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Weight loss–induced reduction in physical activity recovers during
weight maintenance1–3

Stefan GJA Camps, Sanne PM Verhoef, and Klaas R Westerterp

ABSTRACT
Background: Weight loss due to a negative energy balance is con-
sidered to be accompanied by a decrease in physical activity.
Objective: The aim of this study was to investigate whether a de-
crease in physical activity is sustained during weight maintenance.
Design: Subjects were 20 men and 31 women [mean (6SD) age:
42 6 8 y; BMI (in kg/m2): 31.4 6 2.8]. Weight loss was achieved
by an 8-wk very-low-energy diet period, followed by 44 wk of weight
maintenance. Physical activity measures were total energy expendi-
ture expressed as a multiple of sleeping metabolic rate (PALSMR) and
resting metabolic rate (PALRMR), activity-induced energy expenditure
divided by body weight (AEE/kg), and activity counts measured by
a triaxial accelerometer. Measurements took place at 0, 8, and 52 wk.
Results: Body mass decreased significantly during the diet period
(10.5 6 3.8%, P , 0.001), and this reduction was sustained after
52 wk (6.0 6 5.1%, P , 0.001). PALSMR and PALRMR decreased
from 1.81 6 0.23 and 1.70 6 0.22, respectively, before the diet to
1.69 6 0.20 and 1.55 6 0.19 after the diet (P , 0.001) and in-
creased again after weight maintenance to 1.85 6 0.27 and 1.71 6
0.23, respectively, compared with 8-wk measurements (P , 0.001).
AEE/kg decreased from 0.043 6 0.015 MJ/kg at baseline to 0.037 6
0.014 MJ/kg after the diet (P , 0.001) and was higher after 52 wk
(0.044 6 0.17 MJ/kg) compared with after 8 wk (P , 0.001). Ac-
tivity counts decreased from 1.646 0.37 megacounts/d at baseline to
1.54 6 0.35 megacounts/d after the diet (P , 0.05) and were higher
after 52 wk (1.73 6 0.49 megacounts/d) compared with 8 wk
(P , 0.01).
Conclusion: A weight loss–induced reduction in physical activity
returns to baseline values when weight loss is maintained. This trial
was registered at clinicaltrials.gov as NCT01015508. Am J
Clin Nutr 2013;98:917–23.

INTRODUCTION

The increasing prevalence of obesity and its comorbidities
is one of the major health problems in our modern world (1).
Although weight loss strategies target both sides of the energy
balance, intake, and expenditure, the success of long-term weight
loss maintenance is low (2, 3). Weight gain and obesity occur
when energy intake exceeds energy expenditure. Total energy
expenditure (TEE)4 consists of resting metabolic rate (RMR),
activity-induced energy expenditure (AEE) and the diet-induced
thermogenesis (DIT); sleeping metabolic rate (SMR) is con-
sidered as RMR without the energy cost of arousal (4–6). First,
the amount of physical activity can be expressed as the physical
activity level (PAL), calculated by expressing TEE as a multiple

of RMR (PAL = TEE/RMR). PAL has a value between 1.2 and
2.5 in the general population (7). Second, Schoeller and Jefford
(8) suggested AEE divided by body weight to normalize the
energy expenditure of physical activity. Third, physical activity
can be expressed as activity counts measured by accelerometers
(9). In origin, a decrease in physical activity is a biologically
meaningful survival mechanism to conserve energy in the face
of starvation and dangerously low energy supplies (10, 11).

The correlation between BMI and physical activity is still up
for debate, because some studies have shown no difference be-
tween mean PAL of lean and obese subjects (12, 13) while other
studies have shown a negative effect of BMI on physical activity
(14–16). Furthermore, there is no agreement yet on the influence
of energy restriction on physical activity, as studies have not
systematically shown alterations in physical activity. Ravussin
et al (17) showed no change in AEE as a fraction of TEE during
energy restriction in respiration chambers compared with weight
maintenance. Furthermore, Levine et al (18) concluded that in-
terindividual differences in posture allocations are biologically
determined and are independent from losing or gaining weight.
On the other hand, several studies did demonstrate a decrease in
physical activity as a result of weight loss. De Groot et al (19)
showed a reduction of spontaneous activities during slimming
studies in a respiration chamber. Velthuis-te Wierik et al (20)
showed for a group of 8 men that there was a trend toward
a decrease of PAL (P = 0.06). Additionally, Martin et al (21) and
Redman et al (22) similarly showed that PAL decreased after
12 wk of energy restriction. However, this was no longer evident
after further weight loss or weight loss maintenance at 24 wk.
Recently, Bonomi et al (23) concluded that weight loss induced
a decrease in AEE while they found a small increase in body
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movement. They used an AEE doubly labeled water prediction
model, which included body weight and body movement.

Understanding the influence of energy restriction on physical
activity is essential for the success of weight maintenance. It is
hypothesized that physical activity decreases during energy re-
striction. The aim of this study was to measure physical activity
before and after a very-low-energy diet (VLED) and how this
evolved during 1 y of follow-up. Physical activity measures were
PAL, calculated as free-living TEE expressed as a multiple of
SMR and RMR, AEE divided by body weight, and activity counts
measured by a triaxial accelerometer, where AEE/kg is the fa-
vored variable.

SUBJECTS AND METHODS

Subjects

Fifty-one healthy subjects (31 women and 20 men) with a
mean 6 SD age of 42 6 8 y and BMI (in kg/m2) of 31.4 6
2.8 were recruited by advertisements in local newspapers and
on notice boards at the university. They underwent an initial
screening that included measurements of body weight and height
and the completion of a questionnaire on general health. All were
in good health, not taking medication (except for contraception),
nonsmokers, and at most moderate alcohol consumers. They were
weight stable as defined by a weight change ,5 kg for at least
3 mo before the study. The study was conducted according to the
guidelines laid down in the Declaration of Helsinki and pro-
cedures were approved by the Ethics Committee of the Maastricht
University Medical Centre. Written informed consent was ob-
tained from all participants. This trial was registered at www.
clinicaltrials.gov as NCT01015508.

Study design

The study covered a full year, starting with a VLED for 8 wk,
followed by a 44-wk period of weight maintenance (Figure 1).
Subjects came to the university for measurements on 3 occa-
sions: the day before the start of the diet (baseline), 8 wk after
the start of the diet (end of the diet), and 52 wk after the start of
the diet. Measurements included an overnight stay at the uni-
versity to assess SMR followed by RMR and body composition
from 0800 in the morning onward in the fasting state. Two
weeks before each measurement day, subjects received an ac-
celerometer to measure physical activity and a subject-specific
dose of doubly labeled water to simultaneously measure TEE for
14 d.

SMR

Subjects reported to the university at 2000 in the evening for an
overnight stay in a respiration chamber until 0800 in the morning.

The room measured 14 m3 and was equipped with a bed, table,
chair, freeze toilet, washing bowl, radio, television, and computer.
Subjects were instructed to sleep from at least 2300 until 0700 and
in case of insomnia during these 8 h to lie quietly in bed. SMR was
defined as the lowest observed energy expenditure for 3 consec-
utive hours during the night and was measured and calculated as
described before (24).

RMR

At 0800 in the morning after the overnight stay in the res-
piration chamber, subjects slowly walked to a separate room
where they rested on a bed for 30 min, followed by 30 min of
measuring their RMR in the supine position with an open-circuit
ventilated hood-system (25). Gas analyses were performed with
a paramagnetic oxygen analyzer (Servomex, type 1158) and an
infrared carbon dioxide analyzer (Servomex, type 1520) while
flow was kept at a constant rate of 80 L/min and additionally
measured as described by Schoffelen et al (24). The within-
individual CV for this system is 3.3 6 2.1% (25). Calculation of
RMR from measured oxygen consumption and carbon dioxide
production was based on Brouwer’s formula (26).

Energy expenditure

TEE was measured during 2-wk intervals with the doubly
labeled water method according to the Maastricht protocol (27).
On the evening of day 1, shortly after the collection of a back-
ground urine sample, subjects drank a weighed amount of 2H2

18O
such that baseline levels were increased by 100–150 ppm for 2H
and 200–250 ppm for 18O. Subsequently, urine samples were
collected in the morning of day 2 (second voiding), 8, and 14
and in the evening of day 1, 8, and 13. The doubly labeled water
method gives precise and accurate information on CO2 pro-
duction, which was subsequently converted to TEE with the use
of the energy equivalent of CO2 (can be calculated with addi-
tional information on the substrate mixture being oxidized) (28).
The energy equivalent at baseline and after 52 wk was calcu-
lated based on a normal Western diet with a mixed macronu-
trient composition and energy for 55% from carbohydrate, 30%
from fat, and 15% from protein. At the end of the diet, the
energy equivalent of CO2 was based on the consumption of the
diet, the actual loss of fat mass and fat-free mass, and additional
energy intake. The additional food intake was the calculated
compensation for the difference between weight loss and the
expected weight loss based on the consumption of the Modifast
diet alone, with the assumption of 1 kg weight change to be
equivalent to 30 MJ (29). The additional food intake was also
assumed to be a normal mixed diet.

At baseline and after 52 wk, AEE was calculated as (0.9 3
TEE) – RMR, assuming DIT to be 10% of TEE, which is based

FIGURE 1. Flowchart of the 1-y program the subjects followed with the measurement points indicated. Two weeks before each measurement day, subjects
received an accelerometer to measure body movement and a subject-specific dose of doubly labeled water to simultaneously measure TEE for 14 d. TEE, total
energy expenditure; VLED, very-low-energy diet.
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on a normal mixed diet (4), and DIT values for the separate
macronutrients to be 10% for carbohydrate, 3% for fat, and 25%
for protein. At the end of the diet, the percentage DIT was
calculated based on the intake of the Modifast diet and the ad-
ditional food intake with a normal mixed composition, which
accounted for the difference between the expected weight loss
and the real weight loss. DIT was calculated to be 8% of the
TEE at the end of the diet; therefore, AEE was calculated as
(0.92 3 TEE) – RMR.

The PAL was calculated as PALSMR = TEE/SMR and PALRMR =
TEE/RMR (7). AEE was adjusted for body weight (AEEkg =
AEE/BM) to normalize the energy expenditure of physical
activity (8).

Physical activity monitoring

Physical activity was monitored in 2-wk intervals by using the
previously validated DirectLife triaxial accelerometer (Philips
Research). The device is small and lightweight and was carried in
an elastic belt around the waist. Subjects were instructed to wear
the accelerometer during waking hours, except during showering
and water activities. A diary was used to report periods in which
the subject was not wearing the accelerometer during the day. The
accelerometer output was processed to determine body move-
ment by measuring activity counts. Total activity counts were
calculated over the 2-wk monitoring period, and the sum of
counts was divided by the number of monitoring days to de-
termine the average activity counts per day (30, 31).

Body composition

Height was measured at screening to the nearest 0.1 cm with
the use of a wall-mounted stadiometer (model 220; Seca). Body
composition was determined according to Siri’s 3-compartment
model based on body weight, body volume, and total body
water. Body weight was measured with a calibrated scale (Life
Measurement Corporation). Body volume was measured via air-
displacement plethysmography with the BodPod System (Life
Measurement Corporation) (32, 33). Total body water was de-
termined by using deuterium dilution during the preceding night
according to the Maastricht protocol. BMI was calculated by
dividing body weight by height squared (kg/m2).

Diet

The weight loss diet (Modifast; Nutrition et Sante Benelux)
was followed for a period of 8 wk. The diet was a protein-
enriched formula that provided 2.1 MJ/d (51.9 g protein, 50.2 g
carbohydrates, and 6.9 g lipids) and a micronutrient content that
met the Dutch recommended daily allowance. The VLED was
provided to the subjects as sachets with powder. Each sachet
represented one meal and 3 sachets were consumed every day.
Besides the provided meal replacements, subjects were allowed
to eat vegetables when feeling hungry. Subjects were instructed to
mix the powder with the amount of water indicated on the
packages and were advised to drink water sufficiently throughout
the diet period.

Calculations and statistical analysis

One-way repeated-measures ANOVA with Bonferroni ad-
justment for multiple comparisons was used to compare the

results across 0, 8, and 52 wk. The data were analyzed with
SPSS 20.0 (SPSS Inc). All data are presented as means6 SDs.

RESULTS

Body composition

After 8 wk of the VLED, weight loss was on average 9.96 4.2
kg (P, 0.001). After 52 wk, there was still a significant average
weight loss compared with baseline of 5.76 4.9 kg (P, 0.001).
As a percentage of the starting weight, subjects lost on average
10.5 6 3.8% (P , 0.001) and weight loss was still 6.0 6 5.1%
after 52 wk (P, 0.001). The data showed a large interindividual
variation in weight loss, indicating a difference in the success of
weight loss and of maintaining the lost weight. In addition, the
variation in weight loss and weight maintenance was not ex-
plained by different levels of physical activity at baseline, at 8 or
52 wk, or by a better maintenance of the amount of physical
activity during the diet and follow-up.

Energy expenditure

SMR and RMR decreased significantly from 7.066 1.02MJ/d
and 7.51 6 1.04 MJ/d, respectively, at baseline to 6.24 6 0.81
MJ/d (P , 0.001) and 6.74 6 0.83 MJ/d (P , 0.001), re-
spectively, after 8 wk of VLED. SMR and RMR were still lower
after 52 wk compared with baseline at 6.59 6 0.97 MJ/d (P ,
0.001) and 7.13 6 0.95 MJ/d (P , 0.001), respectively (SMR
not shown). The decrease was explained by the reduced body
weight and adaptive thermogenesis in response to the diet
(Figure 2).

AEE decreased from 3.97 6 1.49 MJ/d at baseline to 3.06 6
1.36 MJ/d after 8 wk of energy restriction (P , 0.001). After 52
wk, AEE recovered to 3.77 6 1.41 MJ/d compared with 8 wk
(P , 0.001). After 52 wk, AEE was not significantly different
compared with baseline (Figure 2).

TEE also decreased from 12.76 6 2.13 MJ/d at baseline to
10.31 6 1.96 MJ/d (P , 0.001) after the VLED. After 52 wk,
TEE was significantly higher compared with TEE at 8 wk
(12.106 2.03 MJ/d, P, 0.001) and there was a trend of a lower
TEE compared with baseline (P = 0.06) (Figure 2).

Physical activity

PALSMR was on average 1.81 6 0.23 at baseline and de-
creased to 1.65 6 0.19 (P , 0.001) after 8 wk of a VLED.
After 52 wk, PALSMR increased to 1.85 6 0.27, significantly
different compared with 8 wk (P , 0.001) but not significantly
different from baseline. PALRMR was on average 1.70 6 0.22 at
baseline and decreased to 1.55 6 0.19 after 8 wk (P , 0.001).
After 52 wk, PALRMR increased back to 1.71 6 0.23, signifi-
cantly higher compared with PALRMR at 8 wk (P , 0.001);
however, it was not significantly different from baseline (Figure
3A). There were no differences between men and women re-
garding the changes in PALSMR and PALRMR during the VLED
or the 44-wk follow-up (data not shown).

AEE/kg was on average 0.043 6 0.015 MJ/kg at baseline and
decreased to 0.037 6 0.014 MJ/kg after 8 wk of VLED (P ,
0.001). After 52 wk, AEE/kg increased to 0.044 6 0.17 MJ/kg,
significantly higher compared with 8 wk (P , 0.001) but not
different from baseline (Figure 3B).
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Activity counts were on average 1.64 6 0.37 megacounts/d at
baseline and decreased to 1.54 6 0.35 megacounts/d (P , 0.05)
after 8 wk of energy restriction. After 52 wk, activity counts
increased significantly to 1.73 6 0.49 megacounts/d compared
with activity counts at 8 wk (P, 0.01). There was no significant
difference between baseline and 52 wk (Figure 3C).

DISCUSSION

In addition to the earlier described development of adaptive
thermogenesis on RMR during weight loss, this study shows that
physical activity also decreases in a period of energy restriction.
However, in contrast with the sustained adaptive thermogenesis
after 52 wk, physical activity returns to baseline levels when the
lost weight is maintained. In addition, the variation in weight loss
and weight maintenance was not explained by different levels
of physical activity at baseline, at 8 or 52 wk, or by a better
maintenance of the amount of physical activity during the diet
and follow-up.

Average PALRMR values at baseline (1.70 6 0.22) of the obese
subjects were comparable with average values of the general
population (6). This is in line with previous studies (12, 13)
though contradictory to other studies (14–16).

Consequent to energy restriction and weight loss, all physical
activity variables measured and calculated decreased signifi-
cantly during 8 wk of VLED. PAL, AEE, AEE/kg, and activity

counts per day all decreased significantly. These results are in line
with results described in literature (19–23, 34). Studies that do
not agree measured the physical activity in the confined space
of a respiration chamber (17, 18). The recent study of Bonomi
et al (23), where AEE was calculated with a doubly labeled
water based prediction model including body weight and body
movement to determine the independent contribution of the
weight loss and of the change in body movement to the change
in AEE, showed a similar decrease in AEE after weight loss
despite a small increase in activity counts. The main difference
of this study compared with our study was a 2-wk period of
weight maintenance after the diet before the measurements of
energy expenditure and physical activity. Thus, discrepancy in
body movement could be explained by the negative energy
balance at the end of the 8-wk VLED in our study.

During the 44 wk of follow-up after the 8-wk VLED, physical
activity returned again to baseline values. PAL, AEE, AEE/kg,
and activity counts per day all increased significantly compared
with the values at 8 wk and were not different from baseline
values. This supports the results previously described by both
Martin et al (21) and Redman et al (22), who showed an increase
in PAL 3 mo after an energy restriction induced decrease in
activity.

These results suggest that energy restriction for a longer period
induces a biologically meaningful survival mechanism that de-
creases physical activity to keep energy expenditure at a low level

FIGURE 2. Mean (6SD) TEE on the y-axis at baseline and 8 and 52 wk (n = 51). TEE is partitioned in its components RMR (dark gray), DIT (white), and
AEE (light gray). *Significant difference compared with baseline (P, 0.001); #significant difference compared with 8 wk (P, 0.001). Significant differences
in TEE are indicated above the bars, and significant differences for the individual components are specified next to the bar. One-factor repeated-measures
ANOVAwith Bonferroni adjustment for multiple comparisons was used to compare changes over time. AEE, activity-induced energy expenditure; DIT, diet-
induced thermogenesis; RMR, resting metabolic rate; TEE, total energy expenditure.
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and conserve energy storages (10, 11). Adaptive thermogenesis,
which is also seen during and after dieting, is described as part of
this adaptation of an organism in the face of starvation and
dangerously low energy supplies (10, 11, 35–40). Different from
the sustained adaptive thermogenesis after 1 y, our results show
that physical activity returns again to baseline after the energy
restriction.

As shown, physical activity is spontaneously decreased during
the diet and therefore the thought of increasing activity via ex-
ercise to improve the weight loss seems plausible. However, Wu
et al (41) showed in a meta-analysis that additional exercise will
be compensated by a reduction of nontraining activity. Whereas
energy restriction leads to a decrease of physical activity, most
evidence suggests that overeating does not lead to an increase in
physical activity (29, 42–46). Similarly, an exercise-induced
increase in energy expenditure will lead to energy intake that
compensates for the additional requirement, while change from
a physically active to a more sedentary lifestyle does not induce
an equivalent reduction of energy intake (47). These interactions
implicate that eating less instead of moving more is the way to
weight loss and the best method for weight maintenance is to
prevent overeating. Additionally, there are studies that do imply
an increase in physical activity in response to excess energy
intake (34, 48). Levine et al concluded that an increase in
nonexercise activity thermogenesis is the principal mediator of
resistance to fat gain with overfeeding (48). However, their ac-
celerometer results were not consistent and did not show an
increase in body movement after overfeeding. Rosenbaum et al
showed an increase in AEE divided through fat-free mass (kg);
however, they did not take the increased fat mass into account
and did not use the doubly labeled water technique to measure
TEE (34).

A limitation of this study is that diet and physical activity were
not standardized during the 44 wk of follow-up. On the other
hand, as a result of the absence of advice on diet and physical
activity, this study reflects achievements in free-living condi-
tions. Another limitation of this study is generated by the large
interindividual variation in activity between subjects. However,
the significance of the results of the total group prove the persis-
tence of the adaptation of physical activity for average individuals.
Another limitation of this study is no inclusion of lean subjects.
Therefore, no clear conclusion can be made on mean PALRMR in
the obese population compared with the lean population. Another
limitation is that interpreting PAL values during weight changes
may be affected by the effect of weight loss on RMR. However,
there is no indication for a significant change in the results, and,
moreover, PAL results are in line with the results expressed as
AEE/kg and with activity counts. One of the main strengths of this
study is the use of the gold standard in measuring free-living TEE:
doubly labeled water. Therefore, PAL, AEE, and AEE/kg reflect
the physical activity and energy expenditure in normal daily life
and are not confounded by restrictions of body movement. A
second strength is the use of 2 independent methods based on
measurement of energy expenditure and body movement.

Because it includes changes in body weight and is based on the
doubly labeled water method, AEE/kg is the favored variable to
express changes in the amount of physical activity in this study.
However, other methods may be preferred if, eg, the contextual
information or activity structure is the primary endpoint of the
research (49).

FIGURE 3. Mean (6SD) PALSMR (dark gray) and PALRMR (light gray)
(A), AEE/kg (B), and body movement expressed as activity counts (C) on
the 3 y-axes at baseline and 8 and 52 wk (n = 51). Significant difference
compared with baseline: *P , 0.05, **P , 0.001; significant difference
compared with 8 wk: #P , 0.05, ##P , 0.001. One-factor repeated-measures
ANOVA with Bonferroni adjustment for multiple comparisons was used to
compare changes over time. AEE, activity-induced energy expenditure;
Mcounts, megacounts; PAL, physical activity level; RMR, resting metabolic
rate; SMR, sleeping metabolic rate.
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For future research, it would be interesting to look further into
the adaptation of physical activity and investigate whether and
how fast adaptation of physical activity will occur as a con-
sequence to different levels of energy restriction.

In conclusion, our study shows that moderate weight loss
induced by energy restriction leads to a large decrease in physical
activity. However, physical activity returns to baseline levels
when weight loss is maintained.
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