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Total energy expenditure and physical activity in prepubertal
children: recent advances based on the application of the doubly
labeled water method'-3
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ABSTRACT The prevalence of obesity in children has expenditure relative to energy needs, or both. This article will

continued to increase despite a general increased awarenessfafus on recent studies that have attempted to elucidate the etiol-

health and fitness. Epidemiologic data show that the prevalenamgy of childhood obesity and have increased our understanding of

of obesity in children is=25%, with a higher prevalence in some the regulation of energy balance in prepubertal children by using

subgroups of the population. In addition, the incidence ofthe doubly labeled water (DLW) method for estimating total

obesity-related diseases is dramatically increasing in childrerenergy expenditure (TEE) and physical activity—related energy

For example, the incidence of type 2 diabetes in children andxpenditure (AEE). This review serves as a brief summary and

adolescents has increased 10-fold over the past decade, and th&neral update of reviews of this topic (5-7).

increase is more pronounced in obese persons. The etiology of

the development of childhood obesity and subsequent disease is

poorly understood, but is likely to be explained by alterations inBIOLOGICAL AND ENVIRONMENTAL DETERMINANTS

the regulation of energy balance between energy expenditure aftff TOTAL ENERGY EXPENDITURE

energy intake. It is not known whether obesity is caused by an An important prerequisite for understanding the role of energy

increase in energy intake relative to energy needs, a decreaseexpenditure in the etiology of obesity is to understand the deter-

energy expenditure relative to energy needs, or the effect of botminants of energy expenditure in children. The following section

This review will focus on recent studies that have attempted tsummarizes recent studies in children that have examined the

elucidate the etiology of childhood obesity and have increasehfluence of body composition, parental obesity, sex, ethnicity,

our understanding of the regulation of energy balance irseasonality, geographic location, growth stunting, and serum lep-

prepubertal children by using the doubly labeled water methotin on TEE by using the DLW method.

for estimating total energy expenditure and physical We examined the influence of body composition, physical fit-

activity—related energy expenditure. This review serves as a briefess, ethnic background, sex, physical activity, geographic loca-

summary and general update of recent reviews of this topidion, and seasonality on TEE by pooling data from a diverse

Am J Clin Nutr1998;68(suppl):944S-9S. group of prepubertal children that we have studied over the past
6 y, comprising 232 white American, African American,

KEY WORDS Energy expenditure, body composition, Guatemalan, and Mohawk Indian children (8). In all children,

physical activity, obesity, leptin, metabolism, children TEE was most strongly correlated with body weight (0.81),
fat-free mass r( = 0.79-0.81, depending on the method),
peakVO, in a smaller subsetr (= 0.74), and resting energy

INTRODUCTION expenditure (REE; = 0.74). REE was most strongly correlated

The prevalence of obesity in children has continued to increassith body weight ( = 0.85) and fat-free mass by anthropometry

despite a general increased public awareness of health and fitne@s= 0.8—0.87, depending on the method). AEE was most strongly

Epidemiologic data (1) show that the prevalence of obesity irtorrelated with peak O, in a subsetr(= 0.54), fat-free mass by

children is=25%, with a higher prevalence in some subgroups oflual energy X-ray absorptiometry (DXA= 0.50), and fat mass

the population (2, 3). In addition, the incidence of obesity-relatec'

diseases is dramatically increasing in children. For example, th———

incidence of type 2 diabetes in children and adolescents h: 1From The Division of Physiology and Metabolism, Department of Nutri-

increased 10-fold over the past decade, and this increase is m(ggn Scisnces, and The Obesity Research Center, University of Alabama at

. . Irmimngnam.
pronounced. in obese pefsons (4). The etlology_ of the .deveIO[ 2Su?)ported by the National Institute of Child Health and Human Devel-
ment of childhood obesity and subsequent disease is poor

e : : . opment (R29 HD-32668 and RO1 HD/HL 33064) and the US Department of
understood, but is likely to be explained by alterations in the reg agriculture (95-37200-1643).

.U|ati0n of.energy balance between energy expenditure an.d ener  saddress reprint requests to Ml Goran, Division of Physiology and
intake. It is not known whether obesity is caused by an increasmetabolism, Department of Nutrition Sciences, University of Alabama at
in energy intake relative to energy needs, a decrease in enerBirmingham, Birmingham, AL 35294-3360. E-mail: mig@uab.edu.

944S Am J Clin Nutr1998;68(suppl):944S-9S. Printed in USA. © 1998 American Society for Clinical Nutrition

8002 ‘GT AINC U0 1995 S[elaS qIT PaIA SUION e 610 udfe:Mmm wol) papeojumod


http://www.ajcn.org

@ The American Journal of Clinical Nutrition

ENERGY EXPENDITURE IN CHILDREN 945S

by DXA (r = 0.49). Thus, in summary, body weight is a strongthe mouseob gene and is a hormone secreted by adipocytes. In
determinant of TEE because of the combined effects of fat-frekeptin-deficient animals, exogenous administration of leptin has
mass on all components of energy expenditure as well as th®en shown to normalize energy expenditure and food intake rel-
effect of fat mass on AEE. Body weight and composition explairative to that in nonobese animals (17), suggesting a role for lep-
more of the variance in TEE than in REE. In addition, pé@k  tin in the regulation of energy balance.
serves as a good proxy indicator of AEE, although only 25% of Two existing studies that investigated the association between
the variance is explained. serum leptin concentration and energy expenditure in children

In 104 white children studied in either Vermont or Alabama,5-10 y old provided contrasting results (18, 19). Salbe et al (19)
TEE was significantly influenced by seasdh £ 0.03; =0.42  examined the correlation between serum leptin concentration and
MJ/d higher in spring than in fall), se & 0.04;=0.42 MJ/d  components of energy expenditure in 123 5-y-old Pima Indians.
higher in boys), and geographic locatidgh= 0.05;~0.42 MJ/d  They found a positive association between serum leptin concen-
higher in Vermont), after adjustment for fat mass and fat-fredration and TEE after adjustment for body weight and sex
mass (8). The significant effect of sex on TEE was explainedr = 0.42; P < 0.0001). No significant correlation was found
through a sex effect on REE, whereas the influence of season ahdtween serum leptin concentration and REE adjusted for fat-free
geographic location on TEE were explained through their effectsnass, fat mass, and sex<0.21,P = 0.2). Expressed as the ratio
on AEE (8). In all children, after adjustment for fat mass, fat-freeof TEE to REE, physical activity level was significantly and pos-
mass, and season, there was no effect of sex, but there wastigely related to serum leptin concentratian=(0.26,P = 0.003).
significant effect of ethnicityR < 0.01) on TEE (8). The signifi- In contrast, the study by Nagy et al (18) did not support the role
cant effect of ethnicity on TEE was explained by significantlyof leptin in energy expenditure. This study was conducted in 47
lower adjusted values in Guatemalan children, whereas values féfrican American and 29 white children aged 4.7-10.9 y. After
white, Mohawk, and African American children were similar (8). adjustment for fat-free mass, fat mass, and sex, the serum leptin
The significant effect of ethnicity on TEE was mediated throughconcentration was not related to TEE, REE, or AEE.
an effect on AEE. Because the DLW method only measures AEE, Despite similar technical procedures, different approaches
it is unclear whether this ethnic effect is due to less physicalvere used to mathematically estimate AEE and statistically
activity per se or to a lower cost of specific physical activities.adjustment the findings. In Salbe et al's study (19), physical
Studies that examined ethnic differences in REE found mixedctivity was calculated by the ratio of TEE to REE; different
results. Some investigators reported no ethnic effect on REE iadjustments were used for evaluating energy expenditure compo-
white, Mohawk, Pima, African American, and white children nents (TEE was adjusted for body weight and sex; REE was
after adjusting for body composition (8—10). In contrast, REEadjusted for fat-free mass, fat mass, and sex; and the ratio of TEE
was found to be 14% lower in African American than in whiteto REE was adjusted by percentage fat). In Nagy et al's study
children after adjustment for age, sex, body weight, fat-free mas¢18), AEE was estimated by the difference between TEE and REE
and fat mass (11). A 4% lower REE was also found in normalafter considering a 10% thermic effect of meals; all components
weight African American girls compared with white girls after of energy expenditure were adjusted for fat mass and fat-free
adjustment for fat-free mass and bone density (12). These studigmss, with sex and ethnicity as class variables. Because ethnicity
indicate that ethnicity may be an important determinant for REBvas suggested in a previous study to not be an independent deter-
in children; however, the effects of ethnicity remain uncertain. minant for any measures of energy expenditure (20), it was not

In many developing countrieg30% of children under 5y of entered in the statistical models. In addition, homogeneity may
age may be stunted (13). It is often assumed that stunted childrefso be a factor when comparing different results because the 2
have adapted to lower food availability and increased episodes sfudies examined different populations. Pima Indian children,
infection via changes in their body composition and a reductiosubjects in Salbe et al's study, were more homogenous with
of energy expenditure and, thus, a lowering of energy needs (14jespect to other variables; Nagy et al's study, however, included
Despite this general perception, only limited data on body comboth African American and white children of differing ages.
position and energy expenditure of children of short stature are
available. We examined energy expenditure and body composi-
tion in 15 short-stature (height-for-age-1.5 SDs relative to the ENERGY EXPENDITURE IN THE ETIOLOGY OF
standards of the National Center for Health Statistics) and 1§HILDHOOD OBESITY
normal-stature (height-for-age=3.5 SDs) Guatemalan children Some evidence suggests that reduced energy expenditure may
aged 4-6 y (15). Fat mass and total body water were not signifbe involved in the etiology of childhood obesity (21, 22).
cantly different in the 2 groups after adjustment for fat-freeRoberts et al (21) examined the relation between TEE and
mass. The REE of the short-stature children was not significantlweight gain in 18 infants born of both lean and obese mothers
different from that of the normal-stature children, and the regrestrom birth to 1 y of age. TEE was measured at 3 mo of age by
sion between resting metabolic rate and fat-free mass was alsoe DLW method for 7 consecutive days, before the infants
not significantly different between the 2 groups. TEE and thébecame overweight; it was then related to weight changes during
regression coefficients between TEE and fat-free mass were al$ioe first year of life. The infants who became overweight 6)
not significantly different between the 2 groups. In a study of 10vere significantly heavier than other infants at 9 and 12 mo of
Mexican boys, TEE and REE were not significantly differentage, but not at other points of time. TEE was 20.7% lower in
during mild Giardia intestinalisinfestations and after treatment infants who later became overweight than in infants of normal
(16). Thus, after adjustment for fat-free mass, TEE and REE dweights. This result suggested that lowered TEE contributed to
not seem to be influenced by stunting or infection. later weight gain in infants who became overweight.

In recent years, the role of leptin in the regulation of energy Other cross-sectional studies in prepubertal children do not
expenditure has attracted special attention. Leptin is a product sfipport the concept that reduced energy expenditure may be
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related to obesity. DelLany et al (23) did not observe any rela- The average rate of change in absolute fat mass was 0.88
tions between TEE and body composition (fat mass and fatkg/y (range:—0.44 to 5.6). The rate of change in fat mass adjusted
free mass) in 46 children across a wide weight range. Thifor fat-free mass was 0.380.64 kg/y (range:-1.45 to 2.22), and
group was divided into tertiles according to their weight. Fatwas similar among children of 2 nonobese parents and children
mass was significantly different in the upper tertile, but fat-with 1 nonobese and 1 obese parent, but significantly higher in
free mass was not significantly different across tertileschildren with 2 obese parents (0.610.87). The major determi-
Despite the differences in body weight between the highestants of change in fat mass adjusted for fat-free mass were sex
and the lowest (14 kg) and intermediate (11 kg) weight ter{greater fat gain in girls), initial fatness, and parental fatness; none
tiles, there were no significant differences in TEE acrossfthe components of energy expenditure were inversely related to
groups [from lowest to highest: 8.950.42, 9.82+ 0.42, and  change in fat mass adjusted for fat-free mass (27). The major pre-
9.74+ 0.42 MJ/d K = SD)]. There were also no significant dif- dictors of the individual change in fat mass relative to fat-free
ferences across tertiles in resting metabolic rate (5.8321, mass were sex (higher in girls than boys), initial fatness, and
5.31+ 0.21, and 5.64 0.21 MJ/d); AEE was also not signifi- parental fatness (27).
cantly different across the tertiles (3.480.33, 3.97+ 0.33, Other preobese models that have been used to study the poten-
and 3.39+ 0.33 MJ/d). Similarly, Treuth et al (24) examined tial role of energy expenditure on the etiology of obesity include
TEE by the DLW method, 24-h sedentary metabolic rate in @xamination of ethnic groups at higher risk of obesity (eg,
chamber, and resting metabolic rate in obese and nonobeséohawk Indians and African Americans). In Mohawk children
girls. No components of energy expenditure were significantlyin upstate New York, the prevalence of obesity has been esti-
different after adjustment for body composition (24). Thus,mated as 44% (2). We showed previously that TEE was actually
differences in fat mass were not related to variation in energ$.5% higher in Mohawk children than in white children living in
expenditure components. Vermont because of a 37% higher AEE in the Mohawk children
Degree of parental obesity was examined as a potential detg28). African American children had a 14% lower REE than
minant for energy expenditure in 74 prepubertal childrenwhite children, after adjustment for age, sex, weight, fat-free
(5.0£ 0.9y of age) of both lean and obese parents (25). Childremass, and fat mass (11). In girls aged 6-16 y, a lower REE was
were divided into 4 groups according to the status of the parentslso found in African Americans than in whites, after adjustment
obesity: both parents nonobese, obese father and nonobefe both body weight and lean body mass (29). In Birmingham,
mother, obese mother and nonobese father, or both parentd, the prevalence of obesity in African American children is
obese. TEE and AEE were not significantly different among thelmost twice that in white children (3). We examined energy
4 groups after adjustment for fat-free mass (25). Relative to thaxpenditure components and body composition in healthy pre-
in children with 2 nonobese parents, REE adjusted for fat-fre@ubertal white (17 girls and 22 boys) and African American (29
mass was=0.21 MJ/d lower in children when only the mother girls and 30 boys) children (20). There were no significant
was obese or only the father was obese but not when both paffects of ethnicity on TEE, REE, or AEE after body composi-
ents were obese. In addition, there were no significant correlaion was adjusted for.
tions between components of energy expenditure in children and Collectively, the findings presented above show that there are
body fat in mothers or fathers. discrepant findings regarding the role of energy expenditure in
Other studies of the role of energy expenditure in the etiologyhe etiology of obesity in children. This could be explained by
of obesity include studies in subjects with genetic conditionsseveral additional factors. For example, differences or changes in
associated with obesity. For example, the DLW method has beesnergy expenditure, energy intake, or both could occur at distinct
used to examine energy expenditure and requirements in chiéritical periods of development (such as in early infancy or ado-
dren with Down syndrome, who have a high prevalence of obelescence) and may thus result in energy imbalance. In addition,
sity (26). In this study, 13 prepubescent children with Down synthere could be individual differences and susceptibility to the
drome had lower resting metabolic rates than control subjectsffect of altered energy expenditure on the regulation of energy
(n = 10) of similar body sizes; the resting metabolic rate wadalance as shown in studies like those of Bouchard et al (30, 31)
expressed as a percentage of the basal metabolic rai® which twins were challenged with under- or overfeeding.
[87.8% + 15.7% in subjects with Down syndrome and Thus, the effect of energy expenditure on the etiology of obesity
109.8+ 10.0% in control subjectX(* SD; P < 0.005)]. How-  could vary among different subgroups of the population (eg,
ever, no significant differences were found for TEE and nonboys compared with girls or different ethnic groups) and could
REE (TEE/REE was 1.8% 0.23 in subjects with Down syn- also have differential effects within individuals at different
drome and 1.62 0.16 in controls). stages of development. It is conceivable that susceptible individ-
A major limitation of most studies that examined the role ofuals fail to compensate for periodic fluctuations in energy expen-
energy expenditure in the etiology of obesity is their cross-sedditure. Also, although a 14-d measure of energy expenditure by
tional design. Because growth of individual components of bodysing the DLW method is considered a long-term measure, this
composition is likely to be a continuous process, longitudinakime period is actually short when compared with the time scale
studies are needed to evaluate the rate of body fat change durifag the development of childhood obesity, which could also be a
the growing process. We therefore examined whether childhooslow and gradual process. For example, in our previously cited
energy expenditure and body composition in the previously citetbngitudinal study (27) comparing children of 2 obese parents
study (25) influenced the rate of change in body fat relative tand children of 2 nonobese parents, the difference in the rate of
fat-free mass over a 4-y period (27). We used hierarchical linearthange in fat mass relative to fat-free mass was <1 kg fat/y, or
modeling to define individual trajectories of change in body fat<3 g excess fat gain/d. This is equivalent to a continual daily
mass, and adjusted this for change in fat-free mass to account fenergy imbalance of 0.11 M3R% of total daily energy flux).
overall individual growth. From a methodologic standpoint, even the most sophisticated of
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current techniques would be unable to identify this energyecause the benefits and health effects of physical activities
imbalance as a defect in energy expenditure components (or asing a high rate of energy expenditure (eg, running at a certain
an excess in energy intake relative to needs). intensity) compared with a low rate of energy expenditure (eg,
strength training) may not be related to the energy cost of the
physical activity. Thus, because different aspects of physical
ROLE OF AEE IN THE ETIOLOGY OF OBESITY activity may have different effects on health outcome, the quan-

Because AEE is the most variable component in daily energtification and description of physical activity should probably
expenditure, it plays a key role in the regulation of energy baleonsider all aspects, including the followirg:type and purpose
ance (32). However, only a few studies have examined the effecf physical activity (eg, recreational or obligatory, aerobic or
of a physical activity intervention on daily energy expenditure inanaerobic, or occupationaB) intensity (strenuousness$), effi-
children. In a group of obese girls € 11) participating in a ciency,4) duration (time)5) frequency (ie, times per week), and
school-based, low-volume strength training program for 5 md) specific energy cost of the activity performed.

(20-min sessions, 3 times/wk), TEE did not significantly change The combination of the DLW method (to measure TEE) and
from before (8.5 1.27 MJ/d) to after (8.32 1.30 MJ/d) train-  indirect calorimetry (to measure REE) can be used to estimate
ing after adjustment for fat-free mass or body weight (33). AEEAEE by difference. Thus, the major advantage of this approach
also remained unchanged with training after similar adjustments the quantification of AEE under free-living conditions over
(33). Because the physical activity intervention was a low-vol-extended time periods. However, the technique does not describe
ume training program, it is possible that a higher-volume, morghysical activity pattern, nor does it differentiate between differ-
intense strength training program may alter energy expenditureent types of physical activity (eg, playing outside at a low inten-

Aside from the role of intensity of physical activity in energy sity for 2 h compared with riding a bike for 30 min).
expenditure, data obtained from 101 prepubertal children (34) Several studies have used this approach to measure AEE in
suggest that the time devoted to physical activity may have ahildren under free-living conditions (25, 38, 39). These studies
more important influence on energy regulation than the dailyshow that the energy expended in physical activity=lk67
energy cost of physical activity. After fat-free mass, sex, and ag®J/d in young children but is highly variable. This low level of
were adjusted for, body fat mass was significantly and inverse AEE is consistent with several studies showing that children
related to physical activity in hours per week derived by quesspend only a small fraction of their active time in high intensity
tionnaire ¢ = —0.3), but not to AEE over 14 d derived from the activities (40, 41). Thus, although children often appear to be
DLW method (34). Similarly, in 49 8-11-y-old girls, self- very active, the combined energy cost of these activities is not
reported number of hours of physical activity at high intensitythat high. In addition, AEE is only weakly related to fat-free
was significantly related to blood lipid concentrations, whereasnass ( = 0.32) and body weight = 0.28-0.29). These obser-
AEE measured by the DLW method was not (35). Collectivelyyvations may seem counterintuitive because the energy cost of
these findings support the notion that qualitative aspects of phyghysical activity is usually thought to be a function of body
ical activity that are not measured by the DLW method (ie, duraweight (at least for weight-bearing exercise). However, the phys-
tion and frequency of physical activity) may be more importantical activity being measured combines all physical activities
than AEE in the regulation of energy balance and health. Thushroughout the day (including exercise, spontaneous and obliga-
thorough characterization of physical activity using a variety oftory physical movement) and is a combination of weight-bearing
quantitative and qualitative tools is essential. and non-weight-bearing activities.

Whereas many social and behavioral factors determine physi- Although there are several physical activity questionnaires for
cal activity habits, some studies have implicated ethnicity as ahildren (42, 43), only 1 published study has compared activity
determinant of exercise patterns, with African American anddata by questionnaire in children with AEE by the DLW method
other ethnic minorities being less active than whites (36)(34). In 101 white children, physical activity in hours per week
According to the 1990 Youth Risk Behavior Survey (36), femalewith use of the Kriska questionnaire (44) was not related to free-
African American students (grades 9-12) were the least likely ttiving AEE. The reason for this disparity is likely that the 2
be vigorously active 3 times/wk. We have shown that the rela- instruments being compared actually measure different things.
tion betweeVO,max and AEE was significant in white children The activity index derived by the questionnaire is simply a
(r?=0.18;P < 0.05), but not significant{ = 0.066,P = 0.143)  reflection of time devoted to recreational activities. It is not
in African American children. In addition, AEE values were not dependent on factors such as intensity or efficiency. AEE meas-
significantly different in African American and white children, ured by the DLW method reflects time and intensity of all phys-
but VO,max was lower in African American children (37). Theseical activities and also has a built-in efficiency factor. Thus,
data suggest that white children participated in activities ophysical activity behavior by questionnaire may not be synony-
higher intensities. mous with AEE. This is because time spent in different physical

activities may not be representative of the daily energy expended
in physical activity by children. Thus, the future development of

USE OF THE DOUBLY LABELED WATER METHOD FOR physical activity instruments may need to consider quantitative
ASSESSMENT OF PHYSICAL ACTIVITY METHODS IN as well as qualitative information on physical activity.
CHILDREN One technique that has been rigorously examined in children

Physical activity is a broadly used term, and its heterogenouis the heart rate method (38). Some of the limitations of this
nature makes it extremely difficult to characterize and quantifytechnique are that it is time consuming, it requires close cooper-
Physical activity can be defined as any physical movement thattion from the subjects, and there is some concern that heart rate
is a result of skeletal muscle contraction. Physical activity ismay vary independently of energy expenditure. However, a study
often measured by energy cost, but this may not be appropriat®y Livingstone et al (38) in children suggests that the heart rate
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method may yield accurate group assessments of physical actiexamined the effects of exercise on energy flux in children, and
ity. Heart rate was measured continuously for 2—3 d in 36 chilthese have had mixed findings; this is an area requiring further
dren (7-15 y of age) and compared with TEE measured over lidvestigation to identify the optimal exercise program for
d by the DLW method. The heart rate method relies on the indiimproving energy balance and metabolic health in children.
vidual laboratory calibration of the relation between heart ratélhere are some data to suggest that qualitative aspects of physi-
and oxygen uptake, as measured during standardized activitieséal activity (eg, duration and intensity) may be more important
the laboratory. Also a “FLEX” value for heart rate is identified than the absolute cost of AEE in the maintenance of energy bal-
that represents the heart rate unique to each person that distarice and metabolic health. Finally, the DLW technique has been
guishes rest from exercise. When heart rate falls below thased to examine the validity of various methods for assessing
“FLEX” value, energy expenditure is assumed to be equivalenphysical activity. These studies generally show that existing
to REE. In the entire group, TEE was estimated to wi##0% methods do not accurately reflect individual physical activity
from heart rate data when compared with the DLW method, antevels, and further methodologic development of physical activ-
the correlation between the 2 techniques was 0.91 (38). ity tools should be a high priority for research. ¥ ]
One of the most basic approaches to measuring physical activ-
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