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ABSTRACT. We measured body composition, basal met- 
abolic rate (BMR), and total energy expenditure in 28 
nonobese and 35 obese adolescents aged 12-18 y using 
indirect calorimetry and the doubly labeled water method. 
BMR was highly correlated with fat-free mass in both the 
nonobese and obese groups (r = 0.77 and 0.84, respec- 
tively). BMR adjusted for fat-free mass was significantly 
greater in males than females and in the obese subjects. 
Total energy expenditure was significantly greater in the 
obese than nonobese cohort but ratios of total energy 
expenditure/BMR were not significantly different in the 
two groups (1.79 f 0.2 versus 1.68 f 0.19, nonobese and 
obese males and 1.69 f 0.28 versus 1.74 +. 0.19 nonobese 
and obese females, respectively). These data indicate that 
BMR and total energy expenditure are not reduced in the 
already obese adolescent. Therefore, reduced energy ex- 
penditure cannot be responsible for the maintenance of 
obesity in adolescents. (Pediatr Res 27: 198-203, 1990) 

Abbreviations 

BMR, basal metabolic rate 
TEE, total daily energy expenditure 
TBW, total body water 
FFM, fat free mass 
IBW, ideal body weight 
FQ, food quotient 
RQ, respiratory quotient 

Studies comparing energy intake among obese and nonobese 
adolescents suggest that obese adolescents eat less or similar 
amounts of calories than their nonobese peers (1-3). These 
findings have been cited as evidence that one or more compo- 
nents of energy expenditure may be reduced in obese individuals, 
and that a reduction in TEE may contribute to the development 
or maintenance of obesity despite low energy intakes. Nonethe- 
less, TEE has never been measured in free-living obese or non- 
obese adolescents to verify these hypothesis. 

Because BMR accounts for a substantial portion of daily 
energy expenditure, alterations in BMR may have a major im- 
pact on TEE. A substantial portion of the variance of BMR 
among individuals is explained by body size (including FFM), 
age, and sex (4-8). Studies of families (6) and comparisons of 
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mono- and dizygotic twins (9) suggest that BMR is at least in 
part genetically determined. Reductions in BMR may enhance 
susceptibility to obesity in an environment that promotes food 
intake and inactivity. 

Early studies (10, 11) reported that BMR in obese children 
was greater than normal when expressed in absolute terms but 
lower than normal when expressed per kg of body wt. Compar- 
ative studies of children (12, 13) and adults (14-18) have failed 
to demonstrate reductions in BMR, except among obese subjects 
who have lost weight. Because FFM differs significantly between 
obese and nonobese adolescents and is highly correlated with 
BMR (4, 5) ,  it is essential that comparative studies of BMR 
between obese and nonobese adolescents adjust for these differ- 
ences in FFM. 

Recent studies by Ravussin et al. (18) and Roberts et al. (19) 
have suggested a significant relationship between TEE and wt 
gain. For example, Ravussin et al. (1 8) demonstrated greater wt 
gains in obese Pima Indians with low adjusted BMR and TEE. 
Similarly Roberts et al. (19) showed greater wt gain in normal 
infants with low TEE. 

To determine whether differences in energy expenditure exist 
after obesity develops, we compared BMR and TEE in obese and 
nonobese adolescents. TEE was measured in free-living subjects 
over a 2-wk period by the doubly labeled water method. This 
method is ideal for the measurement of TEE in adolescents 
because daily activity is unencumbered by confinement or special 
equipment. Furthermore, measures of TEE and BMR allowed 
us to compare nonbasal energy expenditure TEE-BMR, a com- 
ponent that includes the thermic effect of food and the energy 
expended in activity. 

MATERIALS AND METHODS 

Subjects. We studied body composition, BMR, and TEE in 63 
obese and nonobese boys and girls aged 12 to 18 yr. Subjects 
were recruited from the weight control clinics at the New England 
Medical Center and The Children's Hospital in Boston. Other 
subjects were siblings, friends of subjects, employee's children, 
or adolescents who had heard of the study. All of the subjects 
and their parents gave informed written consent before their 
participation in the study. The protocol was approved by the 
Institutional Review Boards at the Massachusetts Institute of 
Technology, Cambridge, MA, New England Medical Center and 
The Childrens Hospital, Boston, MA. 

Experimental design. Subjects were admitted to the Clinical 
Research Center at M.I.T. before 1700 h for an overnight visit. 
On admission, a medical history was taken and subjects were 
given a physical examination to insure that they were in good 
health. No food, beverages, water, or cigarettes were allowed after 
1800 h. 
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Body composition and TEE. At 2000 h, after a baseline urine 
and serum sample were obtained, subjects were given an oral 
dose of water labeled with ''0 and 2H for the measurement of 
TBW and TEE. The dosage was 0.25 g of H2I80 and 0.1 g of 
2H20 per kg of estimated TBW. All urine was collected after the 
administration of the isotopes to determine urinary isotope 
losses. At 0800 h the next morning, serum and the third urine 
void after isotope administration were obtained for the measure- 
ment of 180 and 2H enrichment above baseline. These samples 
were used for the TBW measurement and the start of the energy 
expenditure period. The delay in starting the energy expenditure 
period after isotope administration allowed for isotopic equili- 
bration in urine to occur. Subjects were instructed to obtain a 
urine sample on d 7 of the 2-wk period while they were living at 
home. Then 2 wk later, subjects returned for another overnight 
visit. The next morning the second urine of the day was collected, 
and a serum sample obtained to end the energy expenditure 
period. 

Oxygen dilution space (Do) was calculated from the increase 
in urinary 1 8 0  enrichment of the morning urine relative to 
predose values [Do = (dose - urinary loss) APEd/APEu] where 
APE is the atom percent excess ''0 in the dose (APEd) and urine 
(APE,) respectively. TBW was calculated from Do assuming Do 
= TBW * 1.0 1 (20). 

FFM was determined by dividing TBW by 0.73 (2 1). IBW was 
calculated by adding to FFM the average quantity of body fat 
for age and sex (22). Obesity was characterized as weight equal 
to or more than 120% of IBW determined from measurements 
of TBW. 

BMR. The morning after admission, subjects were awakened 
between 0530 and 0600 h to void and returned to bed to rest for 
30 min. After resting, BMR was measured for 30 min by open 
circuit indirect calorimetry with a ventilated hood as previously 
described (23). Accuracy of this system for measuring metabolic 
energy is 1.4 to 3.1% depending on flow rate. After voiding, 
subjects were weighed in a hospital gown on an Acme scale 
accurate to 0.0 1 kg. 

Subjects had a "practice session" on the night before the 
measurement to become familiar with the hood. Then 2 wk later, 
measurement of metabolic rate was repeated under the same 
conditions. Five subjects (three nonobese, two obese) in whom 
BMR differed by more than 10% on the two visits were asked to 
return for a third visit. These subjects were all initially very 
apprehensive about the testing and were restless during the first 
measurement. Therefore, only the second and third measures 
were included in the data analysis. Agreement between the 
second and third measures were within 10%. BMR data were 
not included for subjects who did not have two measurements. 

BMR was calculated from measures of oxygen consumption 
and carbon dioxide production according to the modified Wier's 
formula (24). 

Food quotient. Diet records were obtained for the 2-wk period 
of the doubly labeled water study. During the admission, food 
models and measuring cups and spoons were used to instruct 
subjects how to estimate portion size. Each adolescent was given 
a food diary and a set of measuring cups and spoons to take 
home. Subjects were told to measure all their food and to estimate 
the size of their food portions when measurements could not be 
made. 

The next morning each subject recorded their food intake at 
breakfast. The record was checked for accuracy before the subject 
was discharged. Subjects were telephoned three or four times 
during the 2-wk period to review the dietary record. Only a few 
subjects could not be contacted at least three times by phone. 
We emphasized to each subject that this was a study of weight 
maintenance and that their food intake should be representative 
of their regular diet. Adherence was encouraged by a payment of 
$75.00 for participation in the study and an accurate food record. 
Subjects were also told that for each day they did not keep a 
record, they would lose $5.00. 

The percentages of carbohydrate, protein, and fat in the diet 
were determined from Handbook no. 456 (25) and used in the 
calculation of the FQ. 

Analyses. The isotopic analyses for 2H and 1 8 0  and the calcu- 
lation of ''0 dilution space and TBW are described elsewhere 
(20). The mean daily C02  production rate (rC02 mol/day) was 
calculated using a modification of Lifson's equation (26) where 
rC02 = (N/2.078)(1.01b - 1.04 kh) - 0.0246rGf; N is the TBW 
in mol, ko is the 1 8 0  elimination rate, kh is the 2H elimination 
rate, and r~~ is the estimated rate for isotopically fractionated 
water loss and equals 1.05N (1 .O I& - 1.04kh). The 2H and "0 
isotope elimination rates were calculated by the two point 
method using the isotopic enrichment relative to predose and 
the time difference between collection of the initial and final 
samples: k = (InAPE, - lnAPES/At. The use of the two-point 
method has been validated in humans (27). 

We observed no significant differences in the relative dilution 
space among our obese and nonobese subjects. Furthermore, for 
modest rates of water turnover such as observed in these subjects, 
the doubly labeled water method is not very sensitive to small 
variations in individual dilution spaces. For example, a 1% 
difference between the assumed values for dilution spaces ("0 
dilution space 1.0 1 and the 2H dilution space 1.04) would alter 
energy expenditure by 3%. Use of the dilution spaces 1.01 and 
1.04 are fully validated in our laboratory for individuals living 
in the Boston area. 

C02 production and energy expenditure values were average 
values obtained by dividing the cumulative total by the length of 
the metabolic period in days. Under conditions where there is 
no net fat or glycogen accretion, the RQ equals the FQ. The FQ 
is calculated from the proportion of fat, carbohydrate,.and pro- 
tein in the diet. The rate of oxygen consumption (V02) was 
calculated from fhe measure of C02 production from 2H2180 and 
the FQ (FQ = VC02/V02). Energy expenditure for the doubly 
labeled water method was calculated from Weir's equation (24) 
using C02 from doubly labeled water and V02 calculated from 
the FQ. In five obese subjects, the dietary record was inadequate. 
In these subjects, we assumed an RQ = 0.85, based on a recent 
USDA survey (28) that indicates that most Americans consume 
a mixed diet with a FQ of 0.85. Furthermore, the mean FQ for 
the obese group, excluding these five subjects was 0.856. Com- 
parisons of energy intake and energy expenditure are described 
elsewhere (29). 

Statistical analysis. Differences between means of age, wt, ht, 
FFM, percent wt as fat, %IBW, BMR, TEE, and nonbasal energy 
expenditure TEE - BMR in obese and nonobese subjects were 
tested for significance using a Student's unpaired t test. In those 
instances where the sample was not normally distributed, the 
Wilcoxon rank sum test was used. Comparisons of the relation- 
ship of BMR and FFM were made by an analysis of covariance 
(BMDP, Los Angeles, CA) with obesity and sex as the grouping 
variables and FFM as the covariate. Analysis of covariance tests 
for differences in adjusted means based on the assumption that 
the slopes of the dependent variable on the covariate are the 
same in each group. In this study, slopes obtained from the 
regression of BMR and FFM did not differ significantly between 
groups. Comparisons of the ratio of TEE/BMR between obese 
and nonobese, males and females were made by a two-way 
analysis of variance. Correlations between variables were made 
using Pearson's product moment correlation. The relationship 
between BMR or TEE and FFM, age and Tanner stage was 
examined using a stepwise regression analysis (BMDP2R). Linear 
regression analysis was done with Clinfo, Inc. (Cambridge, MA). 
Partial correlation coeflicients were computed according to 
standard equations (30). 

RESULTS 

All subjects were in general good health as determined by 
histories and physicals. Three of the obese subjects and one 
nonobese subject had evidence of an impaired glucose tolerance 
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test after a 75 g glucose challenge (3 1). These subjects are noted 
in the appendix. One obese girl was taking oral contraceptives 
throughout the study. 

One obese girl was eliminated from the study because of a 
4.5% increase (3.86 kg) in body wt over the 2-wk period. All 
other subjects maintained their body wt within 2.5% during the 
2-wk study period. Mean wt change was +O. 1 1 kg in the nonobese 
and +0.44 kg in the obese. Mean wt changes expressed in either 
absolute terms or as a percent of body wt did not differ in the 
two groups. Three subjects (one male and two females) were 
excluded from the analysis of TEE because they reported an 
illness for 2 or 3 d during the 2-wk study period. 

Body wt, FFM, %IBW, and percent wt as fat (Table 1) were 
all significantly greater in the obese. There were no significant 
differences in age or ht in obese and nonobese boys or obese and 
nonobese girls. Individual data are presented in Appendix 1. 

BMR. BMR (kcal/d) was significantly greater in obese boys 
and girls than in nonobese boys and girls. Intraclass correlation 
(32) between the two measures of BMR was 0.977 indicating 
that the measurements were highly reproducible. The pooled 
coefficient of variation for the entire group (n = 54) was 3.1 %. 

As in adults, a significant correlation existed between BMR 
and FFM in both the obese (r = 0.84) and nonobese (r = 0.77) 
groups and in the two groups combined (r = 0.87; Fig. I). Adding 
Tanner stage and age as independent variables in a stepwise 
regression improved the correlation between FFM and BMR (r 
= 0.93, n = 54) suggesting that developmental stage was respon- 
sible for some of the variability in metabolic rate. 

The relationship of FFM and BMR is presented in Figure 1. 
The slope of the regression line of FFM and BMR did not differ 
significantly between obese and nonobese adolescents or between 
males and females meeting the criteria for parallelism. 

Table 1. Subject characteristics 
Males Females 

Nonobese Obese Nonobese Obese 
(mean + SD) (mean + SDI 

n 14 18 14 16 
Age (y) 14.5 a 1.5 14.4 t- 1.9 14.3 + 1.0 15.2 + 1.8 
Ht (cm) 167.1 a 10.1 165.7 + 10.4 161.7 a 5.6 164.0 + 5.3 
w t  (kg) 56.4 t 10.2 94.2 t 26.4t 55.7 a 9.4 97.4 t 21.77 
FFM (kg) 47.1 + 8.5 55.9 -r- 7.4t 40.9 t 5.3 52.6 2 7.8f 
% IBW* 105.5 + 5.9 147 +- 20.27 105.3 t 9.8 141.3 t 11.5-t 
% Bodv fat 16 + 5 40 +- 8 t  26 + 7 45 t- 51 

* IBW = 
FFM WT 

% IBW =- X 100. 
(I-50th %ile of fat for age)' IBW 

Fig. 1. Relationship between FFM and BMR in 54 male and female, 
obese and nonobese adolescents. Nonobese males (0)  obese males (e);  
nonobese females (A) obese females (A). Regression lines are as follows: 
Nonobese: BMR = 632.5 11 + 2 1.895 (FFM) ( r  = 0.77); obese: BMR = 
452.175 + 29.149 (FFM) ( r  = 0.84); males: BMR = 602.411 + 26.408 
(FFM) ( r  = 0.85); females: BMR = 25.438 + 34.913 (FFM) (r  = 0.92). 

Using analysis of covariance, we compared the relationship of 
FFRl with BMR in obese and nonobese and male and female 
adolescents using FFM as a covariate. BMR adjusted for FFM 
was significantly more in males than females (F = 15.12, p < 
0.001) and in obese adolescents (F = 13.64 p < 0.001). There 
was no significant interaction between obesity and sex. Adjusted 
means for BMR were 1828 and 2053 kcal/d in nonobese and 
obese males respectively and 167 1 and 1844 kcal/d in nonobese 
and obese females, respectively. Because nine of the males were 
prepubertal (Tanner stage 1 and 2) we repeated the analysis 
excluding Tanner stage 1 and 2 boys to eliminate any confound- 
ing effects of sexual development. Sex and obesity continued to 
affect metabolic rate independently. 

TEE. BMR correlated significantly with TEE and accounted 
for 73% of the variance in TEE (r = 0.856). FFM was also 
significantly correlated with TEE (r  = 0.847) as would be ex- 
pected from the significant correlation of FFM with BMR (r = 
0.875). The correlation of wt and TEE was 0.72. The relationship 
between TEE and FFM and body wt are presented in Figures 2 
and 3, respectively. The addition of Tanner stage or age to the 
regression of BMR and TEE did not improve the correlation. 

TEE (kcal/d) was significantly greater in the obese than the 
nonobese (Table 2). Mean turnover rates for "0 for the nonobese 
and obese groups were 0.1057 +. 0.0178 per day and 0.1 151 + 
0.0224 per day, respectively. Mean turnover rates for deuterium 
were 0.0769 + 0.0161 and 0.0855 +- 0.0192 for nonobese and 
obese, respectively. The ratio of TEE/BMR is a relative measure 
of energy expended above basal and did not differ between obese 
and nonobese adolescents. 

Nonbasal energy expenditure was calculated by subtracting 

Fig. 2. Relationship between TEE and FFM in obese and nonobese 
male and female adolescents ( r  = 0.85). Nonobese males (0), obese males 
(e), nonobese females (A), obese females (A). 

Fig. 3. Relationship between TEE and wt in obese and nonobese 
male and female adolescents (r = 0.72). Nonobese males (0), obese males 
(e), nonobese females (A), obese females (A). 
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Table 2. Energy expenditure in obese and nonobese adolescents 

Males Females 

Nonobese Obese Nonobese Obese 
(mean +- SD) (mean k SDI 

- 

BMR (kcalld) 1742 f 183 (14)* 2253 + 371t (15) 1441 k 134 (12) 1918 + 35.l-f (13) 
TEE (kcal/d) 3109 + 506 (13) 3612 & 6431 (18) 2385 + 446 (12) 3282 +- 558t (15) 
TEE-BMR (kcal/d) 1374 + 393 (13) 1514 + 369 (15) 990 + 434 (10) 1415 f 3693 (12) 
TEE/BMR 1.79 -+ 0.2 (13) 1.68 + 0.19 (15) 1.69 + 0.28 (10) 1.74 + 0.19 (12) 

* No. of subjects 
l p  < 0.001. 
$ p  < 0.05. 

BMR from TEE and did not differ significantly between obese 
and nonobese males. Nonbasal energy expenditure was signifi- 
cantly higher in obese than nonobese females. 

Body fat was significantly correlated with body wt in both 
males (r = 0.94) and females (r = 0.99). To assess the relationship 
of nonbasal energy expenditure (TEE-BMR) and body fat, we 
examined the relationship of nonbasal energy expenditure with 
body fat after removing the effect of body wt. There was a 
significant inverse partial correlation of TEE-BMR with body fat 
in both males (r = -0.47) and females (r = -0.58). 

DISCUSSION 

Obesity is caused by an imbalance between energy intake and 
expenditure. When energy intake exceeds energy expenditure, 
the excess calories will be stored as adipose tissue. Clearly obese 
adolescents became obese because energy intake exceeded energy 
expenditure. Whether differences in energy expenditure exists 
after obesity has developed was the subject of this investigation. 
Such differences might act to maintain obesity or lead to further 
wt gain. 

In this study, we measured TEE, and BMR the major com- 
ponent of TEE, in free-living obese and nonobese adolescents 
over a 2-wk period. Neither BMR nor TEE was reduced in the 
obese adolescent cohort. Our findings are strengthened by the 
methods we used because the doubly labeled water method 
requires no restrictions or alterations in activity or lifestyle. 

The debate regarding the relationship of alterations in BMR 
to obesity originates with the expression of BMR. Early compar- 
isons of BMR in obese and nonobese adolescents to determine 
whether the obese adolescent had a lower BMR were inconclusive 
because of the lack of an acceptable standard on which to base 
comparisons. Consistent with previous studies (10, 1 I), we found 
that BMR expressed as kcal/d was significantly greater in obese 
than nonobese adolescents but was lower when expressed per kg 
of body wt. 

Because FFM represents the active metabolic tissue of the 
body and is highly correlated with BMR (4, 5), the most appro- 
priate comparison of BMR is as a function of FFM. Using an 
analysis of covariance with sex and obesity as the grouping factors 
and FFM as a covariate, we found that BMR was greater in obese 
than in nonobese subjects and greater in males than females. 
Therefore, both obesity and sex have significant and independent 
effects on BMR. Our findings are consistent with those in adults 
(1 5). For example, Hoffmans et al. (1 5) found that obese adult 
females had metabolic rates greater than nonobese females when 
adjusted for the differences in FFM. 

TEE includes the energy expended as BMR, the thermic effect 
of food, and activity. The proportion of TEE spent in the basal 
state (TEE/BMR) did not differ between obese and nonobese 
adolescents (58 and 57%, respectively). With respect to nonbasal 
energy expenditure (TEE-BMR), the contribution of the thermic 
effect of food and the energy cost of activity could not be 
differentiated. However, the ratio of TEE/BMR allowed us to 
compare the energy spent above basal in both thermogenesis and 
activity. The ratio of TEE/BMR for obese adolescents (Table 2) 

did not differ from that for nonobese adolescents, indicating that 
the proportion of energy spent on activity and the thermic effect 
of food was not significantly different between obese and non- 
obese groups or between males and females. The thermic effect 
of food accounts for approximately 10% of TEE (23), but the 
energy expended on activity is several fold greater, and probably 
more variable. The large SD observed in the ratio of TEE/BMR 
(Table 2) in both groups is consistent with the data from adults 
(33) that suggest that the energy spent in activity is the most 
variable component of energy expenditure among individuals. 

Although the thermic effect of food was not measured in the 
entire cohort, no significant differences existed in the thermic 
response of a meal between obese and nonobese adolescents in 
a subset (n = 13) of adolescents from this study (23). If thermic 
effect of food does not differ, then we can assume that the daily 
proportion of calories spent on activity was similar in the two 
groups. This assumption does not imply that the two groups are 
equally active because increases in body size increase the energy 
required for the same activity (33). 

Our data raise the possibility that activity is not identical with 
the energy costs of activity. The reciprocal relationship we ob- 
served between TEE-BMR and body fatness is consistent with 
studies by Bullen et al. (34) that suggest that physical activity is 
lower in obese subjects although the energy spent on physical 
activity may be similar. Nonetheless, although the relationship 
of TEE-BMR and body fat suggests lower activity in the obese, 
TEE/BMR is not significantly different between obese and non- 
obese subjects and TEE remains greater in the obese. Because 
the interpretations of the interrelationship of fatness and activity 
depends on how the data are expressed, and because activity was 
not measured directly, these data do not unequivocally indicate 
that obese adolescents expend less energy on activity. 

Although we found no decrease in BMR and TEE in the 
already obese adolescent, these data are not inconsistent with 
Ravussin et ul. (1 8) and Roberts et al. (1 9) who have suggested 
that altered energy expenditure is a risk factor for obesity. Ra- 
vussin et al. (18) showed greater wt gain in obese Pima Indians 
with lower adjusted metabolic rate and 24-h energy expenditure. 
After wt gain, metabolic rate increased. Therefore, in individuals 
with low metabolic rates, wt gain may normalize energy expend- 
iture. The absence of a difference in TEE in the already obese 
adolescent is consistent with Ravussin's hypothesis that increases 
in body wt are paralleled by increases in TEE. 

In conclusion, we found that both BMR and TEE were signif- 
icantly greater in obese adolescents. The ratio of TEE/BMR was 
similar in the two groups, indicating that the proportion of TEE 
spent in basal and nonbasal states did not differ between obese 
and nonobese adolescents. Therefore, reduced energy expendi- 
ture cannot be responsible for the maintenance of obesity in 
adolescents. 
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