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Abstract

Inter-individual variation in energy expenditure is mainly a function of differences in body size and physical activity. Intra-individually, the
energy expenditure associated with physical activity, i.e. muscular contractions to perform body postures and -movements, is the most variable
component of total energy expenditure. Determinants of activity associated energy expenditure (AEE), as derived from observational and
intervention studies are presented. Twin studies showed that most of the between subject variation in AEE is explained by genetic factors. AEE of
subjects in the confined environment of a respiration chamber was on average halve the value as observed in the same subjects in free-living
conditions with doubly labeled water. In young adults, non-training activity was not affected by exercise training. However, in elderly subjects,
exercise training induced an equivalent compensatory decline in non-training activity. Similarly, AEE was reduced during energy restriction and in
patients with chronic disease increasing resting energy expenditure. Studies with exercise training showed the reduction is difficult to overcome.
© 2008 Elsevier Inc. All rights reserved.
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1. Introduction

Themain determinants of daily energy expenditure of a subject
are body size and physical activity. Activity associated energy
expenditure, i.e. the energy expenditure associated with muscular
contractions to perform body postures and -movements is the
most variable component of total energy expenditure. Since the
introduction of the doubly labeled water method for the
measurement of total energy expenditure for human use, about
25 years ago [1], truly quantitative estimates are available of
activity induced energy expenditure (AEE) in daily life. Ad-
ditionally, accelerometers for movement registration are more and
more used to objectively assess physical activity including the
activity frequency, duration and intensity, and can be used at a
larger scale than the more expensive doubly labeled water method
[2].

Here, a review is presented on the determinants of AEE as
derived from observational and intervention studies. In the con-
fined conditions of a respiration chamber, AEE was shown to be
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highly variable between subjects, which could be based on
genetics [3]. In young adults, exercise training has been shown to
affect total energy expenditure while non-training activity seems
to be unchanged [4]. On the other hand energy restriction seems
to reduce AEE as was already shown in the Minnesota ex-
periment [5]. Similarly, AEE seems to be negatively affected
by chronic disease, especially when resting energy expenditure
is elevated [6]. Recently, AEE got a promise when it was sug-
gested to be critical in a person's resistance to weight gain during
overeating [7].

2. Activity associated energy expenditure as a function of
genes and environment

Activity induced energy expenditure ranges between a
minimum of 5% of total energy expenditure for somebody
with a physical activity level (PAL), total energy expenditure
expressed as a multiple of resting energy expenditure (PAL=
TEE/REE), of 1.2 and 50% at the maximum PAL of 2.5 [8]. AEE
of a subject with an average PAL of 1.75 is one-third of total
energy expenditure. Surprisingly, AEE of subjects in the con-
fined environment of a respiration chamber with a floor-space of
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Fig. 1. Average accelerometer output (Tracmor-0, kCounts/d) of 32 subjects
(16 women and 16 men, age 28–41 year) as measured over one week intervals
before and after 8 and 20 weeks participation in a training program which aimed
at running a 1/2 marathon competition after 10 months (adapted from [4]).

1040 K.R. Westerterp / Physiology & Behavior 93 (2008) 1039–1043
7 to 8 m2 was on average halve the value as observed in the same
subjects in free-living conditions with doubly labeled water
[3,9]. These results are an indication for the major contribution
of non-exercise activity to AEE as the chamber values men-
tioned above were for conditions where subjects were allowed
to move around without access to exercise equipment like a
treadmill, ergometer or stepping benches.

There was a wide inter-individual variation of AEE under
the same confined conditions of a respiration chamber. After
adjusting for differences in body size by expressing AEE per kg
body mass, AEE ranged from a minimum of 0.015 MJ/kg to a
maximum of 0.045 MJ/kg, while the mean value of 0.026±
0.006 MJ/kg for women was similar to the value of 0.024±
0.006 MJ/kg observed for men. The chamber value was sig-
nificantly related to the value in free-living conditions, cor-
relation coefficients 0.50 to 0.53 (pb0.01), which indicated a
genetic component.

The relative contribution of genetic and environmental fac-
tors to the variation in AEE was tested in a twin design [10].
Physical activity was registered with a triaxial accelerometer for
movement registration (Tracmor; Philips Research, Eindhoven,
Netherlands) and AEE was measured simultaneously with
doubly labelled water in monozygotic and same-sex dizygotic
twin pairs. Genetic factors explained 72% of the variance in
AEE and explained 78% of the variance in physical activity as
measured with the accelerometer. Thus, genes determine for a
large part whether a person is prone to engage in activities and
how much energy is expended for these activities.

3. Exercise training and activity associated energy expenditure

Physical activity may be a self-stimulating process. People
who raise their activity often report an increased feeling of well
being. Exercise may cause the release of endorphins in the
brain, as a result of which addiction to exercise may occur.
Alternatively, exercise might reduce physiological arousal to the
pre-training level and subsequently higher exercise levels are
necessary to maintain the established feeling of well being. On
the other hand, it might be questioned whether added exercise
training is compensated for by a reduction of non-training ac-
tivity during the rest of the day. Doubly labeled water studies
showed that the physical activity level of younger subjects was
modified with exercise training while exercise training had no
effect in older people [2]. Here, four studies are reviewed where
non-exercise activity was measured with the Tracmor in subjects
before and during an exercise training program.

Meijer et al. [4] recruited 28–41 year subjects, 16 women
and 16 men, to participate in a training program, which aimed at
running a 1/2-marathon competition after 10 months. Respon-
dents who were active in any sport like running, jogging or
other recreational sports for more than one hour per week were
excluded. The training was spread over four sessions per week
and increased running time from 14±4 min/day after 8 weeks to
21±10 min/day after 20 weeks. Training induced a significant
increase in total energy expenditure around 25%. Accelerometer
output (Tracmor-0) was significantly higher after 8 weeks and
after 20 weeks when compared with the baseline measurement
(Fig. 1). This increase was almost completely due to the extra
running activity resulting from the training schedule. Thus, non-
training activity was not affected by the endurance training. Van
Etten et al. [11] investigated the effect of a weight-training
program on non-training activity in 18 men, age 23–41 year.
None of the subjects had engaged in a regular exercise program
for at least two years before the study. The subjects had two
workout sessions a week on non-consecutive days for 18 weeks,
inducing an average increase in total energy expenditure of
approximately 10% after 8 weeks, with no further change after
18 weeks. non-training activity, as measured with Tracmor-1,
did not change between baseline and 8 and 18 weeks training.
Mean values were, respectively, 812±133, 814±166, and 852±
199 kCounts/day.

Goran and Poehlman [12] did observe no change in total
energy expenditure in healthy elderly persons, 56–78 year, in
response to endurance training. It was concluded that the cost
of the training program was offset by a compensatory decline
in non-training activity. One explanation was that the level of
exercise, increasing to 85% of VO2max, was too vigorous and
thus fatigued the elderly participants during the remainder of the
day. Meijer et al. [13,14] investigated the effect of a 12-wk
exercise-training program of moderate intensity on non-training
activity in elderly humans. Subjects, 55–68 year, trained twice a
week in a fitness club at intensity around 50% of heart rate
reserve. The training program did not increase the total daily
physical activity level as monitored with Tracmor-2 (Fig. 2). On
training days, subjects showed a significant decrease in non-
training activity, which fully compensated for the training activity
after 12 weeks participation. Although the training program
decreased non-training activity, a significant increase in maximal
oxygen uptake of approximately 8% was observed. In addition,
12 weeks of training significantly reduced heart rate during
exercise at sub maximal intensity.

In conclusion, the effect of exercise training on non-training
activity is age dependent. In young adults, exercise training
induced increases in total energy expenditure up to 25% while



Fig. 2. Average accelerometer output (Tracmor-2, kCounts/d) of 37 subjects
(19 women and 18 men, age 55–68 year) as measured over two weeks before
and on training days after 6 and 12 weeks participation in a training program
with two sessions per week at 50% of heart rate reserve (adapted from [13,14]).
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non-training activity was not affected. In elderly subjects, exer-
cise training had no effect on total energy expenditure through
an equivalent compensatory decline in non-training activity.

4. Under- and overeating and activity associated
energy expenditure

A classical study on the effect of semi-starvation in normal-
weight men is the so-called Minnesota Experiment [5]. The diet
during a 12-week baseline weight maintenance period was
14.6MJ/d. Subsequently; energy intakewas reduced for 24weeks
to 6.6 MJ/d. The subjects adjusted their energy expenditure to
reach a situation of energy balance at 45% of ad libitum energy
intake (Table 1). Of the mean total saving of 8.0 MJ/d the main
part stemmed from reduced AEE. The AEE reduction could be
split into a ‘passive’ component and an ‘active’ or real adaptation
component, i.e. 40% of the reduction inAEEwas due to a reduced
body weight while 60% was a consequence of moving less.
Velthuis-te Wierik [15] did a similar experiment, reducing intake
under controlled dietary conditions by 33% for 10 weeks. Total
energy expenditure decreased 20%, from 14.3MJ/d to 11.4MJ/d,
i.e. subjects did not reach a new steady state within the ob-
servation interval. However, again more than 50% of the total
saving of 2.9 MJ/d was a consequence of a reduction of AEE.

The reduction of AEE during energy restriction, as described
above, is difficult to overcome. The addition of exercise training
Table 1
Energy saved by 24 weeks semi-starvation in the Minnesota Experiment [6]

MJ/d % of total

Basal metabolic rate 2.6 32 65% for a decreased active-tissue mass
35% for a lowered tissue metabolism

Diet induced energy
expenditure

0.8 10

Activity induced energy
expenditure

4.7 58 40% for a reduced body weight
60% for a reduced physical activity

Total 8.0 100
to an energy-restricted diet results in little further weight loss
[16,17]. The additional exercise is compensated by a further
reduction of non-training activity. Kempen et al. [18] provided
women with a low-energy formula diet or an identical diet plus
an exercise program. They observed a comparable decrease of
total energy expenditure in the diet plus exercise and the diet-
only group. Total energy expenditure dropped significantly,
and to a similar extent, at both treatments suggesting no net
effect of the exercise training on the activity associated energy
expenditure.

Studies on the effect of overfeeding on energy expenditure
were reviewed recently [19]. It is often suggested that humans
differ in the susceptibility to weight gain in response to over-
feeding. Seven years ago, AEE was presented as a new mech-
anism to explain differences in weight gain between subjects
[7]. Activation of AEE could dissipate excess energy to pre-
serve leanness and only failure to activate AEE resulted in ready
weight gain. Unfortunately, accelerometer output as measured
at baseline (2905±514 units/d) and during overfeeding (2963±
537 units/d) was unchanged, and there is still little evidence for
this form of adaptive thermogenesis from additional studies.

5. Chronic disease and activity associated energy expenditure

There is no significant difference in total energy expenditure
between clinically stable patients with chronic obstructive pul-
monary disease (CPOD) with a normal resting energy expen-
diture and those with an increased resting energy expenditure
[6]. COPD patients with increased resting energy expenditure
had a lower AEE than patients with normal resting energy
expenditure (Fig. 3). Heart rate measurements, as an indirect
indicator of the activity level, did not indicate a difference
between both groups of patients. It might be that the energy cost
of breathing in patients with COPD limits physical activity,
especially in those with an increased resting energy expenditure.

Another limiting factor for physical activity, especially in
patients with chronic disease like COPD, is the maintenance of
Fig. 3. Components of total energy expenditure: resting energy expenditure (REE);
diet induced energy expenditure (DEE); and activity associated thermogenesis
(AEE); in patients with chronic obstructive pulmonary disease with and without an
increased REE (adapted from [6]).



Fig. 4. Daily percentage of time spent on activities of low, moderate and high
intensity in 5–12 year children, 20–35 year adults, and 55–68 year elderly
(adapted from [28]).
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energy balance. Goris et al. [20] observed a significant relation
between body mass change and physical activity level as
assessed with Tracmor-2. COPD patients with a lower physical
activity level were able to eat sufficient for their energy needs
and remained in energy balance or even gained weight. A high
physical activity level must be accompanied by a higher energy
intake to maintain at least energy balance. This was apparent-
ly difficult for the already depleted COPD patients and they
showed a further weight loss.

In conclusion, AEE is limited in chronic disease through an
increased maintenance requirement and the ‘competing’ energy
costs for the processing of food to prevent energy depletion.

6. Discussion

The variation in energy expenditure between subjects is a
function of body size and physical activity, where AEE is an
important contributor. Most of the variation in AEE is ac-
counted for by genetic factors. Exercise training does not affect
non-training activity as shown in intervention studies in young
adults. However, elderly subjects compensate for the added
exercise expenditure with a reduction of non-training activity.
Similarly, AEE is reduced during energy restriction and in
patients with chronic disease increasing resting energy expen-
diture. There is little evidence for a compensatory increase in
AEE during overfeeding.

The relatively high contribution of genetic factors to whether
a person is prone to engage in activities and how much energy is
expended for these activities, as observed in adults, was not
observed in a similar study in young children [21]. In twin pairs
aged 4–10 year, familial resemblance in physical activity was
predominantly explained by shared environment and not by
genetic variability. However, behavior in childhood is plausibly
governed more directly by others (eg, parents and teachers) than
in adulthood, and this could restrict the expression of genetic
effects as stated in the discussion of the results of this study [21].
The twins in the quoted study of Joosen et al. [10] were 18–
39 year of age, and members of twin pairs lived separately. Even
then, a small common environmental factor in the genetic coef-
ficient cannot be ruled out but certainly, genetic factors ex-
plained the largest part of the variation in body movement and
the associated energy expenditure.

Non-exercise associated energy expenditure, generally is the
largest component of activity induced energy expenditure. In all
studies where the effect of exercise training on total energy
expenditure in sedentary subjects was evaluated with doubly
labeled water, non-exercise associated energy expenditure was
still larger than exercise induced energy expenditure at the
maximum training load [2]. Bingham et al. [22] gave subjects a
nine-week supervised jogging training, which was gradually
increased to 1 h/d, 5 d/wk. In a control period before the training
only light activities were allowed. Mean AEE in the control
period was 2.56 MJ/d and at the end of the training 4.90 MJ/d.
In a study where sedentary subjects were trained over 40 weeks
to run a halve-marathon, AEE was 3.36 MJ/d before the training
started and 5.59 MJ/d at the end of the training [23]. In all other
exercise-training studies, where the effect of exercise training
was evaluated with doubly labeled water, exercise induced a
smaller effect on energy expenditure.

Activity associated energy expenditure is a function of body
weight and body movement. Interestingly, we described an in-
crease inAEE in children and adolescents with increasing age, i.e.
increasing body weight [24]. The increase in AEE could be
attributed to an increase in weight, because there was no relation
between AEE/kg body weight and age. Another study also
described a higher unadjustedAEE in adolescents than in children
[25]. Here, after adjusting AEE for differences in body weight,
AEE was significantly higher in children than in adolescents.
Similarly, body movement as measured with an accelerometer
was higher in children than in adolescents, confirming the pro-
cedure for adjusting AEE removes the confounding effect of body
weight differences.

Accelerometers show that body movement is not necessarily
equivalent to AEE. Obese adolescents had a similar AEE value
to non-obese adolescents while body movement as measured
with an accelerometer was significantly lower in the obese [26].
The increased costs of moving a larger body mass was reflected
in a difference in body acceleration. The obese can perform less
body movement even when there is no difference in AEE. They
show less accumulated time in physical activity and thus are
often blamed to be lazy.

Age is another determinant of AEE. Increasing age is as-
sociated with lower activity levels [27]. The effects of age are
more pronounced for AEE than for the other components of
total energy expenditure. Doubly labeled water studies show a
decrease in the average proportion of total energy expenditure
for AEE of about 35% at the age of 20 to 25% at the age of 90.
Comparing physical activity patterns of children, young adults
and elderly, there is a decrease in the percent time spent in
activities with high intensity and an increase in the time spent in
activities with low intensity (Fig. 4) [28].

In conclusion, genes determine for the largest part whether a
person is prone to engage in activities and how much energy is
expended for these activities i.e. AEE. AEE decreases during
energy restriction, during chronic disease, and with increasing
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age. Then, it is difficult to overcome the decrease in AEE with
exercise training.
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