institutes of Health (NIH) Field Clinic located in the Gila River
Indian Community in Sacaton, Arizona or at the NIH clinical research
unit in Phoenix, Arizona, and returned to one of these facilities 5 years
later (at age 10 years). The purpose of this studywas the determination
of EE measures at the age of 5 and 10 years.

Some children also participated in a longitudinal study of health in
Native Americans of southwestern heritage (NCT00339482). In this
study conducted from 1965 to 2007, volunteers were invited to partici-
pate in study examinations as frequently as every two years. We used
data from this study to obtain follow-up measurements of weight and
height during adolescence from the children who participated in the
first study.

All childrenwere full heritage Native American. In both studies, chil-
dren were always examined in the fasting state (10-hour overnight
fast). All children were healthy as determined by medical history and
physical examination. All volunteers and their parents were fully in-
formed of the nature and purpose of the study. Children assented, and
a parent or guardian provided written informed consent prior to partic-
ipation. The experimental protocol was approved by the Institutional
Review Board of the National Institute of Diabetes and Digestive and
Kidney Diseases.

2.1. Anthropometry and body composition

At the 5- and 10-year visit, body weight was measured while the
children were wearing light summer clothing. Height was measured
without shoes. Mothers weight was recorded using self-reported
weights. Body composition was assessed using the 18O dilution space
method [17], a way to assess body composition, in all children at the
5-year visit and in 71 children at the 10-year visit. Fat free mass (FFM)
was quantified using the assumption that water is 74% of the FFM in
boys and 75% in girls [18].

In all children at the 10-year visit, body composition was also mea-
sured using dual-energy x-ray absorptiometry (DXA), as previously de-
scribed [19]. To compare the body composition data of the 110 children
without 18O measurement at the 10-year visit to all other 18O measure-
ments, we converted body fat measured by DXA to percentage of fat
measured by 18O using a previously validated regression equation [20].

During the initial study phase at age 5 years, all anthropometric
measurements were taken twice (due to urine collections associated
with the doubly-labeled water) during clinic admissions one week
apart, and results are expressed as the mean of the two measurements.
Due to a worldwide shortage of doubly-labeled water at the time of the
5-year follow-up [21], only 71 of the 10-year-old children were able to
repeat the doubly-labeled water measures. Therefore, only a single
measure of the anthropometric assessments was available for most of
the 10-year visits and means were not calculated. This group of 71 sub-
jects did not differ from the rest of the group in terms of anthropometric
measurements.

2.2. Total energy expenditure and resting metabolic rate

In all children at the 5-year visit and in 71 children at the 10-year
visit, TEE was assessed using the doubly-labeled water method. Volun-
teers provided a urine sample that they collected at home the evening
before the dosing. Just after arriving at the clinic in the fasting state, a
second baseline urine specimen was collected. Volunteers were then
dosed with doubly labeled water as described previously [22]. The
dose contained 2.508 g of 10% H2

18O/kg total body weight and 0.132 g
of 100% 2H2O/kg total body weight (Isotec, Inc., Miamisburg, OH). The
dosing container was rinsed with 100 ml drinking water and the
water was given to the volunteer to assure consumption of the entire
dose. Urine was collected 1.5, 2.5, 3.5, and 4.5 h after dosing on day 1
and at 2 time points 1 h apart after 7 days. The sample collected after
1.5 hwas discarded to ensure complete bladder emptyingprior to tracer
collection. Isotope concentrations of the two baseline urine samples
were averaged to provide one baseline value to account for any back-
ground enrichment. Disappearance rates of the two stable isotopes
were assessed as described previously [23] and a respiratory quotient
of 0.866 was used to assess CO2 production. After the dosing of the
doubly-labeled water, volunteers rested comfortably on a bed for
10 min and then resting metabolic rate (RMR) was measured for
20 min using a ventilated hood (DeltaTrac Metabolic Monitor,
SensorMedics Corp, Yorba Linda, CA) as previously described [14,24].
Children were carefully instructed about the testing procedure before
the measurement began. During the assessment, a parent was nearby,
and the children couldwatch a nonviolent cartoon video. TheRMRmea-
surement was repeated at the return visit 1 week later, and the results
of the 2 measurements were averaged (coefficient of variation for
these measures was 5.4% and intra-class correlation was 0.87 (95% CI:
0.83 to 0.90, p b 0.001).

In the remaining 110 children at the age 10 visit, RMRwasmeasured
only once using a ventilated hood. Carbon dioxide production and oxy-
gen consumption were calculated for each minute of the 20- to 25-
minute period and EE was calculated and then extrapolated to 24 h
[14]. The fasting respiratory quotient (RQ), a proxy for the ratio of
lipid to carbohydrate oxidation, was calculated as the ratio of mean car-
bon dioxide production to mean oxygen consumption. Energy used for
physical activity was assessed using the following equations: 1) -
activity energy expenditure (AEE) = TEE − (RMR + 0.1 × TEE)
where 0.1 × TEE represents an estimate of the thermic effect of
food [25] and 2) the ratio of TEE to RMR which represents the phys-
ical activity level (PAL) [22].

2.3. Follow-up measurements of weight and height

Of the 181 children that completed bothmeasures of EE at age 5 and
10 years, 126 had available data for follow-up measurements of height
and weight at an exam prior to age 20 years. If a participant developed
type 2 diabetes, the last available visit prior to the diabetes diagnosis
was used (n = 7). Paternal and maternal diabetes status was also ob-
tained from this longitudinal study. Median follow-up time from the
5-year visit to the last available childhood (bage 20 years) study visit
was 10.8 years (interquartile range [IQR]: 8.3, 12.3 years; range 6.1 to
14.8 years). Median follow-up time from the 10-year visit to the last
available childhood (bage 20 years) study visit was 5.9 years (interquar-
tile range [IQR]: 3.3, 7.4 years; range: 1.1 to 9.8 years).

BMI and weight were compared with the standards of the Centers
for Disease Control and Prevention (CDC) National Center for Health
Statistics by creating z-scores, using the lambda-mu-sigma (LMS)
method as described previously [26]. LMS parameters may be inaccu-
rate at very high BMI values [27], therefore, we also expressed the BMI
as relative difference to the 95th BMI-centile (%BMI/95P) as recom-
mended by the CDC [27]. To account for average anthropometric differ-
ences between the CDC-based population and this southwestern Native
American population, we also used population-specific z-scores calcu-
lated for weight and BMI. Z-scores for this Native American population
were calculated using data from the longitudinal study of health men-
tioned above using all visits between ages ≥5 and ≤20 years (n =
20,619) at one-year intervals by sex. Follow-up was limited to visits at
age b20 years as only few participants had available data after this age
(n = 6) and CDC z-scores are only available until the age of 20 years.

2.4. Statistical methods

All statistical analyses were performed using software of the SAS In-
stitute (Enterprise Guide V7.15 (7.100.5.5850), Cary, NC). Normally dis-
tributed data was expressed as mean ± standard deviation, whereas
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Fig. 1. Positive correlation of 5-year and 10-year RMR. The regression line has a slope of
1.27 with its 95% CI ranging from 1.10 to 1.44. Figure legend: Black line, regression line;
Dashed line, Identity line; Abbreviations: RMR, Resting Metabolic Rate; CI, Confidence
Interval.
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skewed data was expressed as median and interquartile range (IQR).
Skewed variables were log transformed before being entered into the
linear regressionmodels to conform to the assumptions of linear regres-
sion. Measures of EE and RQ were analyzed using linear regression
models to account for known determinants of EE including sex, age,
fat-mass (FM), FFM and height. We included height in our regression
models because it is a significant predictor of EE in children [28]. The
measures were expressed as the difference-from-expected value
based on the known determinants (i.e. the residual or relative value)
and related to the annual change of z-scores of weight, BMI (based on
CDC data and population-specific z-scores) and %BMI/95P (based on
CDC data). Change in weight and BMI z-scores was assessed as follow:
1) from age 5 to 10 years, 2) from age 5 years to last exam prior to age
20 years and 3) from age 10 years to last follow-up exam prior to age
20 years. Given evidence that children born preterm or small for gesta-
tional age have differences in body composition and resting metabolic
rate in later childhood [29,30], we also performed sensitivity analyses
with the dataset limited to children born at term (N37th gestational
week) with a birth weight N2500 g (n = 157 at 5- and 10-year visits
and n = 111 at last visit).

3. Results

Anthropometric and EE measures for all subjects at age 5 years,
10 years and at the last follow-up visit are summarized in Table 1. Chil-
drenwith follow-upmeasures after the 10-year visit had similar anthro-
pometric and EEmeasures compared to the entire baseline cohort. RMR
at age 5 years (±SD) was 1018± 158 kcal in girls and 1105± 138 kcal
in boys. RMR at age 10 years was 1482 ± 255 kcal in girls and 1545 ±
267 kcal in boys. We observed a strong positive relationship between
5-year RMR and 10-year RMR (r = 0.74, p b 0.001), such that the in-
crease in RMR at 10 years was dependent and proportional to the
RMR at age of 5 years (regression line slope = 1.27, 95% CI: 1.10, 1.44;
Fig. 1).

3.1. Adjusted RMR at age 10 years but not 5 years was associated with
weight gain in adolescence

The average CDC BMI z-score change per year (±SD) from age 5 and
10 years to the last available follow-up visit in adolescence was 0.11 ±
0.15 and0.04±0.09, respectively. RMRmeasured at age 5 years and ad-
justed for sex, age, FM, FFMand heightwas not associatedwith CDCBMI
Table 1
Demographic, anthropometric and metabolic characteristics of the study population with follo

5-year visit (girls/boys)

Number of subjects (girls/boys) 181 (91/90)
Age (years) 5.5 ± 0.3/5.6 ± 0.3
Birth weight (grams) 3449 ± 517/3545 ± 488
Number of subjects premature at birth 15 (8/7)
Weight (kg) 23.1 ± 5.7/23.7 ± 5.7
Height (cm) 114 ± 5.1/115 ± 4.9
Percent body fat 31.4 ± 7.1/28.2 ± 7.2**
Fat mass (kg) 7.6 ± 3.7/7.0 ± 3.7
Fat free mass (kg) 15.5 ± 2.3/16.6 ± 2.4**
BMI (kg/m2) 17.6 ± 3.1/17.6 ± 3.2
BMI z-score (population-specific) 0.09 ± 0.87/0.14 ± 1.13
BMI z-score (CDC based) 0.96 ± 1.05/0.96 ± 1.28
Percent of 95th BMI-centile (CDC based) 95.2 ± 16.7/97.1 ± 17.6
RMR (kcal) 1018 ± 158/1105 ± 138***
RMR per kg weight (kcal) 45.1 ± 5.5/48.0 ± 6.2**
RMR per kg FFM (kcal) 65.9 ± 5.7/66.8 ± 5.5
TEE (kcal) 1378 ± 228/1522 ± 256
TEE per kg weight (kcal) 102.1 ± 14.8/106.6 ± 27.4
TEE per kg FFM (kcal) 89.8 ± 10.2/91.5 ± 9.2
RQ (ratio) 0.88 ± 0.04/0.88 ± 0.03
PAL (ratio) 1.38 ± 0.16/1.38 ± 0.14

Gender differences: **= p b 0.01; ***= p b 0.001. ‡Data available fromn=71 (33 girls/38 boys
and sex; CDC, Centers for Disease Control and Prevention; RMR, Resting Metabolic Rate; TEE, T
z-score change per year (p= 0.9; Fig. 2A). In contrast, adjusted RMR at
age 10 years was negatively associated with CDC BMI z-score change
per year (r = −0.22, p = 0.01; Fig. 2B). In other words, children with
a 200 kcal lower RMR at age 10 years had a 0.18 increased BMI z-
score at age 15 years. The parameters of the linearmodels are presented
in Supplemental Table 1.

Weight gain during adolescence was also assessed by change in the
relative difference in relation to the 95th BMI-centile based on CDC pop-
ulation data (%BMI/95P). We used this parameter because BMI z-scores
may be inaccurate at very high BMI values [27]. The average change in %
BMI/95P per year from age 5 and 10 years to the last available follow-up
visit was 1.69 ± 1.98 and 1.29 ± 2.76, respectively. Adjusted 5-year
RMR was not associated with %BMI/95P change per year (p = 0.7;
Fig. 2C). In contrast, adjusted 10-year RMR was negatively associated
with %BMI/95P change per year (r = −0.30, p = 0.0008, Fig. 2D).

To account for anthropometric differences in our population of Na-
tive American children, we also assessed weight gain using
population-specific BMI z-scores. The average population-specific BMI
z-score change per year from age 5 and 10 years to the last available
follow-up visit was 0.05 ± 0.13 and 0.03 ± 0.12, respectively. Adjusted
5-year RMR was not associated with population-specific BMI z-score
change per year (p = 0.7; Fig. 2E). In contrast, adjusted 10-year RMR
was negatively associated with population-specific BMI z-score change
per year (r = −0.32, p = 0.0003; Fig. 2F).
w-up data.

10-year visit (girls/boys) Last visit (girls/boys)

181 (91/90) 126 (61/65)
10.5 ± 0.3/10.5 ± 0.3 16.1 ± 2.2/16.0 ± 2.4
3449 ± 517/3545 ± 488 3442 ± 470/3517 ± 522
15 (8/7) 11 (6/5)
54.1 ± 15.0/52.1 ± 15.4 82.7 ± 21.5/91.1 ± 28.6
147 ± 6.8/146 ± 6.4 160 ± 5.6/170 ± 8.5***
38.2 ± 9.3/34.3 ± 10.2** N/A
20.4 ± 9.1/18.3 ± 9.8 N/A
29.0 ± 5.2/30.1 ± 5.1 N/A
24.6 ± 5.4/24.2 ± 5.8 31.9 ± 7.1/31.0 ± 8.2
0.34 ± 0.96/0.38 ± 1.06 0.45 ± 1.01/0.56 ± 1.13
1.55 ± 0.90/1.51 ± 0.94 1.64 ± 0.80/1.68 ± 1.07
105.2 ± 22.9/107.0 ± 25.7 109.0 ± 2.8/111.6 ± 3.1
1482 ± 255/1545 ± 267 N/A
28.4 ± 4.0/30.9 ± 5.1** N/A
51.9 ± 10.2/51.6 ± 6.6 N/A
2326 ± 392/2550 ± 566‡ N/A
44.6 ± 8.0/49.1 ± 12.5‡ N/A
79.3 ± 8.8/82.1 ± 16.5‡ N/A
0.87 ± 0.04/0.88 ± 0.05 N/A
1.08 ± 0.16/1.03 ± 0.20‡ N/A

). Abbreviations: BMI, BodyMass Index, Z-BMI, StandardDeviation of BMI adjusted for age
otal Energy Expenditure; RQ, Respiratory Coefficient; PAL, Physical Activity Level.
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Fig. 2. Relationship of adjusted RMR at age 5 years and 10 years withmeasures of weight gain through last follow-up prior to age 20 years. Adjusted RMR at age 5 years was not associated
with (A) BMI z-score change per year (based on CDC population data), (C) the relative difference to the 95th BMI-centile (based on CDC population data), and (E) BMI z-score change per
year (based on Native American population-specific data). In contrast, adjusted RMR at age 10 years was inversely associated with (B) BMI z-score change per year (based on CDC pop-
ulation data), (D) the relative difference to the 95th BMI-centile (based on CDC population data), and (F) BMI z-score change per year (based onNative American population-specific data.
RMRwas adjusted for age, sex, height, FFM and FM at 10-year visit. Abbreviations: BMI, BodyMass Index; CDC, Centers for Disease Control and Prevention; RMR, Resting Metabolic Rate;
FFM, Fat Free Mass; FM, Fat Mass.
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The results were further confirmed by using weight z-score change
per year adjusted for height z-score change per year based on either
CDC or southwestern Native American population-specific data. Again,
adjusted 10-year RMR was negatively associated with yearly weight
gain during adolescence based on CDC z-scores (r = −0.18, p b 0.05)
and population-specific z-scores (r = −0.22, p = 0.01), whereas ad-
justed 5-year RMR was not associated with yearly weight gain during
adolescence (all p N 0.7).

All associationswith RMR at the age of 10 years remained significant
after additional adjustment for exposure to diabetes during pregnancy,
presence of parental diabetes prior to conception or mother's weight at
baseline. Results did also not differ between boys and girls and there
was no interaction effect of sex by RMR in these linear models with
the exception of that using yearly CDC BMI z-score change (p = 0.01
for interaction). A separate analysis of boys and girls demonstrated
that adjusted 10-year RMR was a predictor of yearly CDC BMI z-score
change in girls (p = 0.006), with an attenuated but similar trend ob-
served in boys (p = 0.06).
Measures of adjusted TEE, RQ and PAL at age 5 and 10 yearswere not
associated with BMI z-score, %BMI/95P, and weight z-score change per
year in adolescence, based on either CDC or population-specific data
(all p N 0.09). Excluding children born prematurely or with low birth
weight (b2500 g) did not change the results.

3.2. RMR at age 5 yearswas not associated withweight gain at age 10 years

RMR at the age of 5 years adjusted for sex, age, FM, FFM and
height was not associated with change in BMI z-score per year or
change in %BMI/95P per year at the age of 10 years using CDC popu-
lation data (p = 0.5; Supplemental Fig. 1A, B) or population specific
BMI z-scores (p = 0.4; Supplemental Fig. 1C). In addition, no associ-
ation was seen for adjusted RMR measured at 5 years and weight z-
score change per year adjusted for height z-score change per year
based on CDC or southwestern Native American population-specific
data at the age of 10 years (r = 0.03, p = 0.7 and r = 0.08, p = 0.3,
respectively). Measures of adjusted TEE, PAL and RQ were not
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associated with annual change of BMI z-score (CDC and population-
specific) or change in %BMI/95P until the age of 10 years (all p-
values N 0.2; data not shown). Excluding children born prematurely
or with low birth weight (b2500 g) did not change the results.
4. Discussion

We have previously shown that a relatively lower 24-h and resting
EE are associated with increased future weight gain in adult Native
Americans of southwestern heritage [7,8] and that there are different
patterns of weight gain during childhood [31]. Here we show that in
the same population, after accounting for the main determinants of EE
in children including sex, age, height and body composition, a lower rel-
ative RMR at age 10 years, but not age 5 years, predicted future weight
gain prior to age 20years. These resultswere consistentwhetherweight
gain was assessed by annual change in BMI z-scores or weight z-scores
adjusted for change in height z-scores based on CDC or population-
specific data. The results were also seenwhenweight gain was assessed
by change in the relative difference in relation to the 95th BMI-centile
(based on CDC data), which is a sensitive marker of weight gain in
more overweight populations [27]. Adjustment for parental diabetes
status prior to conception or exposure to diabetes in utero conditions
did not change the results. This result can be of importance as the
weight in young adulthood defines the future weight gain trajectory
[32].
4.1. Energy expenditure is unlikely to influenceweight gain before the age of
10 years

Only a small number of studies have so far investigated whether EE
predicts future weight gain in children. One large study did not find an
association between RMR at age 7 years and weight gain or changes in
body composition at age 13 years [15]. Two other smaller studies also
failed to show an association between RMR and weight change in chil-
dren [33,34]. One study did demonstrate that lower RMR in girls with
poor linear growth was associated with greater weight gain and fat
mass accumulation [35]. However, all these studies share that baseline
measurements of EEwere performed before the age of 10 years. Indeed,
the timing of the EE measurement might be crucial to explain our find-
ings.We found that RMR at age 10, but not 5 years, was associated with
weight change. We believe there are several potential explanations for
this.
4.2. Distinct changes in resting metabolic rate at the age of 10 years

One of the most pertinent may be the apparent RMR changes that
occur with approaching puberty [36]. Mostazir et al. measured yearly
RMR in children from age 7 to 16 years [16]. They identified an increase
of unadjusted RMR from age 7 to 11 years, as expected for growing chil-
dren. However, the RMR plateaus and then even decreases from age 11
to 15 years. This was more apparent when RMR was adjusted for con-
comitant body composition in which case the RMR decrease was more
pronounced from age 10 to 15 years. This indicates that RMR physiol-
ogy appears to change at age 10 years. Mostazir et al. hypothesize
that this may be part of an “energy conservation program” that oc-
curs during puberty originating from times where nutrition was
scarce to provide sufficient energy to allow pubertal development
and hence eventually reproduction. The RMR data measured at age
10 years may have been at the cusp of this decline. We hypothesize
that those who had a greater relative decline or a decline to a lower
absolute level would be predisposed to greater weight gain. Alto-
gether, this may explain the discrepancy in RMR association with
weight gain at different ages.
4.3. Reduced physical activity after the age of 10 years

Another possible explanation for the divergence in the association of
RMR measured at 5 years versus 10 years may be the relative contribu-
tion of physical activity to EE during childhood versus adolescence. In
many populations, declines in physical activity are seen in early adoles-
cence [16,37,38]. Thus, any effect of RMR at age 5 years may be diluted
by greater overall physical activity in children of age 5 to 9 years. How-
ever, when EE for physical activity declines (as in early adolescence),
RMR may then have a relative greater contribution to weight gain.

4.4. 10-year RMR predicts weight gain after growth spurt

Changes in hormone-mediated growth from childhood to puberty
may also be a potential explanation for our findings. Between the ages
of 10 to 12 years, pituitary growth hormone (GH)with subsequent hor-
mone insulin-like growth factor 1 (IGF-1) secretion as well as thyroid
hormones mainly control growth velocity. During the pubertal growth
spurt phase after the age of 12 years, the sexual hormones testosterone
and estradiol additionally influence GH secretion and determine the be-
ginning and endingof growth spurt during adolescence [39]. During this
phase, longitudinal growth temporary accelerates before considerably
slowing down until final height is achieved [40]. All previous studies
which investigated RMR in childhood share that follow-up measure-
ments were performed when longitudinal growth velocity was still
high, on average. Our final follow-up measures extended into the
phase where longitudinal growth is slowing (i.e. beyond the “growth
spurt”) and where weight gain is not primarily driven by this longitudi-
nal growth, which may explain why we detected an effect of relatively
lower RMR at age 10 years on later weight gain. The lack of a relation-
ship between 5-year RMR and later weight gain in this study might
also be due to longitudinal growth as the predominant driver of relative
weight gain in early childhood, thusminimizing an effect of RMR. Taken
together, longitudinal growthmediated bydifferent hormonesmight be
a possible confounder, which has masked a possible correlation of RMR
and later weight gain in other studies.

4.5. Limitations

Our report has several limitations. The results may only be relevant
to Native American children. Due to the shortage of doubly labeled
water at the time of the 10-year follow-up visit, only about a third of
our subjects had measurements of TEE and PAL at that visit, limiting
our power to detect an effect of TEE and PAL on weight gain. However,
other studies, including studies from our research group, have failed to
detect an effect of free living energy expenditure measurements on
body weight changes [8,41–43]. Resting metabolic rate may be a more
inherent and stable attribute and has less measurement variation than
free-living TEE, as measured by doubly-labeled water, which also in-
cludes physical activity. Furthermore, the lack of association of PAL
with weight change may also be due to the inherent imprecision of
thismeasure based on assumptions from its calculation from the TEE as-
sessment by doubly-labeled water. Another limitation is that children
were not assessed for detailed pubertal status and that we did not
have information on dietary habits or patterns.While decline in physical
activitymay play a role in weight gain, it is likely that increased food in-
take is of greater importance as food intake is one of the main determi-
nants of weight gain [8,44]. We also do not have measures of hormone
concentrations during childhood and adolescence.

5. Conclusion

This study shows that a lower relative RMR at age 10 years predicts
weight gain in adolescence. This association remained consistent
whether the analysis was performed using BMI z-scores or weight z-
scores adjusted for change in height z-scores based on CDC or
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population specific data. The same results were observed when weight
gain was assessed by change in the relative difference in relation to the
95th BMI-centile. This finding indicates that an individual's metabolic
rate likely begins to affect weight gain after both active linear growth
and physical activity (which may mask effects of resting metabolic
rate)mayhave peaked [45]. These results need to be confirmed in larger
more heterogeneous populations including hormonal and genetic mea-
sures to determine the mechanism of these differences. In this Native
American population of southwestern heritage, resting metabolic rate
exerts an effect on weight gain as early as age 10 years reflecting an in-
herent near life-long metabolic risk for excess adiposity. These findings
might be useful for the understanding of the influence of resting meta-
bolic rate onweight gain in early and late childhood and targeting those
with relatively low RMR with more intensive lifestyle efforts.
Acknowledgements

The authors thank the dietary, nursing, and technical staff of the Na-
tional Institutes of Health Clinical Unit in Phoenix, AZ, and in the Gila
River Indian Community in Sacaton, AZ, for their assistance. Most of
all, the authors thank the volunteers for their participation in the study.
Funding source

This research was supported by the intramural Research Program of
the National Institutes of Health, National Institute of Diabetes and Di-
gestive and Kidney Diseases.
Potential conflicts of interest

The authors have no conflicts of interest relevant to this article to
disclose.
Financial disclosure

The authors have no financial relationships relevant to this article to
disclose.
Contributors' statement

Dr. Hohenadel designed the study, drafted the initial manuscript,
carried out the initial analyses, interpreted the results and approved
the final manuscript as submitted.

Dr. Hollstein carried out the initial analyses, interpreted the results,
wrote the manuscript and approved the final manuscript as submitted.

Dr. Thearle contributed substantially to the study conception and
design, interpreted the results, revised the manuscript, and approved
the final manuscript as submitted.

Dr. Reinhardt contributed substantially to the study conception and
design, interpreted the results, revised the manuscript, and approved
the final manuscript as submitted.

Dr. Piaggi carried out the initial analyses, revised the manuscript,
and approved the final manuscript as submitted.

Dr. Salbe contributed substantially to the study conception and de-
sign, revised the manuscript, and approved the final manuscript as
submitted.

Dr. Krakoff contributed substantially to the study conception and de-
sign, critically reviewed the manuscript, and approved the final manu-
script as submitted.

All authors read and approved the final manuscript. All authors
agreed to be accountable for all aspects of the work in ensuring that
questions related to the accuracy or integrity of any part of the work
are appropriately investigated and resolved.
Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.metabol.2018.12.008.
References

[1] Ogden CL, Carroll MD, Kit BK, Flegal KM. Prevalence of childhood and adult obesity
in the United States, 2011–2012. JAMA 2014;311:806–14.

[2] Cheung PC, Cunningham SA, Narayan KM, Kramer MR. Childhood obesity incidence
in the United States: a systematic review. Child Obes 2016;12:1–11.

[3] Wang Y, Lobstein T. Worldwide trends in childhood overweight and obesity. Int J
Pediatr Obes 2006;1:11–25.

[4] de Onis M, Blossner M, Borghi E. Global prevalence and trends of overweight and
obesity among preschool children. Am J Clin Nutr 2010;92:1257–64.

[5] Ravussin E, Lillioja S, Knowler WC, Christin L, Freymond D, Abbott WG, et al. Re-
duced rate of energy expenditure as a risk factor for body-weight gain. N Engl J
Med 1988;318:467–72.

[6] Buscemi S, Verga S, Caimi G, Cerasola G. Low relative restingmetabolic rate and body
weight gain in adult Caucasian Italians. Int J Obes (Lond) 2005;29:287–91.

[7] Piaggi P, Thearle MS, Bogardus C, Krakoff J. Lower energy expenditure predicts long-
term increases in weight and fat mass. J Clin Endocrinol Metab 2013;98:E703–7.

[8] Tataranni PA, Harper IT, Snitker S, Del Parigi A, Vozarova B, Bunt J, et al. Body weight
gain in free-living Pima Indians: effect of energy intake vs expenditure. Int J Obes
Relat Metab Disord 2003;27:1578–83.

[9] Luke A, Durazo-Arvizu R, Cao G, Adeyemo A, Tayo B, Cooper R. Positive association
between resting energy expenditure and weight gain in a lean adult population.
Am J Clin Nutr 2006;83:1076–81.

[10] Weinsier RL, Hunter GR, Zuckerman PA, Darnell BE. Low resting and sleeping energy
expenditure and fat use do not contribute to obesity in women. Obes Res 2003;11:
937–44.

[11] Katzmarzyk PT, Perusse L, Tremblay A, Bouchard C. No association between resting
metabolic rate or respiratory exchange ratio and subsequent changes in body
mass and fatness: 5-1/2 year follow-up of the Quebec family study. Eur J Clin Nutr
2000;54:610–4.

[12] Rising R, Lifshitz F. Lower energy expenditures in infants from obese biological
mothers. Nutr J 2008;7:15.

[13] Roberts SB, Savage J, CowardWA, Chew B, Lucas A. Energy expenditure and intake in
infants born to lean and overweight mothers. N Engl J Med 1988;318:461–6.

[14] Salbe AD, Weyer C, Harper I, Lindsay RS, Ravussin E, Tataranni PA. Assessing risk fac-
tors for obesity between childhood and adolescence: II. Energy metabolism and
physical activity. Pediatrics 2002;110:307–14.

[15] Hosking J, Metcalf BS, Jeffery AN, Voss LD, Wilkin TJ. Little impact of resting energy
expenditure on childhood weight and body composition: a longitudinal study
(EarlyBird 47). Nutr Res 2011;31:9–13.

[16] Mostazir M, Jeffery A, Hosking J, Metcalf B, Voss L,Wilkin T. Evidence for energy con-
servation during pubertal growth. A 10-year longitudinal study (EarlyBird 71). Int J
Obes (Lond) 2016;40:1619–26.

[17] Schoeller DA, van Santen E, Peterson DW, Dietz W, Jaspan J, Klein PD. Total body
water measurement in humans with 18O and 2H labeled water. Am J Clin Nutr
1980;33:2686–93.

[18] Fomon SJ, Haschke F, Ziegler EE, Nelson SE. Body composition of reference children
from birth to age 10 years. Am J Clin Nutr 1982;35:1169–75.

[19] Mazess RB, Barden HS, Bisek JP, Hanson J. Dual-energy x-ray absorptiometry for
total-body and regional bone-mineral and soft-tissue composition. Am J Clin Nutr
1990;51:1106–12.

[20] Salbe AD, Weyer C, Lindsay RS, Ravussin E, Tataranni PA. Assessing risk factors for
obesity between childhood and adolescence: I. Birth weight, childhood adiposity,
parental obesity, insulin, and leptin. Pediatrics 2002;110:299–306.

[21] Schoeller D. The shortage of O-18 water. Obes Res 1999;7:519.
[22] Fontvieille AM, Harper IT, Ferraro RT, SpraulM, Ravussin E. Daily energy expenditure

by five-year-old children, measured by doubly labeled water. J Pediatr 1993;123:
200–7.

[23] Ravussin E, Harper IT, Rising R, Bogardus C. Energy expenditure by doubly labeled
water: validation in lean and obese subjects. Am J Phys 1991;261:E402–9.

[24] Fontvieille AM, Dwyer J, Ravussin E. Resting metabolic rate and body composition of
Pima Indian and Caucasian children. Int J Obes Relat Metab Disord 1992;16:535–42.

[25] Schutz Y, Bessard T, Jequier E. Diet-induced thermogenesis measured over a whole
day in obese and nonobese women. Am J Clin Nutr 1984;40:542–52.

[26] Cole TJ, Bellizzi MC, Flegal KM, Dietz WH. Establishing a standard definition for child
overweight and obesity worldwide: international survey. BMJ 2000;320:1240–3.

[27] Flegal KM, Wei R, Ogden CL, Freedman DS, Johnson CL, Curtin LR. Characterizing ex-
treme values of bodymass index-for-age by using the 2000 Centers for Disease Con-
trol and Prevention growth charts. Am J Clin Nutr 2009;90:1314–20.

[28] McDuffie JR, Adler-Wailes DC, Elberg J, Steinberg EN, Fallon EM, Tershakovec AM,
et al. Prediction equations for resting energy expenditure in overweight and
normal-weight black and white children. Am J Clin Nutr 2004;80:365–73.

[29] Mericq V, Iniguez G, Bazaes R, Bouwman C, Avila A, Salazar T, et al. Differences in
body composition and energy expenditure in prepubertal children born term or pre-
term appropriate or small for gestational age. J Pediatr Endocrinol Metab 2009;22:
1041–50.

[30] Sepulveda C, Urquidi C, Pittaluga E, Iniguez G, Avila A, Carrasco F, et al. Differences in
body composition and resting energy expenditure in childhood in preterm children
born with very low birth weight. Horm Res Paediatr 2013;79:347–55.

https://doi.org/10.1016/j.metabol.2018.12.008
https://doi.org/10.1016/j.metabol.2018.12.008
http://refhub.elsevier.com/S0026-0495(19)30003-4/rf0005
http://refhub.elsevier.com/S0026-0495(19)30003-4/rf0005
http://refhub.elsevier.com/S0026-0495(19)30003-4/rf0010
http://refhub.elsevier.com/S0026-0495(19)30003-4/rf0010
http://refhub.elsevier.com/S0026-0495(19)30003-4/rf0015
http://refhub.elsevier.com/S0026-0495(19)30003-4/rf0015
http://refhub.elsevier.com/S0026-0495(19)30003-4/rf0020
http://refhub.elsevier.com/S0026-0495(19)30003-4/rf0020
http://refhub.elsevier.com/S0026-0495(19)30003-4/rf0025
http://refhub.elsevier.com/S0026-0495(19)30003-4/rf0025
http://refhub.elsevier.com/S0026-0495(19)30003-4/rf0025
http://refhub.elsevier.com/S0026-0495(19)30003-4/rf0030
http://refhub.elsevier.com/S0026-0495(19)30003-4/rf0030
http://refhub.elsevier.com/S0026-0495(19)30003-4/rf0035
http://refhub.elsevier.com/S0026-0495(19)30003-4/rf0035
http://refhub.elsevier.com/S0026-0495(19)30003-4/rf0040
http://refhub.elsevier.com/S0026-0495(19)30003-4/rf0040
http://refhub.elsevier.com/S0026-0495(19)30003-4/rf0040
http://refhub.elsevier.com/S0026-0495(19)30003-4/rf0045
http://refhub.elsevier.com/S0026-0495(19)30003-4/rf0045
http://refhub.elsevier.com/S0026-0495(19)30003-4/rf0045
http://refhub.elsevier.com/S0026-0495(19)30003-4/rf0050
http://refhub.elsevier.com/S0026-0495(19)30003-4/rf0050
http://refhub.elsevier.com/S0026-0495(19)30003-4/rf0050
http://refhub.elsevier.com/S0026-0495(19)30003-4/rf0055
http://refhub.elsevier.com/S0026-0495(19)30003-4/rf0055
http://refhub.elsevier.com/S0026-0495(19)30003-4/rf0055
http://refhub.elsevier.com/S0026-0495(19)30003-4/rf0055
http://refhub.elsevier.com/S0026-0495(19)30003-4/rf0060
http://refhub.elsevier.com/S0026-0495(19)30003-4/rf0060
http://refhub.elsevier.com/S0026-0495(19)30003-4/rf0065
http://refhub.elsevier.com/S0026-0495(19)30003-4/rf0065
http://refhub.elsevier.com/S0026-0495(19)30003-4/rf0070
http://refhub.elsevier.com/S0026-0495(19)30003-4/rf0070
http://refhub.elsevier.com/S0026-0495(19)30003-4/rf0070
http://refhub.elsevier.com/S0026-0495(19)30003-4/rf0075
http://refhub.elsevier.com/S0026-0495(19)30003-4/rf0075
http://refhub.elsevier.com/S0026-0495(19)30003-4/rf0075
http://refhub.elsevier.com/S0026-0495(19)30003-4/rf0080
http://refhub.elsevier.com/S0026-0495(19)30003-4/rf0080
http://refhub.elsevier.com/S0026-0495(19)30003-4/rf0080
http://refhub.elsevier.com/S0026-0495(19)30003-4/rf0085
http://refhub.elsevier.com/S0026-0495(19)30003-4/rf0085
http://refhub.elsevier.com/S0026-0495(19)30003-4/rf0085
http://refhub.elsevier.com/S0026-0495(19)30003-4/rf0090
http://refhub.elsevier.com/S0026-0495(19)30003-4/rf0090
http://refhub.elsevier.com/S0026-0495(19)30003-4/rf0095
http://refhub.elsevier.com/S0026-0495(19)30003-4/rf0095
http://refhub.elsevier.com/S0026-0495(19)30003-4/rf0095
http://refhub.elsevier.com/S0026-0495(19)30003-4/rf0100
http://refhub.elsevier.com/S0026-0495(19)30003-4/rf0100
http://refhub.elsevier.com/S0026-0495(19)30003-4/rf0100
http://refhub.elsevier.com/S0026-0495(19)30003-4/rf0105
http://refhub.elsevier.com/S0026-0495(19)30003-4/rf0110
http://refhub.elsevier.com/S0026-0495(19)30003-4/rf0110
http://refhub.elsevier.com/S0026-0495(19)30003-4/rf0110
http://refhub.elsevier.com/S0026-0495(19)30003-4/rf0115
http://refhub.elsevier.com/S0026-0495(19)30003-4/rf0115
http://refhub.elsevier.com/S0026-0495(19)30003-4/rf0120
http://refhub.elsevier.com/S0026-0495(19)30003-4/rf0120
http://refhub.elsevier.com/S0026-0495(19)30003-4/rf0125
http://refhub.elsevier.com/S0026-0495(19)30003-4/rf0125
http://refhub.elsevier.com/S0026-0495(19)30003-4/rf0130
http://refhub.elsevier.com/S0026-0495(19)30003-4/rf0130
http://refhub.elsevier.com/S0026-0495(19)30003-4/rf0135
http://refhub.elsevier.com/S0026-0495(19)30003-4/rf0135
http://refhub.elsevier.com/S0026-0495(19)30003-4/rf0135
http://refhub.elsevier.com/S0026-0495(19)30003-4/rf0140
http://refhub.elsevier.com/S0026-0495(19)30003-4/rf0140
http://refhub.elsevier.com/S0026-0495(19)30003-4/rf0140
http://refhub.elsevier.com/S0026-0495(19)30003-4/rf0145
http://refhub.elsevier.com/S0026-0495(19)30003-4/rf0145
http://refhub.elsevier.com/S0026-0495(19)30003-4/rf0145
http://refhub.elsevier.com/S0026-0495(19)30003-4/rf0145
http://refhub.elsevier.com/S0026-0495(19)30003-4/rf0150
http://refhub.elsevier.com/S0026-0495(19)30003-4/rf0150
http://refhub.elsevier.com/S0026-0495(19)30003-4/rf0150


74 M.G. Hohenadel et al. / Metabolism Clinical and Experimental 93 (2019) 68–74
[31] Thearle MS, Votruba SB, Piaggi P, Muller YL, Hanson RL, Baier LJ, et al. The effect of
differing patterns of childhood body mass index gain on adult physiology in
American Indians. Obesity (Silver Spring) 2015;23:1872–80.

[32] Votruba SB, Thearle MS, Piaggi P, Knowler WC, Hanson RL, Krakoff J. Weight main-
tenance from young adult weight predicts better health outcomes. Obesity (Silver
Spring) 2014;22:2361–9.

[33] Johnson MS, Figueroa-Colon R, Herd SL, Fields DA, Sun M, Hunter GR, et al. Aerobic
fitness, not energy expenditure, influences subsequent increase in adiposity in black
and white children. Pediatrics 2000;106:E50.

[34] Goran MI, Hunter G, Nagy TR, Johnson R. Physical activity related energy expendi-
ture and fat mass in young children. Int J Obes Relat Metab Disord 1997;21:171–8.

[35] Grillol LP, Siqueira AF, Silva AC, Martins PA, Verreschi IT, Sawaya AL. Lower resting
metabolic rate and higher velocity of weight gain in a prospective study of stunted
vs nonstunted girls living in the shantytowns of Sao Paulo, Brazil. Eur J Clin Nutr
2005;59:835–42.

[36] Molnar D, Schutz Y. The effect of obesity, age, puberty and gender on resting meta-
bolic rate in children and adolescents. Eur J Pediatr 1997;156:376–81.

[37] Telama R, Yang X. Decline of physical activity from youth to young adulthood in
Finland. Med Sci Sports Exerc 2000;32:1617–22.
[38] Caspersen CJ, Pereira MA, Curran KM. Changes in physical activity patterns in the
United States, by sex and cross-sectional age. Med Sci Sports Exerc 2000;32:1601–9.

[39] Karlberg J. Secular trends in pubertal development. Horm Res 2002;57(Suppl. 2):
19–30.

[40] Abbassi V. Growth and normal puberty. Pediatrics 1998;102:507–11.
[41] Goran MI, Shewchuk R, Gower BA, Nagy TR, Carpenter WH, Johnson RK. Longitudi-

nal changes in fatness in white children: no effect of childhood energy expenditure.
Am J Clin Nutr 1998;67:309–16.

[42] Weinsier RL, Hunter GR, Desmond RA, Byrne NM, Zuckerman PA, Darnell BE. Free-
living activity energy expenditure in women successful and unsuccessful at main-
taining a normal body weight. Am J Clin Nutr 2002;75:499–504.

[43] Stunkard AJ, Berkowitz RI, Stallings VA, Schoeller DA. Energy intake, not energy out-
put, is a determinant of body size in infants. Am J Clin Nutr 1999;69:524–30.

[44] Swinburn BA, Jolley D, Kremer PJ, Salbe AD, Ravussin E. Estimating the effects of en-
ergy imbalance on changes in body weight in children. Am J Clin Nutr 2006;83:
859–63.

[45] Nader PR, Bradley RH, Houts RM, McRitchie SL, O'Brien M. Moderate-to-vigorous
physical activity from ages 9 to 15 years. JAMA 2008;300:295–305.

http://refhub.elsevier.com/S0026-0495(19)30003-4/rf0155
http://refhub.elsevier.com/S0026-0495(19)30003-4/rf0155
http://refhub.elsevier.com/S0026-0495(19)30003-4/rf0155
http://refhub.elsevier.com/S0026-0495(19)30003-4/rf0160
http://refhub.elsevier.com/S0026-0495(19)30003-4/rf0160
http://refhub.elsevier.com/S0026-0495(19)30003-4/rf0160
http://refhub.elsevier.com/S0026-0495(19)30003-4/rf0165
http://refhub.elsevier.com/S0026-0495(19)30003-4/rf0165
http://refhub.elsevier.com/S0026-0495(19)30003-4/rf0165
http://refhub.elsevier.com/S0026-0495(19)30003-4/rf0170
http://refhub.elsevier.com/S0026-0495(19)30003-4/rf0170
http://refhub.elsevier.com/S0026-0495(19)30003-4/rf0175
http://refhub.elsevier.com/S0026-0495(19)30003-4/rf0175
http://refhub.elsevier.com/S0026-0495(19)30003-4/rf0175
http://refhub.elsevier.com/S0026-0495(19)30003-4/rf0175
http://refhub.elsevier.com/S0026-0495(19)30003-4/rf0180
http://refhub.elsevier.com/S0026-0495(19)30003-4/rf0180
http://refhub.elsevier.com/S0026-0495(19)30003-4/rf0185
http://refhub.elsevier.com/S0026-0495(19)30003-4/rf0185
http://refhub.elsevier.com/S0026-0495(19)30003-4/rf0190
http://refhub.elsevier.com/S0026-0495(19)30003-4/rf0190
http://refhub.elsevier.com/S0026-0495(19)30003-4/rf0195
http://refhub.elsevier.com/S0026-0495(19)30003-4/rf0195
http://refhub.elsevier.com/S0026-0495(19)30003-4/rf0200
http://refhub.elsevier.com/S0026-0495(19)30003-4/rf0205
http://refhub.elsevier.com/S0026-0495(19)30003-4/rf0205
http://refhub.elsevier.com/S0026-0495(19)30003-4/rf0205
http://refhub.elsevier.com/S0026-0495(19)30003-4/rf0210
http://refhub.elsevier.com/S0026-0495(19)30003-4/rf0210
http://refhub.elsevier.com/S0026-0495(19)30003-4/rf0210
http://refhub.elsevier.com/S0026-0495(19)30003-4/rf0215
http://refhub.elsevier.com/S0026-0495(19)30003-4/rf0215
http://refhub.elsevier.com/S0026-0495(19)30003-4/rf0220
http://refhub.elsevier.com/S0026-0495(19)30003-4/rf0220
http://refhub.elsevier.com/S0026-0495(19)30003-4/rf0220
http://refhub.elsevier.com/S0026-0495(19)30003-4/rf0225
http://refhub.elsevier.com/S0026-0495(19)30003-4/rf0225

	A low resting metabolic rate in late childhood is associated with weight gain in adolescence
	1. Introduction
	2. Methods
	2.1. Anthropometry and body composition
	2.2. Total energy expenditure and resting metabolic rate
	2.3. Follow-up measurements of weight and height
	2.4. Statistical methods

	3. Results
	3.1. Adjusted RMR at age 10years but not 5years was associated with weight gain in adolescence
	3.2. RMR at age 5years was not associated with weight gain at age 10years

	4. Discussion
	4.1. Energy expenditure is unlikely to influence weight gain before the age of 10years
	4.2. Distinct changes in resting metabolic rate at the age of 10years
	4.3. Reduced physical activity after the age of 10years
	4.4. 10-year RMR predicts weight gain after growth spurt
	4.5. Limitations

	5. Conclusion
	section17
	Acknowledgements
	Funding source
	Potential conflicts of interest
	Financial disclosure
	Contributors' statement
	Appendix A. Supplementary data
	References


