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During the MSc project of my study biology, I was introduced to the interaction between energy expenditure and
body weight regulation, and this continued to be my main
focus in research. My MSc project was a study on growth
efﬁciency in birds. It started with putting up 50 wooden nest
boxes in the national park ‘De Hoge Veluwe’, to measure
energy intake, energy expenditure, and growth in nestlings
of starlings from hatching to ﬂedging [1]. Subsequently, my
PhD project was a laboratory study on adaptations of energy
expenditure during starvation, titled: How rats economize—
energy loss in starvation [2]. Following postdoc projects
were focused on ﬂight energetics in birds, while developing
the use of the doubly labelled water method for measurements. After fourteen years in animal work, I switched to
Human Energetics.
The methodology for measuring energy expenditure in
the laboratory remained indirect calorimetry. Birds, rats,
and humans were housed in a respiration chamber to measure oxygen consumption and carbon dioxide production.
To measure energy expenditure under free-living conditions, I developed the use of the doubly labelled water
method in a project on the energy budget of the House
martin [3]. Isotope analyses were performed at the Scottish
Universities Research and Reactor Centre at East Kilbride
in Scotland. Back in the Netherlands, I used facilities of the
Centre for Isotope Research of the University of Groningen
in the Netherlands. At Maastricht University, where I
switched to human energetics, I started my own facility
while frequently exchanging experiences with the other two
initiators of the application of the doubly labelled water
method in human research: Dr. Dale Schoeller in the USA
and Dr. Andy Coward in the UK.
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As an ecologist, the research questions originated from
observations in daily life. Obviously, the most variable
component of daily energy expenditure is activity induced
energy expenditure. Here, observations on activity induced
energy expenditure and energy balance are reviewed thus
generating new ideas. Studies are grouped under the headings: assessment of physical activity; inter-individual variation in physical activity; exercise training; high altitude;
habitual physical activity; and age.

Assessment of physical activity
Assessment of physical activity in daily life is necessary for
understanding relations between physical activity and body
weight regulation. Methods include self-reports, monitorbased methods like pedometers and accelerometers, and
energy expenditure as criterion measure. At present, doubly
labelled water validated accelerometers for movement
registration are the preferred method [4]. For assessment of
activity induced energy expenditure, the monitor should be
trunk mounted, as close as possible to the center of gravity
of the body [4]. Thus, accelerometer output can explain
more than 50% of the variation in activity induced energy
expenditure in daily life [4]. Future devices will allow
physical activity recognition to improve accelerometerbased estimations of activity induced energy expenditure as
compared to activity counts [4].
Combination of accelerometer assessed body movement
with doubly labelled water assessed activity induced energy
expenditure showed that moderate-intensity activities are
the main determinant of the daily physical activity level [5].
Subjects wanting to increase their daily energy expenditure
should exchange low-intensity activities such as sitting for
moderate-activities such as walking and cycling [5]. Obese
subjects move less despite a similar activity induced energy
expenditure, which is explained by the increased cost of
moving a larger body mass as body fat and a reduction of
movement economy [6].
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The diversity of daily physical activities and exercise
modalities complicate activity recognition, which can be
used to improve the estimation of activity induced energy
expenditure with accelerometers. Consumer devices for
activity assessment, as incorporated in cellphones, watches,
and armbands, already lack accuracy by not being trunkmounted [4].

Inter-individual variation in physical activity
and energy balance
Physical activity level (PAL), expressed as daily energy
expenditure as a multiple of resting energy expenditure,
ranges between a minimum of 1.1 and a maximum of 2.5 in
the general population [7]. The minimum of 1.1 is for a
subject at rest all day, with an additional energy expenditure
of about 10 % for food processing to maintain energy balance. A typical PAL for a subject conﬁned in a respiration
chamber was 1.4 ± 0.1 (range 1.3 to 1.6) [8]. At the average
PAL value of 1.7–1.8, as observed in free-living subjects,
activity induced energy expenditure is one third of daily
energy expenditure [7].
The activity level of a subject as measured in a respiration chamber was related to the activity level in daily life
[8]. Subjects with a lower PAL under conﬁned conditions
were those with a lower PAL in free-living conditions as
well, indicating a genetic component. A subsequent comparative study in monozygotic and dizygotic twins conﬁrmed genetic inﬂuence explains a large part of the
variation in habitual physical activity [9].
Predisposition to an originally physically active lifestyle
does not guarantee a permanent decreased risk of a positive
energy balance. With increasing age, a physically active
lifestyle usually is not maintained. For instance, a longitudinal study, measuring PAL in the same subjects with a
time interval of more than 10 years, showed that an initially
higher PAL was remarkably decreased, thus predicting a
higher fat gain [10]. The fat gain probably reﬂects an
insufﬁcient adaptation of energy intake to a lower energy
requirement, resulting from the reduction of activity
induced energy expenditure [10].

Exercise training and energy balance
In the following exercise-training project, sedentary subjects were trained to run a half-marathon after 40 weeks
[11]. Participants were 30 to 40 year, normal weight, with
an initial body fat 25 to 45% for women and 15 to 31% for
men. Nine out of 32 subjects withdrew from the study, all
with an initial body fat percentage above the group mean for
their sex. Body mass changed little despite pronounced

K. R. Westerterp

changes in body composition. Loss in fat mass was largely
compensated by a gain in fat-free mass, as conﬁrmed in a
recent review [12]. Exercise training results in a healthier
body composition with little or no long-term effect on body
weight [11, 12].
Exercise training has the potential to increase the physical activity level. The PAL of the sedentary subjects
trained to run a half-marathon increased from 1.6 ± 0.2 to
2.1 ± 0.2 (p < 0.001), a value for a vigorously active lifestyle. The PAL value reached was within the range of 2.0–
2.4, the maximum for a sustainable lifestyle with maintenance of energy balance and body weight [7].
Surprisingly, in novice runners, PAL reached a plateau
value of 2.1 after 8 weeks of training while with double
training volume afterwards it did not increase any further
[11]. Results suggested a doubling of exercise economy, yet
without further explanation [11]. Endurance athletes can
reach PAL values twice as high as the PAL ceiling of 2.0–
2.4 for a sustainable lifestyle, maintaining energy balance
with energy-dense food supplements [7, 13].

High altitude and energy balance
Altitude exposure induces a negative energy balance,
especially when energy expenditure is increased by physical
activity like climbing. In three studies, we explored the
effect of altitude exposure on energy balance: in subjects
climbing Mount Everest, Nepal (8,872 m); during a 21-day
sojourn on the summit of Mount Sajama, Bolivia (6,542 m);
and over 31 days of progressive hypoxia, simulating an
altitude of 4500 to 8848 m, in a hypobaric chamber in
COMEX, Marseille, France [14–16].
While climbing Mount Everest, energy intake was low
and energy expenditure was high [14]. Measured PAL was
2.3 ± 0.3, a value indicating vigorous activity [14]. All
subjects were in a negative energy balance (−5.8 ± 1.8 MJ/
d) [14]. Staying for 21 days in tents at Mount Sajama, at
6542 m, the PAL was 1.8 ± 0.3, being slightly higher than
for subjects with a sedentary lifestyle living at sea level
[15]. However, energy balance was still negative (−2.6 ±
1.5 MJ/d), and not attained at high altitude [15].
Staying in a hypobaric chamber, energy expenditure at a
simulated altitude of 5000–7000 m was similar to measured
energy expenditure staying in tents at Mount Sajama
(6542 m) [16]. Again, subjects did not maintain
energy balance despite a wide choice of highly palatable
food [16, 17]. Meal size decreased with increasing hypoxia,
only partly compensated by increased snacking, resulting in
a negative energy balance of −3.0 ± 1.2 and −4.0 ± 1.5 MJ/
d during days 2–16 at 5000–7000 m and days 17–30 at
7000–8848 m, respectively [17]. Exposure to hypoxia per se
appears to decrease appetite and food intake [17]. Thus it
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seems difﬁcult to maintain energy balance above 5000 m
altitude, even at a low level of physical activity [16, 17].

Energy balance and habitual physical
activity
Habitual physical activity is a function of energy balance
[18]. Food deprivation in rats, inducing a decrease in body
mass from 300 g to 200 g, reduced daily energy expenditure
from 173 kJ/d to 69 kJ/d [2]. Activity induced energy
expenditure showed the largest relative change [2]. A
classical experiment on the effect of semi-starvation in
normal-weight men had a similar result [19]. Energy intake
was reduced to 50% of maintenance requirement for
6 months and body mass went down from an average of 69
to 53 kg [19]. At the end of the 6 months, energy expenditure equaled energy intake [19]. The decrease in AEE was
with 58% the largest contributor to the reduction of daily
energy expenditure [20]. Subjects showed a pronounced
decrease in physical performance [19].
A daily life example of semi-starvation is anorexia nervosa. Subjects with anorexia nervosa seem to have a high
level of daily physical activity. In a study in nonhospitalized women with anorexia nervosa, body mass
index ranging from 12.5 to 18.3 kg/m2, PAL was positively
related with BMI [21]. Subjects with a BMI ≥ 17 kg/m2
were equally or more physically active compared with
control subjects, while subjects with a BMI < 17 kg/m2 were
less active [21]. At a lower BMI, under-eating and a
declining physical capacity limited PAL [21].
Restricting energy intake to lose weight, often practiced
in overweight and obese subjects, induces a reduction in
physical activity [22]. Accelerometer assessed body movement and PAL decreased when consuming a weight-loss
diet and returned to baseline levels when energy balance
was reached again during weight maintenance [22]. Overfeeding does not affect PAL, only massive overfeeding has
a decreasing effect [23]. Subjects participating in a traditional fattening session, representing twice or threefold
habitual intake for about two months, showed no change in
daily energy expenditure [24]. Here, resting energy expenditure and postprandial energy expenditure increased at the
cost of AEE. The estimated decrease in AEE was 59 ± 10
%, as was also reﬂected in a reduction of accelerometer
assessed body movement [24]. In conclusion, optimal performance requires maintenance of energy balance.

Physical activity, energy balance, and age
Activity induced energy expenditure shows a typical change
with increasing age. In children, AEE increases as a fraction
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of daily energy expenditure from 20 % when they start to
move around, to reach a value of 30–45 % when they reach
adult height and weight [7]. Corresponding PAL increases
from 1.4 to 1.7–1.8. In most adults over age 50, AEE and
PAL show again a lower value, even below the initial 20%
and 1.4, respectively, when they are over age 80 [25].
The increase in PAL in children and adolescents is
mainly determined by the increase in active daytime [26].
Younger children have longer sleeping times. The decrease
in PAL at advanced age can have many explanations
including muscle loss and changes in muscle composition
[25]. The lack of a relationship between age-adjusted PAL
and fat-free mass, suggests that greater physical activity
does not protect against muscle loss at higher age [25].
At advanced age, exercise training does not affect PAL
as it does in young adults [7]. For example, older subjects
compensate for exercise training by a decline in spontaneous activity, so that PAL remains unchanged [27]. Subjects at higher age experienced a more negative energy
balance than younger subjects over a 10-day interval of
strenuous hill walking [28]. Older subjects, able to cycle
more than 2700 km from Copenhagen to Nordkapp in
14 days, were able to sustain high energy expenditure but
did not maintain energy balance as observed in young
adults [29, 30].

Concluding comment
Physical activity is rather a function than a determinant of
energy balance. The main determinant of energy balance is
energy intake.
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