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ARTICLE

Total energy expenditure is repeatable in adults but
not associated with short-term changes in body
composition

Low total energy expenditure (TEE, MJ/d) has been a hypothesized risk factor for weight
gain, but repeatability of TEE, a critical variable in longitudinal studies of energy balance, is
understudied. We examine repeated doubly labeled water (DLW) measurements of TEE in
348 adults and 47 children from the IAEA DLW Database (mean ± SD time interval:
1.9 ± 2.9 y) to assess repeatability of TEE, and to examine if TEE adjusted for age, sex, fat-free
mass, and fat mass is associated with changes in weight or body composition. Here, we
report that repeatability of TEE is high for adults, but not children. Bivariate Bayesian mixed
models show no among or within-individual correlation between body composition (fat mass
or percentage) and unadjusted TEE in adults. For adults aged 20–60 y (N = 267; time interval:
7.4 ± 12.2 weeks), increases in adjusted TEE are associated with weight gain but not with
changes in body composition; results are similar for subjects with intervals >4 weeks (N = 53;
29.1 ± 12.8 weeks). This suggests low TEE is not a risk factor for, and high TEE is not
protective against, weight or body fat gain over the time intervals tested.
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Obesity is a highly prevalent health condition associated
with increased morbidity and mortality1. The social and
environmental factors behind the global obesity pan-

demic remain largely unresolved despite decades of research2.
Nonetheless, the proximate cause of weight gain is an imbalance
between energy intake and expenditure, making reliable mea-
surements of total energy expenditure (TEE) an essential tool in
medical and nutritional research. TEE is a critical variable in
assessing energy balance and weight change, as TEE re� ects the
sum of energy expenditure on basal metabolic processes, ther-
moregulation, digestion, physical activity, and all other physio-
logical tasks.

Low TEE has long been hypothesized to be a risk factor for
obesity3,4. However, research in this area has produced mixed
results. Early work using doubly labeled water (DLW) to measure
TEE in free-living subjects found that women with obesity
exhibited a similar body weight- and body composition-adjusted
TEE compared to age-matched normal weight subjects5. None-
theless, studies have reported that infants and children with low
TEE gained more body fat than individuals with a higher TEE4,6,
but conversely that high TEE predicted a high rate of body fat
gain in preadolescent girls7. Two studies reported that adults with
a low 24-h energy expenditure (measured in a whole-room
indirect calorimeter) were more likely to gain body mass over the
subsequent 2.0–6.7 years than individuals with a high energy
expenditure3,8. In contrast, several longitudinal studies have
shown that TEE is not predictive of subsequent changes in body
fat percentage in infants and children9–12 or in adult women13,14.
Energy expenditure measured with heart rate monitoring was
found to be inversely associated with changes in fat mass (FM),
but not in body weight, in participants younger than 54 years, and
was positively associated with weight gain in participants older
than 54 years15.

One methodological consideration that may contribute to the
con� icting nature of these� ndings is limited sample size.
Changes in weight and adiposity under normal conditions (i.e.,
absent a dietary or other lifestyle intervention) are often slow, at
the limits of detectability over short timescales. For example,
average weight gain for U.S. adults aged 40–69 years is <1 kg/y16.
Large samples are therefore needed to detect factors related to
weight gain under normal conditions.

A second methodological factor that may adversely affect
assessments of TEE and weight change is the reliability of TEE
measurements. If TEE measurements� uctuate over time, due to
physiological or behavioral changes or to measurement error,
then a measurement at any given time point might not be
re� ective of average TEE over the period observed for weight
change. Similarly, if TEE measurements are highly variable, dif-
ferences between two time-points might not re� ect durable,
lasting changes in TEE but rather transient variation or mea-
surement error. A combination of noisy data with small sample
size may produce spurious results.

Basal metabolic rates and 24-h expenditures measured in
calorimetry chambers have been reported to be repeatable in
humans17 and other animals18–21, but in animals their repeat-
ability declines as the interval between measurements
increases19,22–24. Further, the condition under which animals live
in� uences the repeatability of metabolic rate, which is lower for
animals living under� eld versus laboratory conditions23. Less is
known about the repeatability of TEE measurements. TEE was
found to be repeatable when determined in the same� ve parti-
cipants with a 3-day break between measurements25. Wong and
colleagues26 demonstrated repeatability of TEE measurements for
20–50-year-old adults (N = 50) for durations up to 2.5 years
(Bland-Altman pair-wise comparison showed a lower and upper
limit of agreement between� 148 and 137 kcal/d and a paired

t test showed no difference between repeated measures of TEE
P� 0.3). In that study, the time that elapsed between both TEE
measurements ranged from 12 days to 2.5 years, and almost 68%
of those measurements were repeated within 1 year26. To date it is
unclear if repeatability of TEE is related to the duration between
TEE measurements, or whether repeatability differs for children
or for adults older than 50 years.

This study had the following aims: (1) Determine whether
subject age affects repeatability of TEE, and (2) examine if TEE is
associated with changes in weight or body composition. We used
The International Atomic Energy Agency (IAEA) DLW database
(https://doubly-labelled-water-database.iaea.org/home, database
version 3.1.2) which pools DLW data across multiple studies27.
The database contains 6,787 measures of TEE spanning indivi-
duals from 23 countries. All measures of TEE were estimated
using a common calculation method28 removing variation
introduced by choice of equation. We included all individuals that
were at least 1 year old and for which repeated TEE measure-
ments were available (N = 696 TEE measurements of 348 adults
and 114 TEE measurements of 47 children). We estimated
repeatability‘R’, also referred to as the intra-class correlation
coef� cient (ICC), using a mixed effects model framework, where
Rdescribes the relative partitioning of variance into within-group
and between-group sources of variance29–31.

We used two approaches to examine if TEE is associated with
changes in weight or body composition of adults. Firstly, we used
a multi-response model to decompose the covariance between
TEE and FM on a between (rind) and within-individual (re) level,
where rind indicates whether individual mean values of traits
correlate, and wherere indicates when the change in one trait
between two time points is correlated with the change in another
trait over the same period within an individual32,33 (see Methods
section). Thus,re represents combined, reversible changes in
traits that occur within an individual, andrind re� ects genetic and
permanent environmental effects that are responsible for the
association between the traits32,33. Secondly, we calculated a body
size- and composition-adjusted TEE (see Methods section). We
used linear models to test whether adjusted TEE is associated with
changes in body weight and body fat percentage in all adults
20–60 y (N = 267 adults; time interval: 7.4 ± 12.2 weeks) and in a
subset of individuals (N = 53 adults; 29.1 ± 12.8 weeks) for which
the time between TEE measurements exceeded 4 weeks.

Results
Repeatability estimateR (ICC). We calculated repeatability of
adjusted TEE, which controls for body composition variables
(FFM, FM), sex, and age (see Methods section). For adults and
children together, adjusted TEE was repeatable (R= 0.54, SE=
0.035; CI= 0.472–0.608; PLRT< 0.0001, PPermutation< 0.001;
Fig.1a). However, repeatability differed markedly between adults
and children. Adjusted TEE was repeatable for adults (R= 0.64,
SE= 0.033; CI= 0.578–0.703;PLRT< 0.0001,PPermutation< 0.001;
Fig. 1b) but not for children (R= 0.00, SE= 0.077; CI= 0.000–
0.262;PLRT= 1.0,PPermutation= 1.0; Fig.1c).

We calculated repeatabilities of body mass adjusted for the
� xed effects of sex and age. Body mass was more repeatable than
TEE for both adults and children. For adults and children
together, body mass was highly repeatable (R= 0.96, SE= 0.004;
CI = 0.952–0.967; PLRT< 0.0001, PPermutation< 0.001, Fig.1d).
Body mass was also repeatable for adults (R= 0.94, SE= 0.006;
CI = 0.929–0.952;PLRT< 0.0001,PPermutation< 0.001; Fig.1e) and
children (R= 0.38, SE= 0.107; CI= 0.166–0.583;PLRT< 0.0001,
PPermutation= 0.012; Fig.1f) when analyzed separately.

Similarly, alternative analyses using body composition-adjusted
TEE also found repeatability of TEE in adults but not in children
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(Supplementary Note 1 and Supplementary Fig. 1). Moreover,
repeatability of TEE adjusted for FFM, FM, sex and age did not
change with increasing time between both TEE measurements
(Supplementary Fig. 1a–c).

Is TEE associated with subsequent changes in weight or body
composition?In a � rst approach, we estimated the decomposi-
tion of covariances between unadjusted TEE and body fat (FM
and body fat percentage) on a between (rind) and within-
individual (re) level by multi-response mixed models (see Meth-
ods section). This analysis allowed us to differentiate between
combined, reversible changes in traits that occur within an
individual (re) and genetic and permanent environmental effects
that are responsible for the association between the traits (rind).
We used two datasets: the entire dataset of adults 20–60 y
(N = 267 subjects; Models 1+ 2) and a subset of individuals
(N = 53 subjects) for which the time between measurements
exceeded 4 weeks (Model 3+ 4; Table1). These models showed
the same result: there is no within-individual (re), among-

individual (rind), or phenotypic (rp) correlation between TEE and
body fat (both as FM and body fat percentage; Table1).

In a second approach, we calculated an adjusted TEE, accounting
for the covariation of TEE with FFM, FM, age and sex (see
Methods). Adjusted TEE was not correlated with short-term
changes in body composition, and was correlated with change in
body weight in only one analysis. Adjusted TEE1 (the� rst time
point) was not associated with change in body weight (estimate ±
SE: � 0.001 ± 0.002,t = � 0.612, df= 265, P= 0.541, adjusted
R2= � 0.002; Fig.2a) or body fat percentage (estimate ± SE:
0.020 ± 0.017,t = 1.206, df= 265,P= 0.229, adjustedR2 = 0.001;
Fig.2b). The difference in adjusted TEE between measurements was
positively associated with changes in body weight, as subjects with
greater adjusted TEE2 measures tended to weigh more (estimate ±
SE: 0.009 ± 0.003,t = 2.563, df= 265, P= 0.01, adjusted
R2= 0.020; Fig.2c). Average adjusted TEE was not associated with
changes in body weight (estimate ± SE: 0.001 ± 0.003,t = 0.396,
df = 265, P= 0.692, adjustedR2= � 0.003). Neither average
adjusted TEE nor the difference in adjusted TEE between

Fig. 1 Repeatability estimates of total energy expenditure (TEE) and body mass. Repeatability estimates of a–c TEE and d–f body mass at the individual
level. Shown are distributions of the parametric bootstrap samples along with the point estimate of the repeatability estimate R (blue point) and the limits
of the con� dence interval (gray lines). a, d show all individuals together (N = 395 subjects), b, e show adults (N = 348 subjects) and c, f show children
(N = 47 subjects) separately.

Table 1 Phenotypic (rp), among-individual (rind), and within-individual (re) correlations between unadjusted TEE and FM (Models
1 + 3) and unadjusted TEE and body fat percentage (Models 2 + 4).

Model Traits rp (95% CI) rind (95% CI) re (95% CI)
A Model 1 TEE × FM � 0.07 (� 0.16–0.04) � 0.09 (� 0.21–0.05) 0.04 (� 0.10–0.16)

Model 2 TEE × % FM � 0.04 (� 0.14–0.07) � 0.01 (� 0.15–0.12) � 0.05 (� 0.19–0.06)
B Model 3 TEE × FM 0.09 (� 0.16–0.31) 0.07 (� 0.29–0.40) 0.29 (� 0.02–0.47)

Model 4 TEE × % FM 0.19 (� 0.06–0.38) � 0.23 (� 0.14–0.50) 0.18 (� 0.09–0.40)

A shows result using the entire dataset (N = 267 subjects) and B shows the results using a subset (N = 53 subjects) for which the time between measurements exceeded 4 weeks. Correlations are
presented with 95% credible intervals (CIs).
TEE total energy expenditure, FM fat mass, % FM body fat percentage.
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