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Interindividual and intraindividual variation in total energy expenditure (TEE) were examined in 17 healthy, free-living men 

(weight, 56.4 to 82.4 kg; age, 18 to 30 years). TEE over 14 days, resting metabolic rate (RMR), and body composition were 
measured two or three times during 77 days of fixed caloric intake using doubly labeled water, respiratory gas analysis, and 
isotope dilution, respectively. When individual data were averaged, TEE was most significantly related to fat-free mass ([FFM] 

r = .73, P = .OOl), body mass (I = .70, P = .002), and RMR (r = .63, P = .006). After adjusting TEE for BM, a significant inverse 

relation with age was found (partial r = -.52, P = .032). Stepwise regression analysis showed that 69% of individual variation 

in TEE was explained by BM, age, and fasting respiratory exchange ratio (RER). TEE/RMR averaged 1.73 f 0.25 (range, 1.38 to 

2.32). and was independent of age and body composition. In 10 subjects in whom triplicate observations of TEE were 
performed, the average experimental variation for TEE was +11.9% (range, 6.1% to 19.6%) compared with a theoretical 

estimate of precision of &5.g% based on the reported isotope dose and analytical uncertainty. The difference between 

theoretical estimates of precision and observed experimental variation suggests that inherent random variation in free-living 

TEE is 210% (ie, square root of 122 - S2) in subjects maintained on fixed caloric intake. We conclude that in young free living 

men (1) BM, age, and RER are important determinants of TEE; and (2) intraindividual variation in TEE is approximately ~10% 

due to fluctuations in physical activity levels within individuals over time. 
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ESEARCH R ON THE physiological factors determin- 
ing energy expenditure has attracted much attention 

recently because of the implications for the regulation of 
energy storage and the determination of energy require- 
ments. However, studies on total energy expenditure (TEE) 
have been limited to the extrapolation of resting metabolic 
rate (RMR) to 24-hour energy expenditure and that associ- 
ated with daily energy expenditure in individuals confined 
to a respiration chamber.’ These studies generally show 
that energy expenditure under sedentary conditions is 
primarily determined by fat-free mass,‘J but is also indepen- 
dently influenced by other factors such as age,2 genetics,3s4 
physical fitness,5 fidgeting,’ skeletal muscle metabolism,6 
and mitochondrial morphology.7 

The availability of the doubly labeled water technique 
permits the measurement of TEE over extended time 
periods (14 days in this study) and, more importantly, under 
free-living conditions. 8*9 As a result of application of this 
methodology, the understanding of the factors affecting 
TEE is rapidly expanding. Information on the physiological 
determinants of TEE is required to formulate effective 
guidelines for nutritional requirements to maintain energy 
balance. Traditionally, daily energy requirements are esti- 
mated as a function of the RMR.‘O For example, Roberts et 
al** recently reported that energy requirements of young 
healthy males were 1.98 times RMR, even though RMR 
only explained 32% of the individual variation in TEE. In 
addition, we have recently shown that in free-living elderly 
subjects, RMR only explains 18% of the variation in TEE.12 
Therefore, there is a need to identify other physiological 
variables that explain individual variation in TEE within 
populations of free-living subjects. 

An additional factor not previously considered as a 
determinant of TEE is inherent biological variation. Basal 
metabolic rate13-15 and 24-hour energy expenditure under 
controlled and confined living conditions16J7 generally vary 
by less than 3%-4% within individuals. However, for 
free-living subjects, biological variation in TEE within 
individuals over time would be expected to be greater due 
to fluctuations in physical activity regimens, and to a lesser 
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extent to variations in meal-induced thermogenesis due to 
changes in energy intake. However, the extent of biological 
variation in TEE under free-living conditions has not been 
systematically examined. 

In the present study, multiple measurements of TEE, 
RMR, and body composition were performed in young 
healthy males who were free-living but maintained on a 
fixed level of caloric intake for 3 months. The purposes of 
the study were (1) to examine the relative contribution of 
RMR, body composition, and estimated physical activity to 
individual variation in TEE, and (2) to examine the extent 
of inherent variation in TEE within individuals under 
conditions of fixed caloric intake. 

SUBJECTS AND METHODS 

Protocol 

Seventeen healthy males were studied concurrently over 77 days 
as part of a long-term metabolic balance study. The subjects were 
between 18 and 30 years of age at the start of the study and had a 
body mass index ranging from 16.8 to 24.6. The study protocol was 
approved by the Massachusetts Institute of Technology (MIT) 
Committee for the use of Humans as Experimental Subjects and 
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the Advisory Committee of the Clinical Research Center at MIT. 

These individuals were being studied in a protocol examining 

immunological tolerance to a soybean diet.‘” 

Subjects were prescribed a weight-maintaining diet based on an 

evaluation of customary intakes and activity requirements, as 

previously described.t8 The metabolizable energy content of the 

diet was determined by bomb calorimetry, as previously de- 

scribed.‘s The level of metabolizable intake was different between 

individuals, but was held constant for each individual for the 

duration of the experiment. Subjects consumed all their meals on 

an outpatient basis at the Clinical Research Center at MIT under 

dietary supervision. In addition, subjects were asked to maintain a 

consistent level of physical activity throughout the course of the 

experiment and to keep physical activity diaries to help maintain 

compliance with this request. 

Testing commenced after a 7- to lo-day equilibration period for 

the new diet. Duplicate measures of TEE over I4 days were 

performed in the first and last 2 weeks of the 3-month study. In 

addition, a third measure of TEE was obtained during the middle 2 

weeks in a subset of 10 subjects; data from these 10 subjects was 

used to examine intraindividual variation in TEE. During each of 

the doubly labeled-water study periods, RMR was measured by 

respiratory gas analysis and body composition was estimated by 

total body water analysis. 

Measurement of TEE 

Baseline urine and plasma samples were collected before each 

isotope administration. Hz’s0 (8.50%. 10.25%, or 12.80% en- 

riched; Isotec, Dayton, OH, and Icon Services, Summit, NJ) and 

‘Hz0 (99.18%: Koch Isotopes, Cambridge, MA) were adminis- 

tered orally at doses ranging from 0.18 to 0.20 g HzlXO and 0.11 to 

0.12 g ?HlO per kilogram body weight. All doses were weighed on 

an analytical balance (?O.OOOl g) and were followed by a 125mL 

rinse with tap water. A second plasma sample was collected 4 hours 

after the loading dose for estimation of the HztsO dilution space. 

The second-void urine was collected daily for 14 days; samples 

were stored at -70°C until analyzed by isotope ratio mass spectrom- 

etry at the Shriners Burn Institute, Galveston, TX. 

Urine and plasma samples (1.5 mL) were analyzed in duplicate 

for H2t80 using the CO2 equilibration methodI with overnight 

shaking at 25.o”C with COz in IO-mL vacutainers, as previously 

described.?” The CO2 was transferred into the mass spectrometer 

through a methanol/dry ice trap and the ratio of ‘sO:t60 was 

measured using a 6-inch, dual inlet, triple-collector isotope ratio 

mass spectrometer (Nuclide, State College, PA). A standard of 

known enrichment (International Atomic Energy Commission) 

was analyzed by the same method. Over the range of stable isotope 

enrichments used, the analytical precision of this method was 

?0.18%0. 

Urine samples were analyzed in duplicate for ?HzO enrichments 

using the off-line zinc reduction method,z’,22 as previously de- 

scribed.‘O Briefly, a lo-)LL aliquot of urine was introduced into 

quartz reaction tubes” containing 0.5 g Analar grade zinc granules 
of diameter less than 1 mm (BDH, Poole, UK) over a dry nitrogen 

stream. Samples were frozen and the vessels were evacuated and 

then sealed. The tubes were transferred to a 450°C heating block 

for 30 minutes. The hydrogen gas produced was introduced to the 

mass spectrometer through a liquid nitrogen trap and analyzed for 

deuterium enrichment using a 3-inch, dual-inlet, dual-collector 

isotope ratio mass spectrometer (Nuclide). Hydrogen gas prepared 

from Vienna-standard mean ocean water (SMOW) was used as a 

standard. All enrichments were corrected for hydrogen mass-3 
production. A standard of known enrichment (International Atomic 

Energy Commission) was analyzed alongside each set of samples. 

Over the range of stable isotope enrichments used, the analytical 

precision of this method was +5.94%0. 

Turnover rates of H:rXO and 2Hz0 were calculated using the 

two-point method of Schoeller et al.” The two-point method is 

theoretically more appropriate than the multipoint approach 

under free-living conditions where temporal variation in water and 

energy flux are high.‘4,‘s Since isotope enrichments had not 

returned to baseline values by the commencement of the second 

and third dosing, the initial baseline enrichments before any 

isotope administration were used in all calculations. This assumes 

that background enrichments of HrlXO and 2Hr0 would have 

remained constant if no isotope was given, which is likely to be true 

based on the stability of the diet and water source in the present 

study. The isotope dilution space of Hz’s0 was calculated from the 

increase in enrichment of H21K0 in plasma 4 hours after isotope 

administration using the equation of Schoeller et al.Zb Carbon 

dioxide production rate (rCO>), corrected for fractionation, was 

calculated using equation no. A6 of Schoeller et al.?? TEE was 

calculated from CO? production rates using equation no. 12 of de 

Weir.?’ All equations used for the above calculations are described 

in the Appendix. 

Calculation of Theoretical Estimates of Error in Doubly 
Labeled Water 

Equations used to estimate the theoretical precision of HriXO 

and ‘HZ0 turnover rates. total body water, and rCOz are given in 

the Appendix. These equations were used assuming the following: 

(1) average initial and final enrichments at the isotope loading dose 

used of 1,200 and 54O%c1 for lH20 and 160 and 51.5%~ for Hz’sO; 

(2) an analytical precision of +6%c for rHz0 and an analytical 

precision of ?0.2%0 for H?isO; and (3) analytical variation is the 

only source of error. 

Measurement of RhYR 

RMR was determined in the fasted state by respiratory gas 

analysis in the early morning after an overnight stay in the Clinical 

Research Center at MIT. Expired air was collected using a face 

mask and Douglas bags, analyzed for oxygen and carbon dioxide as 

previously described.‘* and converted to energy expenditure using 

equation no. 12 of de Weir.?’ 

Estimation of Body Composition 

Body mass was determined every morning in the fasted state. 

Body weight change over the course of the study was determined 

from the slope of the correlation between body weight and day of 

study. The isotope dilution space of Hz’s0 was used to estimate 

total body water assuming that H2iK0 dilution overestimated total 

body water by l%.‘6 Lean body mass was derived from total body 

water assuming that lean body mass was 73% hydrated.zs 

Statistics 

Results are expressed as means & standard deviation (SD). 

Consistency of duplicate measurements over the time period was 

confirmed by the paired t test. The Pearson Product-Moment 

Correlation was used to assess primary associations between pairs 

of variables. Forward stepwise regression analysis was used to 

examine the relative contribution of selected physiological parame- 

ters to the observed variation in individual values of TEE. 

Experimental variation of multiple observations is defined as the 

coefficient of variation ([standard deviation/mean] * 100). In the 
study of intraindividual variation of TEE, theoretical estimates of 

precision were compared with experimental variation by perform- 

ing a chi-square test. In subjects studied in triplicate, variation over 
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Table 1. Body Composition and Energy Expenditure During 77 Days of Fixed Energy Intake in 17 Young Males 

Variable First 2 Weeks Last 2 Weeks Mean of First and Last 2 Weeks 

Age W) 
Body mass (kg) 

Fat-free mass (kg) 

Fat mass (kg! 

RMR (kcal/d) 

RER 

Intake (kcal/d) 

TEE (kcal/d) 

TEE - RMR (kcal/d) 

TEE/RMR 

22.0 f 3.7 

66.25 + 6.16 

51.79 * 6.84 

16.46 f 3.02 

1,646 f 141 

0.61 ? 0.05’ 

3,266 2 276 

2,793 r 627 

1,147 ? 601 

1.70 f 0.37 

22.25 + 3.7 

66.60 + 6.55 

51.00 + 7.59 

17.61 ’ 3.48 

1,641 2 161 

0.65 f 0.02’ 

3,266 + 276 

2,906 2 486 

1,265 ? 364 

1.77 + 0.20 

22 2 4 (16-29) 

66.43 + 6.32 (56.36-62.37) 

51.39 I? 7.04 (42.69-67.50) 

17.03 + 2.94 (12.86-22.16) 

1,643 + 140 (1.417-1,939) 

0.63 + 0.023 (0.79-0.66) 

3,266 * 276 (2,659-3,690) 

2,649 ? 516 (2,259-3,725) 

1,206 r 443 (637-2.020) 

1.73 + 0.25 (1.36-2.32) 

l P = .05 by paired t test: all other comparisons NS (P > .05). 

time was analyzed using a one-way ANOVA with 10 groups 
(individuals) and three observations (replications) per group. The 
F value from this analysis is the test statistic for calculating the 
hypothesis that the average response being analyzed is the same for 
three replicate measures. A CorrespondingPvalue greater than .05 
in the same test indicates true replication and lack of any trend. 
When no trend was apparent, the intraclass correlation (R*) was 
computed to estimate the fraction of the total variance attributable 
to the between-subject variation. 29 This value ranges from 0 to 1 
and represents the correlation between replicates. 

RESULTS 

Analysis of the Response to 77 Days of Fixed Energy intake 

Duplicate measurements of TEE over 14 days, body 
composition, and RMR were obtained in 17 males ranging 
in age from 18 to 30 years and in body mass from 56.36 to 
82.37 kg. As summarized in Table 1, there was no significant 
difference by paired t test between the two measurements 
at the start and end of the study for body weight, body 
composition, and all parameters of energy expenditure over 
the 3-month study period. The only variable measured that 
changed significantly over the course of the study was the 
fasting respiratory exchange ratio (RER), which increased 
from 0.81 f 0.05 to 0.85 f 0.02 (P = .05 by paired t test; 
Table 1). Since energy expenditure and body composition 
remained constant in the group as a whole, data from the 
two individual measurements were pooled. Full descriptive 
details of the group after pooling the data with respect to 
age, body mass, height, body composition, and energy 
expenditure components are shown in the third data 
column of Table 1. All raw data for age, height, weight, 
weight change, fat-free mass, RMR, TEE, and intake are 
provided in table form in the Appendix. 

Variation in TEE: Univariate Analysis 

The Pearson Product-Moment Correlation Coefficient 
was used to examine the association of physiological vari- 
ables with TEE (Table 2). As shown in column 1 of Table 2, 
there were significant correlations between TEE and fat- 
free mass (r = .73, P = .OOl), body mass (r = .70, P = .002), 
RMR (r = .63, P = .006), body mass index (r = .62, 
P = .009), and energy intake (r = .62, P = .009). The corre- 
lations between TEE and fat-free mass, body mass, and 
RMR are shown in Fig 1. There were no significant 

correlations of height, respiratory exchange ratio, percent 
body fat, and age with TEE (Table 2). 

As also shown in Table 2, a similar pattern emerged for 
the determinants of RMR and for the estimated energy cost 
of physical activity derived by subtracting the RMR from 
TEE. However, for each independent variable examined, 
the correlation was weaker when RMR and energy expendi- 
ture associated with physical activity were used as the 
dependent variables compared with the correlations when 
TEE was the dependent variable (Table 2). Furthermore, 
none of the independent variables examined were signifi- 
cantly correlated with the ratio of TEE to RMR (Table 2). 

Variation in TEE: Multivariate Analysis 

Stepwise regression analysis was performed with TEE as 
the dependent variable to examine whether a multiple- 
variable equation could explain further variation in TEE in 
addition to that explained by a univariate equation. When 
all of the independent variables listed in Table 2 were 
presented as potential independent variables, the first 
variable selected was fat-free mass (TEE [kcal/d] = 
53.39 * FFM [kg] + 105.53; adjusted r = .70). After adjust- 
ing TEE for fat-free mass, no other variables were found to 
explain individual variation in TEE (not shown in table 
form). 

However, in the present analysis, fat-free mass and TEE 

Table 2. Pearson Product-Moment Correlations Between Energy 

Expenditure and Related Physiological Parameters 

Major Dependent Variable: 

TEE RMR TEE - RMR TEE/RMR 

Fat-free mass .73* .66C .64t .49 

Body mass (kg) .70* .66* .62t .47 

RMR (kcal/d) .63t - - - 

Body mass index (kglm2) .62t .62t .52t .37 

Energy intake (kcal/d) .62t .30 .30 .16 

Height(m) .46 .36 .45 .37 

RER -.29 -.20 -.27 -.27 

FAT (% body mass) -.26 -.24 -.23 -.16 

Age (vr) -.17 .23 -.27 -.35 

NOTE. TEE - RMR is the energy expenditure of physical activity plus 

thermic response to feeding (kcal/d). 

‘P < ,005. 

t.005 > P < .05; all others are P > .05. 
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Fig 1. Correlations between TEE and fat-free mass, body weight, 

and RMR. TEE is averaged over a 14-day period and is measured wfth 

doubly labeled water; fat-free mass is estimated from total body 

water using isotope dilution; and RMR is measured after an overnight 
fast using respiratory gas analysis. 

are not independent variables because both variables are 
derived from the same estimate of total body water. When 
the stepwise regression analysis was repeated, a 3-step 
equation was derived with body mass, age, and RER 
accounting for 69% of the variation in TEE (Table 3). Thus 
as shown in Fig 2, residuals from the correlation between 
TEE and body mass are significantly and inversely corre- 
lated with age (r = - 52, P = .032), although, as seen in Fig 
2, no such relationship is evident when RMR is adjusted for 
body mass and examined as a function of age. 

Assessment of Intraindividual Variation in TEE 

Triplicate measurements of TEE over 14 days, total body 
water, and RMR were obtained in a subset of 10 subjects 
(age, 18 to 28 years; weight, 63.0 2 4.3 kg). Individual data 

for each of these measures is provided in table form in the 
Appendix. Table 4 describes the intraindividual variation in 
turnover rates of Hz’s0 (Ko) and 2H20 (Kn) and of total 
body water. There were no significant changes in K. 
(F = 1.82, P = .19, R2 = .85), Ko (F = 2.76, P = .09, 
R* = .74), or total body water (F = .82, P = .46, R2 = .68) 
throughout the 3-month study. The experimental variation 
for Kc,, Ko, and total body water was 3.9% (range, 1.6% to 
7.2%) 7.3% (range, 2.5% to 11.4%) and 4.2% (range, 
0.14% to 6.9%) respectively (Table 4). These values were 
all significantly greater than that theoretically predicted 
from isotope dose and analytical uncertainty (Table 6). 

Table 5 presents the mean individual data for energy 
intake, TEE, and RMR in the subset of 10 subjects, and the 
individual data for repeated measures of TEE is shown in 
Fig 3. There were no significant changes within individuals 
in either RMR (F = 2.74, P = .09, R2 = 52) or TEE 
(F = 1.56, P = .24, R2 = -.35) throughout the course of 
the experiment. Intraindividual variation in TEE averaged 
11.9% (range, 6.1% to 19.6%; Table 5) significantly differ- 
ent from the theoretical estimate of precision of +5.9% 
(Table 6). Intraindividual variation in TEE due to biologi- 
cal variation (square root of the difference between ob- 
served variation squared and estimated theoretical varia- 
tion squared) averaged 10.3% (range, 1.7% to 18.7%) of 
the absolute value. When expressed on an absolute basis 
(kcal/d), the intraindividual biological variation was signifi- 
cantly related to the magnitude of an individual’s TEE (Fig 
4). 

DISCUSSION 

This report represents a systematic examination of inter- 
individual and intraindividual variation of TEE in young 
healthy males under free-living conditions with the restric- 
tions of constant energy intake and instructions to maintain 
a constant activity pattern. The new findings of relevance to 
the specific population examined are (1) fat-free mass alone 
or a combination of body mass, age, and the postabsorptive 
respiratory quotient are the most significant predictors of 
TEE; and (2) the level of inherent biological variation in 
free-living TEE between periods of 14 days is 210% and 
varies from individual to individual (range, 21.7% to 
?18.7%), with higher variation seen in more active sub- 
jects. 

Determinants of TEE 

Fat-free mass exhibited the highest correlation coeffi- 
cient in univariate analysis, explaining 53% of the variation 
in TEE. However, the correlation coefficient between 
fat-free mass and TEE may be an artifact, since both 
variables are derived from the same estimate of total body 
water. Therefore, in future studies other methods of deter- 
mining body composition should be used to examine the 
relationship between TEE and fat-free mass. We recently 
reported a correlation coefficient (r) of .69 between TEE 
and fat-free mass derived from underwater weight in 
free-living elderly men and women.‘* Roberts et al*’ re- 
cently reported correlation coefficients (r) of .63 and .58 
between TEE and fat-free mass, derived from skinfolds and 
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body resistance, respectively.” Reported correlations be- 
tween fat-free mass and TEE are weaker than those 
previously published for fat-free mass and either RMRl or 
daily sedentary energy expenditure.’ This finding is proba- 
bly explained by the fact that the substantial and variable 
component of TEE associated with free-living physical 
activity is not dependent on fat-free mass. Thus, fat-free 
mass alone is of limited use for explaining individual 
differences in TEE. 

Table 3. Stepwise Regression Analysis for Prediction of TEE in 

Young Males 

Dependent Variable = TEE (kcal/d) 

Independent 

step Variable RZ TEE (kcal/d) Predictive Equation 

1 BM (kg) .68 380 (48.87 * BM) - 152 

2 Age (vr) .77 330 (51.19 * BM) - (56.8 * Age) + 596 

3 RER .83 290 (51 .12 * BM) - (64.1 * Age) - 

(7,342 * RER) + 6,857 

When stepwise regression analysis was repeated in the 
absence of fat-free mass, a 3-step equation was derived that 
accounted for 69% of the variance in TEE, which included 
body mass, age, and RER. The fact that age was a 
significant determinant of TEE after adjustment of body 
mass was surprising, given the narrow age range studied (18 
to 30 years). An age-related decrease in RMR has been well 
described and is currently thought to be related to changes 
in body composition that accompany the aging process,2,30 
although such changes are generally not observed over the 
younger age range presently described. As depicted in Fig 
2, the age-related decrease in TEE resides in the compo- 
nent associated with either the thermic response to feeding 
or physical activity. However, the thermic response to 
feeding represents a small component of TEE31,32 and is 
unlikely to account for the age-related decrease in TEE 
noted in this study. Thus it is logical to conclude that the 
observed age-related decrease in TEE arises due to lifestyle- 
related changes in physical activity. 

NOTE. Other potential predictors in the model were fat mass, percent 

body fat, height, body mass index, RMR, and daily energy expenditure 

estimated from an activity diary. 

Abbreviation: BM, body mass (kg). 

that one cannot make generalized conclusions about the 
role of energy expenditure in the regulation of whole-body 
energy balance from information on RMR. This is because 
assessment of RMR or sedentary energy expenditure fails 
to recognize the important and highly variable component 
of TEE associated with daily physical activity. 

The third significant variable contributing to variation in 
TEE was the RER, which explained an additional 9% of 
the individual variation in TEE in addition to that already 
explained by weight and age (Table 3). However, RER was 
probably selected by the regression model not because it is 
a determinant of TEE, but because it is a marker of the 
state of energy balance during the metabolic study period. 
The utility of the RER as an independent marker of TEE 
under less-regulated feeding conditions therefore remains 
unresolved. It is ironic that the primary data yielded from 
the respiratory gas analysis (ie, RMR) is less useful than the 
RER in predicting TEE. However, forcing RMR into the 
3-step equation involving body mass, age, and RER does 
not improve the predictive power by much, since the 
adjusted R* increases from .69 to .71 and only another 2% 
of the variation in TEE is explained. 

Thus, the traditional factorial-type method of recom- 
mending energy requirements by increasing resting energy 
requirements by an activity factori should be used with 
caution, as the activity factor varies greatly within seemingly 
homogenous populations and is not easily estimated in the 
absence of a reliable index of physical activity. For a more 
precise determination of individual energy requirements, 
stringent individual markers of physical activity should be 
identified, eg, leisure-time activity questioanaires33 or activ- 
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Implications for Determining Energy Requirements 

For free-living subjects, our data confirm the limited 
precision that can be obtained by the traditional approach 
of estimating energy requirements in which a predicted or 
measured RMR is increased by an activity factor, which 
generally ranges from 1.4 for sedentary lifestyles to above 2 
for physically active individuals.lO This conclusion is based 
on the fact that (1) RMR only explains 38% of the variation 
in TEE (Table 2), and (2) the ratio of TEE to RMR was 
highly variable within this relatively homogenous popula- 
tion, and was not related to any of the physiological 
variables examined (Table 2). The poor correlation be- 
tween TEE and RMR reflects large interindividual varia- 
tion in recreational or leisure-time activities and implies 

20 25 
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30 

Fig 2. TEE and RMR adjusted for body weight as a function of age. 
TEE is everaged over a U-day period and is measured with doubly 
labeled water; RMR is measured after an overnight fast using respira- 
tory gas analysis. Both measurements are the means of duplicate 
observations in the same individual. 
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Table 4. Reproducibility of Hz’*0 (Ko) and *HZ0 (KJ Turnover Rates and TBW 

Subject Mean 

Kc, Id-‘1 

SD cv (%I Mean 

Kc, (d-Y 

SD 

TBW 

cv 1%) Mean SD cv (%I 

P.L. 0.1005 0.0029 2.9 0.0681 0.0056 8.2 1.717.0 119.0 6.9 

C.L. 0.0916 0.0029 2.9 0.0673 0.0045 6.6 2.042.4 71.7 3.5 

C.M. 0.0928 0.0029 2.9 0.0640 0.0017 2.7 1,948.g 108.8 5.6 

J.K. 0.0820 0.0015 1.8 0.0529 0.0035 6.6 1.716.8 104.3 6.1 

K.J. 0.0865 0.0062 7.2 0.0657 0.0075 11.4 2,022.2 65.0 3.2 

S.S. 0.1000 0.0016 1.6 0.0738 0.0024 3.3 1.850.4 2.5 0.1 

R.V. 0.0850 0.0022 2.6 0.0611 0.0015 2.5 1,905.g 77.7 4.1 

G.P. 0.0828 0.0025 3.0 0.0567 0.0037 6.5 1.773.1 61.9 3.5 

M.W. 0.0778 0.0055 7.1 0.0551 0.0063 11.4 1.833.0 38.4 2.1 

C.K. 0.0717 0.0015 2.1 0.0482 0.0040 8.3 1.979.8 42.5 2.2 

Mean + SD 0.0871 ? 0.0093 0.0034 + 0.0019 3.9 -+ 2.2 0.0613 + 0.0079 0.0045 2 0.0020 7.3 + 3.2 1.879.0 ? 120.0 77.1 + 35.8 4.2 + 2.0 

r .85 .74 .68 

NOTE. Data are intraindividual means, standard deviations (SD), and coefficients of variation (CV) for triplicate measurements of turnover rate of 

HZ1*O (K,), turnover rate of *Hz0 (KD) and total body water (TBW). Note that the group average data of individual standard deviations and coefficients 

of variation are square roots of means of the squares and not arithmetic means; r is the intraclass correlation coefficient. 

ity monitors. However questionnaires introduce the risk of 
either underestimating activity due to lack of recall or 
overestimating due to exaggeration, while activity monitors 
introduce the potential for behavioral modificatipn. An 
alternative approach may be to use measurement of Vo,max 
as a proxy indicator of physical activity. Although the 
Vo,max is strictly a measure of cardiovascular fitness, it is 
generally higher in individuals who are more active In their 
leisure time.5 In addition, in elderly subjects Vozmax 
explains more of the individual variation in TEE than either 
body mass, fat-free mass, or RMP.lZ Moreover, we have 
shown that in elderly subjects Vo2max increases when 
individuals become more active, although this effect may be 
occur in the absence of an increase in TEE.34 The practical 
advantage of using the Vo,max as a determinant of TEE is 
that it is a reproducible physiological measurement free of 
the limitations associated with recall diaries and activity 
monitors, as discussed previously. However, the disadvan- 
tages are that it is not practical for age extremes (ie, very 
young and very old). 

The activity factor approach described by the World 
Health Organization was originally intended for population- 
based requirements and not individual requirements, and 
remains useful for this purpose. In addition, determining 
energy requirements from RMR and an activity factor is a 
useful approach in inactive people. For example, we re- 
cently reported that in burn patients confined to bed, 
resting energy expenditure explained 92% of the variation 
in TEE, as measured by doubly labeled water.2D,35 

Assessment of Intraindividual Variation in TEE 

The observed experimental variation in TEE was ? 12%. 
Propagation of error analysis showed that the theoretical 
precision of TEE estimates was ?5.9%, taking into account 
the reported dose and analytical uncertainty. Assuming 
that analytical uncertainty is the sole contributor to random 
error in the doubly labeled water technique, the significant 
differences between observed experimental variation and 
theoretical estimates of precision must be due to inherent 
biological variation in TEE within individuals over time. 

Subject Intake (kcal/d) 

Table 5. lntraindividual Variation in Energy Intake, TEE and RMR 

TEE (kcal/d) 

Mean SD cv (%) Meen 

RMR (kcal/d) 

SD cv 1%) 

P.L. 2,920 2,972 583 19.6 1,410 23 1.6 

C.L. 3,196 2,600 160 6.1 1,658 81 4.9 

C.M. 3,690 2,988 456 15.3 1.587 11 0.7 

J.K. 2,851 2,685 278 10.3 1,612 15 1.0 

K.J. 3,225 2,172 189 8.7 1,430 30 2.1 

S.S. 3,107 2,533 312 12.3 1,506 64 4.2 

R.V. 3,065 2,392 188 7.8 1,588 44 2.8 

G.P. 2,559 2,470 241 9.7 1,660 133 8.0 

M.W. 2,908 2,190 268 12.2 1,532 115 7.5 

C.K. 3,238 2,468 268 10.9 1,664 124 7.5 

Mean + SD 

r 

3,076 + 300 
- 

2.547 + 279 320 ? 131 

.35 

11.9 + 3.9 1,564 -t 92 78 2 47 

.52 

4.8 + 2.8 

NOTE. Data are intraindividual means, standard deviations (SD), and coefficients of variation (CV) for triplicate measurements of TEE measured 

over 10 days with doubly labeled water and RMR measured upon wakening with respiratory gas analysis. Note that average data for individual 

standard deviations and coefficients of variations are square roots of means of the squares and not arithmetic means; r is the intraclass correlation 

coefficient. Individual measures of TEE and RMR are provided in the Appendix. 
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Fig 3. Variation in TEE within individuals over time. TEE is mea- 

sured by doubly labeled water over 14 days. Three bars for each 
subject represent the three triplicate measurements performed at 

regular intervals over a 3-month study period. 

Using this approach, the data imply that the natural level 
of variation in TEE in healthy free-living subjects is on the 
order of 210% (ie, square root of 12* - @). This figure 
could have implications for the design of future studies 
using doubly labeled water under free-living conditions. 
Two other published studies have alluded to the phenome- 
non of biological variation in TEE. Schoeller and Taylor 
have provided retrospective data on repeat measures of 
TEE in two subjects who were dosed twice over the course 
of 2 years and one subject who had been dosed three times 
over the course of 2 years.36 The observed coefficient of 
variation in TEE in these three individuals was ?4% (two 
measurements), +4.5% (three measurements), and &8.7% 
(two measurements), compared with a reported theoretical 
uncertainty of +3% (assuming analytical variation was the 
only source of random error) or *4.6% if an uncertainty of 
~0.03 in the food quotient is included.36 Thus the data of 
Schoeller and Taylor imply zero biological variation in TEE 
for two of three subjects. This is a surprising finding given 
the fact that biological variation in energy expenditure, 
even under highly regulated living conditions, is at least 2% 
to 3%.16.17 The only other controlled study of experimental 

Table 6. Summary of the Comparison Between Theoretical and 

Observed Precision of the Doubly Labeled Water Technique 

Theoretical Observed Observed Variance 

Parameter SD cv SD cv Theoretical Variance 

b k-‘) 0.00133 2.10% 0.0045 7.3% 13* 

Ko (d-Y 0.00040 0.46% 0.0034 3.9% 84* 

TBW (mol) 4.17 0.22% 77.1 4.2% 275’ 

rCO? (L/d) 18.38 5.9% 57.8 11.9% 8* 

NOTE. Theoretical precision was calculated using the equations 

given in the Appendix assuming (1) average initial and final enrich- 

ments at the isotope loading dose used of 1,200 and 540 %. for *Hz0 

and 160 and 51.5 %O for H,180; (2) an analytical precision of +6 %O for 

zHZO and 20.02 %O for H2’80; and (3) analytical variation is the only 

source of error. Observed precision was based on observed within- 

subject precision of the various parameters as given in Tables 1 and 2. 

Abbreviation: TBW, total body water. 

*Ratio between observed variance and theoretical variance is statisti- 

cally different from 1 .O (P < .05). 
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Fig 4. Level of intraindividual variation in TEE as a function of the 

average individual value. TEE is measured by doubly labeled water 
over 14 days. Variation in TEE is the standard deviation observed in 

triplicate measures, adjusted for theoretical error in the doubly 
labeled water technique. Average TEE is the mean of three observa- 
tions per individual. 

reproducibility of the doubly labeled water technique follow- 
ing repeated doses was the study of DeLany et a1.37 In this 
study, the reproducibility of duplicate measurements of 
TEE over 28 days was 27.3% in soldiers who were on a 
fixed energy intake and activity pattern, compared with an 
estimated theoretical precision of ?5%.37 Thus the biologi- 
cal variation in TEE in these soldiers was on the order of 
25%. 

However, the data currently presented are the first to 
systematically address the issue of biological variation in 
free-living daily energy expenditure in a reasonable sample 
size. A major advantage of this study is that a more 
representative indication of random variation was exam- 
ined by performing measurements during three discrete 
study periods. If only the first two measures were evaluated, 
random variation in TEE would have been 28% instead of 
210%. In the present experiment, the minimal level of 
biological variation in TEE expected under free-living 
conditions was evaluated because energy intake was tightly 
controlled and subjects were verbally instructed to maintain 
a constant physical activity regimen. Thus, biological varia- 
tion in TEE may be higher under “true” free-living condi- 
tions. Despite the control over dietary intake, we were not 
able to control other factors that may lead to intraindividual 
variation in TEE, such as recreational activities and change 
in activity patterns due to weather and illness, for example. 

The data were examined to determine whether the 
observed variation in TEE was systematic and not random. 
Since energy intake was held constant in this experiment, 
any systematic variation in energy expenditure should 
theoretically be related to body composition or body weight 
change. TEE over the course of the experiment was 
therefore compared with average body weight change. As 
seen in Fig 3, only three of the 10 subjects (J.K., S.S., R.V.) 
had systematic changes in TEE over the course of the 
experiment, although two of these subjects (S.S. and R.V.) 
had nonsignificant weight changes (-8.13 and 0.323 g/d, 
respectively) and subject J.K. had a significant weight gain 
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of 17.2 g/d. Two other subjects significantly gained weight 
during the experiment (G.P., 39.0 g/d; M.W., 20.5 g/d) and 
one lost weight (C.K., -61.4 g/d), in the absence of 
systematic trends in TEE. Thus, there was no evidence of 
systematic trends in energy expenditure in this group of 
subjects. 

Examination of biological variation in human energy 
expenditure has been well documented at the level of the 
basal metabolic rate from as early as 1935 by the work of 
Benedict.13 These studies have been reviewed elsewhereI 
and show an average coefficient of variation for repeated 

measures of basal metabolic rate of 3.8% (range, 0.97% to 
6.2%). The present data thus support the biological consis- 
tency of RMR. In addition, the consistency of energy 
expenditure within individuals has been demonstrated for 
24-hour energy expenditure using direct and indirect calo- 
rimetry chambers.16J7 From the previously reported stud- 
ies, an estimate of ?2% to 3% is indicated for the level of 
intraindividual variation in energy expenditure within indi- 
viduals under tightly regulated living conditions. The differ- 

ence between that figure and the presently reported 2 10% 
in free-living individuals with energy intake maintained 
constant implies strong evidence that most of the observed 
intraindividual variation in TEE in the present study is due 

to variation in physical activity. 

General Discussion 

A potential caveat of this study relates to the fact that 
retrospective analysis of the data suggests that all of the 
subjects were in slight positive energy balance because we 
had overestimated the energy requirements needed to 
maintain weight (metabolizable energy intake = 3,288 ? 276 
kcal/d; total expenditure = 2,849 ? 518 kcal/d). Analyzing 
the group as a whole, we could account for 38% of the 

difference between intake and expenditure by body energy 
storage, assuming energy equivalencies of 9 and 1.1 kcal/g 

of fat and lean tissue stored, respectively. This leaves an 
unaccounted-for discrepancy between intake and expendi- 
ture of 262 kcal/d, thus implying either a systematic 
overestimate in intake or an underestimate of TEE on the 
order of approximately 9%. Thus, a 4% or 5% error on 
either side of the energy balance equation would be 
sufficient to explain this discrepancy. These are relatively 
small errors, but it would be desirable to discover, whether, 
under these conditions, there was a systematic intake or a 
systematic underestimate of expenditure. 

We do not believe, however, the discrepancy between 
energy intake and expenditure distracts from our analysis of 
factors accounting for interindividual and intraindividual 
variation in TEE. Moreover, we do not believe that TEE 
has been underestimated for two major reasons. First, the 
range of values of TEE (expressed as multiples of RMR) 
observed (1.4 to 2.3) agrees with the range put forth by 
national and international committees.10 Second, the predic- 
tive equation developed from our data set was successfully 
cross-validated in an independent data set of variables 
collected in a study by Roberts et a13* in a similar popula- 
tion of young males living in Boston. These individuals were 
of similar age but were slightly heavier than the subjects 
reported in the present study. In the report of Roberts et 

al,38 TEE in the control period was 1.85 2 0.027 times RMR 
(43.53 kcal/d per kg body mass) compared with 1.73 2 0.25 
times RMR (41.62 kcal/d per kg body mass) in the present 
study. When the average values for body mass, age, and 
fasting RER from the subjects reported by Roberts et a13” 
were substituted into the 3-step equation developed from 
our data set, the TEE predicted is 3,210 kcal/d, which is 
only 3.4% below the reported group average value of 3,321 
kcalid. 

In summary, analysis of the determinants of TEE under 
free-living conditions in young healthy males shows that 
body mass, age, and fasting RER in combination can 

account for 69% of interindividual variation in TEE. In 
addition, random intraindividual variation in TEE under 
free-living conditions with energy intake maintained con- 
stant is on the order of ?lO%. This variation is primarily 
due to fluctuations in physical activity over time and is a 
minimal estimate because of the restrictions imposed by the 
experimental protocol. Consequently, the theoretical preci- 
sion of the doubly labeled water technique cannot be 
expected under free-living conditions because of inherent 
biological variation in TEE. Further studies in different 
populations are warranted, particularly in terms of assess- 
ing the extent to which the present observations can be 
more broadly generalized in consideration of human energy 
requirements. 

APPENDIX 

Equafions for Calculating Isotope Turnover Rates and 
Theoretical Estimates of Their Variance 

Turnover rates of Hl’sO and ‘Hz0 were calculated using the 

two-point method of Schoeller et alz3 with the equation 

turnover rate (d-l) = 
In (Ei - Eo) - In (Ef - Eo) 

Ti - Tf . ‘31 

where Ei, Ef, and Eo are the initial, final, and predosing back- 

ground enrichments, respectively, of either ?HzO or Hz’*0 in urine 

at times Ti and Tf (days after dosing). The theoretical variance of 

turnover rates estimated by equation no. 1, assuming that Ti and Tf 

are not a source of error, is calculated as 

[( l/(Ei - Eo)J’ * (VarEi + VarEo)] + 

[[l/(Ef - Eo))’ * (VarEf + VarEo)] 

(Ti - Tf)’ 
Eq 1A 

where VarEi, VarEf, and VarEo are the observed sample analyti- 

cal variances at the initial, final, and predosing background 

enrichments, respectively. Analytical variance is +6?%0 and 

r0.182%o for ‘Hz0 and H2180 analysis, respectively. 

Equations for Calculating Isotope Dilution Space and 
Theoretical Estimates of Their Variance 

The isotope dilution space of H21X0 was calculated from the 

increase in enrichment of Hz’“0 in plasma 4 hours after isotope 

administration using the equation of Schoeller et aLLh 

N(mo1) = 
dose * i!4,911.21 

E4h - Eo ’ Eq 2 

where N is total body water (mol), dose is the grams of Hl’sO 
isotope administered, and Eo and E4h are the enrichments of 

Hz]*0 in plasma before dosing and 4 hours after dosing, respec- 

tively. The theoretical variance of the total body water estimated by 
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Table A. Individual Data for Age, Height, Body Weight, and FFM in the 17 Subjects 

Subject Age iv) Height (cm) Weight 1 (kg) Weight 2 (kg) Weight 3 (kg) 

Weight 

Change {g/d) FFM 1 (kg) FFM 2 (kg) FFM 3 {kg) 

P.L. 18 172 58.99 

C.L. 26 178 65.79 

C.M. 22 175 66.95 

J.K. 19 170 55.77 

K.J. 20 177 67.56 

S.S. 27 173 65.18 

R.V. 28 175 64.78 

G.P. 19 182 57.37 

M.W. 18 172 57.65 

C.K. 23 170 68.23 

A.S. 23 176 68.79 

M.P. 19 170 69.62 

G.M. 24 174 75.00 

C.H. 30 179 81.69 

K.R. 19 187 79.31 

MR. 21 178 75.75 

N.C. 20 179 81.39 

59.01 

66.35 

66.80 

56.30 

67.88 

64.93 

64.79 

58.58 

58.29 

66.33 

59.02 0.42 45.56 

66.91 18.07 51.55 

66.64 -5.01 50.97 

56.83 17.16 42.16 

68.20 10.30 48.01 

64.68 -8.13 45.69 

64.80 0.32 47.79 

59.79 38.98 41.99 

58.92 20.45 45.96 

64.42 -61.39 49.86 

67.28 -32.60 56.08 

69.63 -8.10 56.10 

74.67 3.81 59.47 

83.04 23.87 61.33 

81.15 32.90 58.52 

77.78 35.35 54.25 

83.18 38.65 65.07 

41.63 

48.33 

47.49 

39.85 

50.77 

45.56 

48.38 

44.32 

44.14 

48.02 

39.82 

51.21 

45.70 

45.00 

50.81 

45.63 

44.81 

44.86 

45.49 

47.77 

54.27 

50.23 

55.47 

61.14 
- 59.88 

54.92 

69.92 

NOTE. Weight change was determined from the individual regression of body weight v day of study; FFM is from isotope dilution; and numbers 1, 

2, and 3 refer to the repeat measures in each individual. 

Abbreviation: FFM, Fat-free mass, 

equation no. 2, assuming that the weighing of the isotope loading 

dose is not a source of error, is calculated as 

(24,911.21)’ * (VarE4h + VarEo) 

(E4h - Eo)~ ’ 
Eq 2A 

where VarE4h and VarEo are the sample analytical variance for 

H2180 analysis at the 4-hour and zero-time enrichments (ie, 

?O.l@%o for the present experiment), respectively. 

Equations for Calculating Carbon Dioxide Production Rates 
and Theoretical Estimates of Their Variance 

Carbon dioxide production rate (rCO& corrected for fraction- 

ation, was calculated using the equation of Schoeller et a12s 

rC02(mol/d) = 0.4554 * N(l.OlK, - 1.04Ko) , 9 3 

where rC02 is carbon dioxide production (molid), N is total body 

Table B. Individual Data for Repeat Measures of Energy Expenditure 

(kcal/d) and Energy Intake (kcal/d) in the 17 Subjects 

Subject RMR 2 RMR 2 RMR 3 TEE 1 TEE 2 TEE 3 Intake 

P.L. 1.437 1,397 1,397 2,969 3,557 2,391 2,920 

C.L. 1.745 1,585 1,644 2,559 2,465 2,776 3,196 

CM. 1,574 1,593 1,593 2,848 3,498 2,618 3,690 

J.K. 1,595 1,615 1,625 2,365 2,831 2,859 2,851 

K.J. 1,399 1,434 1,458 2,148 1,996 2,371 3,225 

S.S. 1,580 1,467 1,472 2,263 2,462 2,874 3,107 

R.V. 1,557 1,568 1,638 2,177 2,481 2,519 3,065 

G.P. 1,736 1,738 1,507 2,406 2,269 2,737 2,559 

M.W. 1,663 1,451 1,481 2,145 1,948 2,478 2,908 

C.K. 1.783 1,535 1,645 2,176 2,703 2,526 3,238 

A.S. 1,498 - 1,662 2,613 - 2,564 3,235 

M.P. 1,501 - 1,569 3,912 - 3,198 3,310 

G.M. 1,880 - 1,998 3,857 - 3,594 3,544 

C.H. 1.783 - 1,739 2,652 - 3,004 3,574 

K.R. 1,811 - 1,893 3,831 - 3,346 3,650 

M.R. 1.722 - 1.765 3,247 - 3,404 3,605 

N.C. 1,720 - 1,802 3,311 - 4,138 3,540 

NOTE. Intake is the fixed level of energy intake for 77 days. Numbers 

1,2, and 3 refer to the repeat measures in each individual. 

water (mol), and Ko and Ko are turnover rates of HznrO and *Hz0 

(d-t), respectively. The theoretical variance of rC0z as estimated 

from equation no. 3 is calculated as 

0.45542 * [(Var(N) * Var(l.O& - I.04Kn)j 

+ [Var(N) * (l.OlKo - 1.04Ko)2] 

+ (Var(l.OIKo - 1.04Ko) * N2)], Eq 3A 

where Var(N) is the variance for total body water estimates 

calculated from equation no. 2A. Note that Var(l.OlKo - 1.04Ko) 

is calculated as 

[(l.Ol’ *Vat&) + (1.04? * VarKo)], Eq 3B 

where VarKo and VarKo arc the theoretical variances of Ko and 

Ko, respectively, calculated using equation no. 1A. 

TEE was calculated from rC0z using the equation of de Weir.27 

TEE(kcal/d) = 3.9(rCOz/FQ) + l.lrC02, Eq4 

where rCOz is carbon dioxide production rate (L/d, where 1 mol of 

COz is equivalent to 22.4 L), and FQ is the food quotient based on 

the composition of the diets9 
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