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Physical activity, food intake, and body weight regulation:
insights from doubly labeled water studies

Klaas R Westerterp

Body weight and energy balance can be maintained by adapting energy intake to
changes in energy expenditure and vice versa, whereas short-term changes in
energy expenditure are mainly caused by physical activity. This review investigates
whether physical activity is affected by over- and undereating, whether intake is
affected by an increase or a decrease in physical activity, and whether being
overweight affects physical activity. The available evidence is based largely on
studies that quantified physical activity with doubly labeled water. Overeating does
not affect physical activity, while undereating decreases habitual or voluntary
physical activity. Thus, it is easier to gain weight than to lose weight. An
exercise-induced increase in energy requirement is typically compensated by
increased energy intake, while a change to a more sedentary routine does not induce
an equivalent reduction of intake and generally results in weight gain. Overweight
and obese subjects tend to have similar activity energy expenditures to lean people
despite being more sedentary. There are two ways in which the general population
trend towards increasing body weight can be reversed: reduce intake or increase
physical activity. The results of the present literature review indicate that eating less
is the most effective method for preventing weight gain, despite the potential for a
negative effect on physical activity when a negative energy balance is reached.
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INTRODUCTION

Food intake is a function of energy requirement as
determined by body size and physical activity. Adult
humans maintain a balance between their energy intake
and energy expenditure levels, as demonstrated by the
constancy of body weight and body composition. This
can be achieved by controlling either energy intake or
expenditure. Humans, however, do not balance energy
intake and energy expenditure on a daily basis, as
smaller animals do. They can afford to rely on their
body’s reserves while smaller species show signs of
energy shortage sooner in the form of lowered body
temperature and reduced physical activity. Smaller
species have a higher level of energy expenditure per kg
body mass as well as a relatively smaller body energy

reserve. Thus, a mouse cannot survive 3 days without
food, while a normal adult human being can survive
more than 30 days.

Of course, humans are able to maintain a perfect
energy balance over the long term, as shown by a constant
body weight in adult life. An average individual has a daily
energy turnover of 10-15 MJ or 3650-5475 M]/y. Even a
weight change of 1kg, equivalent to 30 MJ, denotes a
discrepancy between intake and expenditure of only 0.6—
0.8% on an annual basis. Energy intake strongly correlates
with energy expenditure on a weekly basis. Daily discrep-
ancies between intake and expenditure are especially
large when days with high energy expenditure are alter-
nated with quieter intervals. Military cadets did not show
an increase in energy intake on days with higher energy
expenditure when they joined a drill competition; the
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corresponding increase in energy intake came about 2
days afterwards.'

Humans can change their energy intake by a factor of
at least three when adapting it to the expenditure of
energy. The opposite possibility of humans adapting
energy expenditure to energy intake is often questioned.
It has even been stated by some that the control of energy
expenditure is contrary to what the body weight would
require in such cases as hyperactivity in anorexics and
hypoactivity in obesity. Reviewed here is the available
evidence for energy expenditure adapting to energy
intake and vice versa. Adaptations in both directions have
been shown in studies in which energy intake is either
decreased or increased through overeating or undereat-
ing, respectively, and studies in which energy expenditure
is decreased or increased, through changes in physical
activity. The review is divided into the following sections:
overeating and physical activity; undereating and physical
activity; exercise training and food intake; reduced physi-
cal activity and food intake; and physical activity and
body weight.

OVEREATING AND PHYSICAL ACTIVITY

Several studies have estimated the effect of overeating on
physical activity. This review focused on six studies in
which physical activity was measured under free-living
conditions, ie., with doubly labeled water. In these
studies, subjects were overfed with 20-100% of weight
maintenance intake for 14-65 days. The studies included
a total of 54 subjects (19 women and 35 men) with a mean
age of 30 years (range 19-58 y). The physical activity level
(PAL), calculated by expressing total energy expenditure
as a multiple of resting energy expenditure, at baseline
was 1.75 (Table 1),>7 similar to the mean PAL values
reported for Europe and North America.® The effect of
overfeeding on PAL was non-significant in four studies.
One study showed an overfeeding-induced increase in
PAL. However, baseline PAL was calculated based on
energy intake for weight maintenance and PAL derived
from accelerometers, as measured at baseline (2,905 *
514 wunits/d) and during overfeeding (2,963 = 537

units/d), was not changed. Finally, in the study that found
an overfeeding-induced decrease in PAL, subjects were
massively overfed, with intake doubled for 9 weeks, result-
ing in a body weight gain of 17 * 4 kg.* The weight
increases reported in the other studies range from 1.5 kg
over 2 weeks to 7.6 kg over 6 weeks or from 0.7 kg/wk to
1.3 kg/wk. In conclusion, there does not seem to be an
effect of overfeeding on physical activity when overfeed-
ing is lower than twice the maintenance requirements, as
observed in studies lasting up to 9 weeks.

UNDEREATING AND PHYSICAL ACTIVITY

Energy restriction results in a reduction of energy expen-
diture by the following means: a reduction of mainte-
nance metabolism or basal metabolic rate, diet-induced
energy expenditure, and activity-induced energy expen-
diture. In the classical Minnesota experiment, young men
with a maintenance requirement of 14.6 MJ/d were
restricted to 6.6 MJ/d for 24 weeks.” They reached energy
balance at the end of the experiment, with 58% of the total
energy saving being ascribed to a reduction of activity-
induced energy expenditure; of this total energy saving,
40% was due to reduced body weight and 60% was due to
reduced physical activity.

A recent randomized controlled trial on the effects of
energy restriction showed similar results. Here, intake in
overweight subjects was restricted to 75% of the baseline
energy requirement for 6 months. Activity-related energy
expenditure, as evaluated at 3 months and 6 months by
adjusting doubly labeled water to assess total energy
expenditure for metabolic body size, decreased signifi-
cantly.”® This indicates a decrease in habitual or voluntary
physical activity.

Studies on the effectiveness of diet-plus-exercise
interventions versus diet-only interventions for weight
loss show it is difficult to overcome a diet-induced reduc-
tion of physical activity with exercise training. A meta-
analysis of a total of 18 randomized controlled trials on
weight loss conducted for a minimum of 6 months
showed an overall difference between the two groups of
only 0.25 kg (95% CI—0.36--0.14)."" At a negative energy

Table 1 Overfeeding studies in which total energy expenditure was measured with doubly labeled water.

Reference Subjects Overfeeding PALpaseline' PALoverfeeding
Roberts et al. (1990)* 7 males, normal weight 3 weeks + 4.2 MJ 1.85 = 0.01 1.89 = 0.04™
Diaz et al. (1992)3 9 males, normal/overweight 6 weeks, 150% baseline 1.8 +0.2 1.8 =0.3™
Pasquet (1992)* 9 males, normal weight 9 weeks, 200% baseline 1.87 £0.12 145 = 0.09*
Levine etal. (1999)° 4 females, 12 males, normal weight 8 weeks + 4.2 MJ/d 1.67 = 0.21%  1.90 = 0.28*
Joosen et al. (2005)° 7 females, normal weight 2 weeks, 150% baseline 1.78 =019 1.77 =0.21™
Siervo et al. (2008)’ 6 males, normal weight 9 weeks, 120-160% baseline  1.60 1.65™
* Significantly different from baseline (P < 0.001).
T Physical activity level, doubly labeled water-assessed energy expenditure as a multiple of resting energy expenditure.
*Energy intake as a multiple of resting energy expenditure.
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balance, the additional exercise is compensated by a
reduction of non-training activity, resulting in a compa-
rable decrease of total energy expenditure in the diet-
plus-exercise and the diet-only groups."

EXERCISE TRAINING AND FOOD INTAKE

There are a limited number of studies that found an
increase in energy expenditure, as measured with doubly
labeled water, through exercise training while subjects
had ad libitum access to food (Table 2)."**® These studies
included a total of 40 subjects: 10 boys aged 10-11 years
and 19 women and 11 men with a mean age of 30 years
(range 23-41 y). The PAL at baseline was, at 1.71, close to
the general population average for adults.® Exercise-
induced increases in daily energy expenditure are mod-
erate. The highest increase, as observed in the jogging
intervention of Bingham et al.,”” was 2.8 MJ/day or 27%
of the baseline value under sedentary conditions. With
overfeeding interventions (Table 1), energy intake was
increased to twice the value of intake for weight mainte-
nance with a minimum of 4.2 MJ/day. Despite the rela-
tively smaller experimentally induced change in energy
expenditure compared with energy intake, there must be
a stimulatory effect on energy intake. Only the study with
the smallest exercise-induced change in energy expendi-
ture resulted in a negative energy balance, as reflected in
significant weight loss.'® In the other studies, the mainte-
nance of body weight indicated that the increase in
energy expenditure was compensated by increased food
intake. Even in the study that documented exercise-
induced weight loss, the weight loss was only about 50%
of what could be expected without any intake compensa-
tion. In conclusion, an exercise-induced increase in
energy expenditure induces increased energy intake, thus
compensating for the additional requirement, especially
at higher exercise loads.

REDUCED PHYSICAL ACTIVITY AND FOOD INTAKE

Doubly labeled water studies show that physical activity-
induced energy expenditure decreases, on average, by
more than 50% between the ages of 20 and 30 years and

over the age of 65 years."” Exercise training does not seem
to prevent the age-associated decline in physical activity
because it is compensated by a decrease in non-training
physical activity.”” Thus, a physically active lifestyle inevi-
tably results in a proportionally larger decrease of daily
energy expenditure at later ages than a sedentary lifestyle.
In a laboratory study, Stubbs et al. showed that reducing
the PAL from 1.8 to 1.4 over 7 days markedly affected
energy balance. A change to a sedentary routine did not
induce a compensatory reduction of energy intake and
most of the excess energy was stored as fat."® Similarly,
weight gain was observed in runners because of reduc-
tions in weekly exercise, and it was not reversed by
resuming prior activity; this shows that intake follows an
increase more than a decrease in activity-induced
changes in daily energy expenditure.’” A recently
reported study observed young adults over an average
time interval of more than 10 years.?® Physical activity was
measured over 2-week periods with doubly labeled water
and doubly labeled water-validated triaxial accelerom-
eters, and body fat gain was measured with isotope dilu-
tion. There was a significant association between the
change in physical activity and the change in body fat,
whereby a high initial activity level was predictive for
greater fat gain. In conclusion, the change from a physi-
cally active to a more sedentary routine does not induce
an equivalent reduction of energy intake and generally
results in weight gain.

PHYSICAL ACTIVITY AND BODY WEIGHT

Energy expenditure is a function of body weight and
physical activity. Since the application of the doubly
labeled water technique for measuring total energy
expenditure in free-living humans, we know that energy
expenditure increases with body weight. Before, data on
energy expenditure was derived from reported intake,
resulting in the opposite conclusion. Figure 1 shows a
typical example of reported intake (A) and measured
expenditure (B) in the same subjects, with a body mass
range from 51 to 103 kg for women and 59-141 kg for
men.”" Reported intake is independent of weight in
women, while in men reported intake is significantly
lower in heavier subjects (P <0.05). In both genders,

Table 2 Exercise training and body weight in studies measuring total energy expenditure with doubly labeled

water.

Reference Subjects Training mode A Expenditure A Body
(MJ/d) weight (kg)

Bingham et al. (1989)" 2 females, 3 males, normal weight Jogging for 9 weeks +2.8* -0.9™

Blaak et al. (1992)™ 10 boys, obese Cycling for 4 weeks +1.3% +0.5"

15 5 females, 8 males, normal weight Jogging for 40 weeks +2.3%%% —0.9™

Westerterp et al. (1992)'® 12 males, normal weight Weight training for 12 weeks +0.8** —1.1*

¥ P <0.05; ** P<0.01; *** P< 0.001, for significant differences with baseline; ™, not statistically significant.
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Figure 1 Reported energy intake as measured with a 7-day food record (A) and energy expenditure as measured
simultaneously with doubly labeled water (B). Both measurements were made in the same subjects and plotted as a
function of body weight for women (closed dots) and men (open dots), with linear regression lines denoting a significant

relationship.

Data from Meijer et al. (1992),”' Westerterp et al. (1996),% and Goris et al. (2000).%

measured expenditure is significantly higher than
reported intake (P < 0.001) and is significantly higher in
heavier subjects (P <0.001). Heavier subjects tend to
show more under-reporting of food intake than lean sub-
jects.”* When reported intake is expressed as a multiple of
the estimated basal metabolic rate, this food intake-
derived measure of physical activity is significantly lower
in subjects with a higher body mass index.® Reported
intake as a multiple of the basal metabolic rate is often
lower than the theoretical minimum of one, especially in
overweight and obese subjects.

The first compilation of doubly labeled water-
derived energy expenditure measurements showed no
significant decrease in physical activity level, total energy
expenditure as a multiple of the basal metabolic rate, or
total energy expenditure minus the basal metabolic rate
in most obese women and men.” A study of adolescents
attending the same school showed the higher energy
expenditure observed in obese subjects is mainly due to a
higher basal or maintenance metabolism (Figure 2).”
Activity-induced energy expenditure was similar for
obese and gender-matched control subjects.

The fact that activity-induced energy expenditure is
similar and not proportionally higher in subjects with a
higher body weight has consequences for body move-
ment. Indeed, body movement, as measured simulta-
neously with body-mounted accelerometers, was lower in
obese subjects than in normal-weight subjects.

IMPLICATIONS OF CURRENT FINDINGS

The studies evaluated in this literature review indicate an
increase in energy intake does not result in an increase in
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energy expenditure through more body movement.
However, undereating seems to result in decreased
habitual or voluntary physical activity and a diet-induced
reduction of physical activity is difficult to overcome with
exercise training. Under ad libitum food conditions, an
exercise-induced increase in energy expenditure induces
increased energy intake that compensates for the addi-
tional requirement, especially at higher exercise loads.
The opposite, i.e., the change from a physically active to a

20
girls boys

15

10_. .

Total energy expenditure (MJ/d)

control obese control obese

Figure 2 The three components of daily energy expen-
diture, basal metabolic rate (BMR), diet-induced energy
expenditure (DEE), and activity-induced energy expen-
diture (AEE), as observed in control and obese adoles-
cents from the same school. BMR and DEE are higher in
obese than gender-matched control subjects (P < 0.001),
while AEE is similar.

Data from Ekelund et al. (2002).7
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more sedentary routine, does not induce an equivalent
reduction of energy intake and generally results in weight
gain. The higher energy expenditure in obese subjects is
mainly due to a higher basal or maintenance metabolism
while activity-induced energy expenditure is similar and
not proportionally higher in subjects with a higher body
weight. Thus, obese subjects eat more to maintain a
higher body weight while moving less.

Unfortunately, under the current conditions of an
ample food supply for the majority of the population,
there is no increase in physical activity to offset a positive
energy balance when overeating. The current obesity
epidemic was originally explained by inactivity, based on
a downward trend of reported intake, increasing use of
cars for personal transportation, and time spent watch-
ing television.®® Now we know from doubly labeled
water studies that subjects might be reporting energy
intake according to their perceptions of expected intake
instead of their actual intake and campaigns aimed at
reducing fat intake might not be as successful as con-
cluded from the results of national food consumption
measurements.** Physical inactivity cannot be the major
or sole cause for the increasing prevalence of obesity
given that review studies do not show a reduction in the
levels of physical activity over the years and food intake
is difficult to measure in free-living conditions.” Physi-
cal activity energy expenditure, as measured with doubly
labeled water, has not declined since the start of the
obesity epidemic in the 1980s.® A substantial increase in
energy intake has driven the increase in body weight
over the past decades.”

Theoretically, there are two options for reversing the
general population trend towards increasing body weight:
reducing intake or increasing physical activity. Prevent-
ing overeating by eating less is likely to be the most effec-
tive strategy, despite the potential for a negative effect on
physical activity when a negative energy balance is
reached. There is evidence that physical activity is of
importance for weight maintenance, especially for the
prevention of weight regains after weight loss. Schoeller
etal. assessed physical activity energy expenditure in
weight-reduced women and found that lower activity
levels were associated with greater weight gains at follow-
up.”’ Weinsier etal. compared total free-living activity
energy expenditure and physical activity levels in women
who were successful and unsuccessful at maintaining a
normal body weight. Two groups were identified on the
basis of extreme weight changes: weight maintainers, who
had a weight gain of =2 kg/y, and weight gainers, who
had a weight gain of =6 kg/y.** Gainers had lower activity
energy expenditures, lower physical activity levels, and
less muscle strength. A lower activity energy expenditure
in the gainers explained ~77% of their greater weight gain
after 1 year.
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The adaptation of food intake to an exercise-induced
increase in energy requirement is not unlimited. At physi-
cal activity levels higher than approximately 2.5, subjects
have problems maintaining energy balance.” Five studies
performed on soldiers during field training, which collec-
tively included 66 subjects with a mean PAL value of
2.40 = 0.46, all reported a negative energy balance over
the observation interval.**** The body weight loss ranged
from 0.4 to 2.3 kg/wk. Examples of energy balance being
maintained at PAL values higher than 2.5 are available in
studies of endurance athletes like runners, cross-country
skiers, and professional cyclists.”** The differences
between these studies and those with soldiers is probably
twofold. First, professional endurance athletes comprise a
segment of the population that has trained over many
years to reach a high level of performance. Second, endur-
ance athletes manage to maintain energy balance at a high
level of energy turnover by supplementing their diets
with energy-dense, carbohydrate-rich liquid formulae.*

The weight gain observed as a consequence of a
change to a more sedentary routine was explained by the
absence of an equivalent reduction of energy intake.
Additionally, a more sedentary lifestyle might give more
opportunities to eat in our obesogenic environment.
Increased television viewing in children has been found
to be associated with elevated body fatness but not with
lower total energy expenditure*; the relationship
between television viewing and fatness was explained by
increased food intake during viewing.

While activity-induced energy expenditure is similar
in subjects with a normal weight and those with a higher
body weight, an overweight condition is limiting for
high-intensity physical activity and physical perfor-
mance. Jogging, for example, is not an ideal form of exer-
cise for overweight subjects. In a prior study on the effect
of an increase in physical activity on energy balance and
body composition, our group studied subjects who were
not participating in any sport before the start of the study
and then prepared to run a half-marathon competition
after 44 weeks of training."* Subjects were recruited
through an advertisement in the local media. Of 370
respondents, 16 women and 16 men, aged 28-41 years
with BMIs between 19.4 and 26.4 kg/m’, were selected.
During the study, nine subjects withdrew, and all of them
dropped out within 20 weeks of starting training.
Reasons given for withdrawal were “not enough time to
join the training” (n = 3), injuries (n = 5), and not able to
keep up with the training (n=1). The BMI of the drop-
outs was 23.4-26.4 kg/m’, which was higher than the
group mean of 22.9 kg/m’. Although manifestly obese
subjects were excluded by the selection criteria, most of
the subjects with a BMI above 24 experienced difficulties
with the training that led to their withdrawal.* Similarly,
in a study of voluntary recruits for military service, an
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overweight condition was the most important factor lim-
iting high-level training.*

CONCLUSION

The results of the present literature review indicate an
increase in physical activity results in an increase in food
intake to maintain energy balance; however, an increase
in energy intake does not result in an increase in energy
expenditure through more body movement. People who
are overweight exhibit activity-associated energy expen-
diture that is similar to lean people, but they eat more in
order to cover the higher energy requirement for main-
taining a larger body. The indicated method for energy
balance maintenance is the prevention of overeating and
the most successful method for weight loss is eating less.
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