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Physical Activity and Weight Loss are Independent Predictors
of Improved Insulin Sensitivity Following Energy Restriction
Stefan G. J. A. Camps, Sanne P. M. Verhoef, and Klaas R. Westerterp

Objective: The role of physical activity and the joint effect with sleep duration on insulin sensitivity (IS)

during energy restriction followed by weight maintenance were determined.

Methods: One hundred and two subjects (28 males) (mean 6 SD age: 40 6 9 years; BMI: 31.9 6 3.0 kg/m2)

followed a very-low-energy diet for 8 weeks, followed by a 44-week period of weight maintenance. Body com-

position (three-compartment model based on body weight, total body water, and body volume), physical

activity (accelerometry), sleep (questionnaire, Epworth Sleepiness Scale), and fasting plasma insulin and glu-

cose concentrations were assessed before the diet and at 8, 20, and 52 weeks after the start.

Results: Compared to baseline, IS was improved significantly after 8 weeks (P< 0.001) and was higher

after 20 weeks (P< 0.001) and 52 weeks (P<0.05). After 8, 20, and 52 weeks, 23% (P<0.01), 19%

(P< 0.05), and 13% (P< 0.05), respectively, of the variance in IS improvement was explained by weight

loss percentage and change in physical activity counts.

Conclusions: Maintaining daily physical activity during energy restriction is as important as weight loss

itself in the improvement of IS; there was no additional effect of change in sleep duration. During weight

maintenance, improved IS is maintained better if physical activity returns to baseline or higher.

Obesity (2016) 24, 291–296. doi:10.1002/oby.21325

Introduction
The increasing prevalence of obesity and its association with an

impaired insulin homeostasis are major health problems in our mod-

ern world (1,2); both are linked closely to the development of non-

communicable diseases as type 2 diabetes and cardiovascular dis-

eases (3). Overweight and obesity are characterized by the

accumulation of excessive fat mass and more free fatty acids in the

blood which can lead to an impaired glucose metabolism and a

reduced insulin sensitivity (4). Independent from adiposity, physical

inactivity, or increased length of time without movement, merely a

reduction in body movement and not in activity induced energy

expenditure is associated with a reduced clearance of free fatty acids

and ingested glucose and less glucose-stimulated insulin secretion,

increasing the risk for type 2 diabetes (5,6). Short and long sleep

duration are associated with an increased risk for insulin insensitiv-

ity (7-9), and although several mechanisms have been proposed, the

relationship with physical activity might be pivotal as short and long

sleep duration decrease daytime physical activity (9-11).

Losing weight and increasing physical activity independently have a

beneficial effect on the glucose metabolism and insulin sensitivity

(12,13). However, the addition of aerobic or resistance exercise train-

ing to a diet does not enhance the reductions in plasma insulin and

glucose levels induced by weight loss (14-16). On the other hand,

increasing physical activity in subjects with overweight or obesity

improves insulin sensitivity in the absence of weight loss (17,18). The

ambiguous results can be explained by the fact that energy restriction

leads to a decrease in physical activity (19,20) and that additional

exercise training to an energy restricted diet will often be compensated

by a reduction of nontraining physical activity (21).

While physical activity and sleep have been studied separately in

relation to insulin sensitivity, little is known about the interaction of

sleep and physical activity with insulin sensitivity. Recently, Zuo

et al. showed that mainly occupational physical activity was nega-

tively associated with insulin resistance and that there was a syner-

gistic effect of low physical activity and short sleep duration on

insulin sensitivity (22).

The primary aim of this study was to determine the role of physical

activity on insulin sensitivity during energy restriction followed by

weight maintenance and secondly the joint effect of sleep duration

and physical activity. It was hypothesized that maintaining body

movement during energy restriction increases insulin sensitivity and

moreover that there is a synergistic effect of physical activity and
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sleep duration on insulin sensitivity during weight loss and weight

maintenance on top of the effect of weight loss itself. Therefore,

physical activity, sleep duration, and fasting glucose and insulin

were measured before and after a very-low-energy diet (VLED) and

during 44 weeks of follow-up.

Subjects and Methods
Subjects
One hundred and two healthy subjects (74 women and 28 men) with

a mean age of 40 6 9 years and with a mean body mass index

(BMI) of 31.9 6 3.0 kg/m2 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 using medication (except for contracep-

tion), nonsmokers, and at most moderate alcohol consumers. They

were relatively weight stable as defined by a weight change <5 kg

for at least 3 months prior to the study. The study was conducted

according to the guidelines laid down in the Declaration of Helsinki

and procedures were approved by the Ethics Committee of the

Maastricht University Medical Centre. Written informed consent

was obtained from all participants. This trial was registered at http://

www.clinicaltrials.gov as NCT01015508.

Study design
The study covered a full year, starting with a VLED for 8 weeks, fol-

lowed by a 44-week period of weight maintenance (Figure 1). Sub-

jects came to the university for measurements on four occasions: the

day before the start of the diet (baseline), 8 weeks after the start of the

diet (end of the diet), 20 weeks after the start of the diet, and 52 weeks

after the start of the diet. On each occasion, measurements included

body composition, the collection of fasting blood, and sleep question-

naires and were performed from 08.00 in the morning onwards with

subjects in a fasted state. Two weeks prior to each measurement day,

subjects received an accelerometer to measure physical activity. Sub-

jects were instructed to maintain their newly achieved body weight

without specific dietary, physical activity, or sleep instructions.

Diet
The weight loss diet (Modifast; Nutrition et Sant�e Benelux, Breda,

The Netherlands) was followed for a period of 8 weeks. The diet

was a protein-enriched formula that provided 2.1 MJ/day (51.9 g of

protein, 50.2 g of carbohydrates, and 6.9 g of lipids) and a micronu-

trient content, which meets the Dutch recommended daily allow-

ance. The VLED was provided to the subjects as sachets with pow-

der. Each sachet represented one meal and three sachets were

consumed every day. Besides the provided meal replacements, sub-

jects were allowed to eat vegetables when feeling hungry with the

exception of starchy vegetables and legumes, which are relatively

high in energy density like potatoes and beans. 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.

Body composition
Height was measured at screening to the nearest 0.1 cm with the use

of a wall-mounted stadiometer (model 220; Seca, Hamburg, Ger-

many). Body composition was determined according to Siri’s three-

compartment model based on body weight, body volume, and total

body water (23). Body weight was measured using a calibrated scale

(Life Measurement Corporation, Concord, CA). Body volume was

measured via air-displacement plethysmography with the BodPod

System (Life Measurement Corporation, Concord, CA) (24). The

average thoracic gas volume was measured by the BodPod using a

standard plethysmographic technique (25). Total body water was

determined using deuterium dilution during the preceding night,

according to the Maastricht protocol (26). The calculation of total

body water from isotope decay involves assumptions on the isotope

dilution spaces for 2H, in this case a fixed ratio based on the popula-

tion mean of the study group as suggested by Speakman et al. (27).

BMI was calculated by dividing body weight by height squared

(kg/m2).

Physical activity monitoring
Physical activity was monitored in 2-week intervals based on meas-

uring body movement using the previously validated TracmorD triax-

ial accelerometer (DirectLife, Philips Consumer Lifestyle) (28). The

device is small and lightweight and was carried at 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 to check for missing data and wear-

ing time. The accelerometer output was processed to determine body

movement by force and duration, and not energy expenditure, by

measuring physical activity counts. Total physical activity counts

were calculated over the 2-week monitoring period, and the sum of

counts was divided by the number of monitoring days to determine

the average physical activity counts per day (28). Average physical

activity counts per day are then a measure for daily physical activity.

Days during which data were missing or subjects carried the acceler-

ometer for <10 h were excluded and the average was calculated on

the remaining data, considering daily physical activity an ergodic pro-

cess. Subjects with less than 7 days would have been excluded; how-

ever, all subjects met these criteria and none were excluded.

Sleep
Questionnaires were used to assess sleep duration and daytime

sleepiness. For sleep duration the questions were: “How many hours

do you usually sleep per night during weekdays?” and “How many

hours do you usually sleep during weekend days?” A total weekly

sleep score was calculated as follows: [(hours sleep weekdays 3

5) 1 (hours sleep weekend days 3 2)/7] (10). Subjects with between

7 and 9 h of sleep (average sleepers) were included to exclude very

short and very long sleepers (29). Daytime sleepiness was assessed

through the Epworth Sleepiness Scale (ESS). Subjects rated the

Figure 1 Flow chart of the 52-week program; the measurement points are indi-
cated. VLED: very-low-energy diet.
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likelihood of falling asleep in eight specific situations on a 0-3 scale,

with 0 meaning no chance at all to fall asleep and 3 meaning a high

chance of falling asleep. The total score can range from 0 to 24, with a

score of 10 or higher suggesting excessive daytime sleepiness (30).

Biochemical analysis
Blood was collected into EDTA-containing tubes and centrifuged

(10003g, 10 min, 48C), and the plasma was immediately frozen in

liquid nitrogen and stored at 2808C until analysis. Plasma glucose

concentration was analyzed enzymatically on a Cobas Mira auto-

mated spectrophotometer (Roche Diagnostica). Plasma insulin was

measured with a double-antibody radioimmunoassay (Insulin RIA

100, Kabi-Pharmacia, Uppsala, Sweden). Insulin sensitivity was

assessed by the homeostasis model assessment index for insulin

resistance (HOMAIR), calculated as [plasma glucose (mmol/l) times

plasma insulin (mU/l)] divided by 22.5 (31).

Calculations and statistical analysis
One-way repeated measures ANOVA with Bonferroni’s adjustment

for multiple comparisons were used to compare the results across 0,

8, 20, and 52 weeks. Linear and multiple hierarchical regression

analysis have been performed independently for each time point to

determine relations and interactions between dependant and inde-

pendent variables. Multiple hierarchical regression analysis is per-

formed to evaluate the contributions of variables above and beyond

previously entered predictors, as means of statistical control, and for

examining incremental validity. The order of variable entry into the

analysis was baseline HOMAIR, gender, age, weight loss%, counts

change, and hours sleep change (the last two have been interchanged

but this did not influence results), based on the results described in

the introduction. Independent variables indicating change over time

represent the delta compared to baseline. R2 values are given as a

measure of the correlation of the total model while standardized

beta values are given as a measure of how strongly each predictor

variable influences the dependent variable. The signs (plus or minus)

indicate the direction of the relationship between the variables. Col-

linearity diagnostics as part of the multiple regression procedure

were performed to check for problems with multicollinearity

between the independent variables. Tolerance values were not below

0.8 and variance inflation factor (VIF) values were not higher than

1.2, indicating there was no problem of collinearity. Age and gender

were used as covariates in all tests. The data were analyzed using

SPSS 20.0 (SPSS, Chicago, IL). All data are presented as means 6

standard deviations (SDs).

Results
Body composition
After the 8 weeks of VLED, weight loss was on average 9.4 6 4.2 kg

(P< 0.001) consisting of 7.6 6 3.3 kg of fat mass (FM) and

1.8 6 2.2 kg of fat free mass (FFM). After 20 and 52 weeks, there

was a significant average weight loss compared to baseline,

8.4 6 4.9 kg (P< 0.001) and 5.9 6 4.9 kg (P< 0.001), respectively.

Weight loss after 52 weeks was significantly less compared to 8 and

20 weeks (P< 0.05). After 20 weeks, this was 7.7 6 4.6 kg of FM

and 0.7 6 2.0 kg of FFM and after 52 weeks 5.6 6 5.2 kg of FM and

0.3 6 2.0 kg of FFM. As a percentage of the starting weight, subjects

lost on average 10.2 6 4.1% (P< 0.001). After 20 weeks, weight

loss was 9.1 6 5.0% (P< 0.001) and weight loss was still

6.2 6 6.1% after 52 weeks compared to baseline (P< 0.001). FM

decreased from 41.8 6 6.3% to 37.3 6 7.5% (P< 0.001). After 20

and 52 weeks, FM was significantly lower as compared to baseline,

36.8 6 7.6% (P< 0.001) and 38.3 6 6.5% (P< 0.001), respectively.

The data showed a large inter-individual variation in weight loss,

indicating a difference in the success of weight loss and of maintain-

ing the lost weight. In addition, the variation in weight loss and

weight maintenance was not explained by different levels of physi-

cal activity or sleep duration at baseline or at 8, 20, or 52 weeks or

by a better maintenance of the amount of physical activity during

the diet and follow-up.

Glucose/insulin homeostasis
Fasting glucose concentration at baseline was on average

4.9 6 0.4 mmol/l and did not change after 8, 20, and 52 weeks with

values of 4.8 6 0.4, 4.9 6 0.4, and 5.0 6 0.4 mmol/l, respectively.

Fasting insulin concentration decreased from 17.0 6 6.7 mU/l at

baseline to 11.7 6 4.9 mU/l after 8 weeks of VLED (P< 0.001).

After 20 weeks, fasting insulin concentration did not change com-

pared to 8 weeks with an average value of 11.9 6 4.7 mU/l and was

still significantly lower compared to baseline (P< 0.001). After

52 weeks, fasting insulin concentration did not change significantly

compared to 8 weeks with an average value of 13.7 6 7.2 mU/l and

was still significantly lower compared to baseline (P< 0.05).

HOMAIR decreased from 3.7 6 1.6 at baseline to 2.5 6 1.2 after

8 weeks of VLED (P< 0.001). After 20 weeks, HOMAIR did not

change significantly compared to 8 weeks with an average value of

2.6 6 1.1 and was still significantly lower compared to baseline

(P< 0.001). After 52 weeks, HOMAIR was still significantly lower

compared to baseline with an average value of 3.0 6 1.7 (P< 0.01);

however, the value was higher compared to 8 weeks (P< 0.01).

Physical activity
Physical activity was on average 1.63 6 0.36 Mcounts/day at base-

line and decreased to 1.56 6 0.45 Mcounts/day (P< 0.05) after

8 weeks of energy restriction. After 20 weeks, physical activity

increased significantly to 1.65 6 0.43 Mcounts/day compared to

8 weeks (P< 0.01). There was no significant difference between

baseline and 20 weeks. After 52 weeks, physical activity increased

significantly to 1.66 6 0.52 Mcounts/day compared to 8 weeks

(P< 0.01). There was no significant difference between baseline and

52 weeks.

Sleep duration
Average sleep duration at baseline was on average 8.1 6 0.6 h/day

and increased significantly to 8.4 6 0.7 h/day after weight loss

(P< 0.05). After 20 and 52 weeks, average sleep duration was 8.3

and 8.2 h/day, respectively; this was not significantly different from

baseline or 8 weeks. Moreover, after 8 weeks, there was a significant

negative correlation between change in body weight and the change

in average hours sleep (R2 5 0.04, P< 0.05).

Interaction
Regression analysis revealed that baseline HOMAIR explained

almost 40% (P< 0.001) of the variance in the decrease in HOMAIR
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after weight loss. Furthermore, after 20 and 52 weeks, 49%

(P< 0.001) and 23% (P< 0.01), respectively, of the variance in the

change in HOMAIR was explained by the baseline value of

HOMAIR.

Besides baseline HOMAIR, the regression model combining age, gen-

der, change in body weight, change in sleep duration and change in

physical activity counts explained an additional 23% (P< 0.01) of the

variance in the change in HOMAIR after 8 weeks of VLED. The inde-

pendent contributions of change in body weight (R2 5 20.08,

P< 0.01) and the change in physical activity counts (R2 5 0.14.

P< 0.01) were statistically significant (Figure 2) (actual data points).

After 20 weeks, the regression model explained an additional 19%

(P< 0.05) of the variance in the change of HOMAIR besides base-

line HOMAIR, with significant independent contributions of change

in body weight (R2 5 0.07, P< 0.05) and the change in physical

activity counts (R2 5 0.09, P< 0.05).

After 52 weeks, the regression model explained an additional 13%

(P< 0.05) of the variance in the change of HOMAIR on top of the

explained variance by baseline HOMAIR; with a significant independent

contribution of change in body weight (R2 5 0.08, P 5 0.05). There was a

trend for a significant contribution of change in physical activity counts

(R2 5 0.05, P 5 0.10) (Table 1). The decrease in explained variation after

52 weeks is due to the increased variance and increased influences from

variables that were not controlled for during follow-up.

Discussion
Measurements of physical activity, sleep duration, and fasting glu-

cose and insulin before and after a VLED and during 44 weeks

(week 52) of follow-up showed that the improvement in insulin sen-

sitivity is mostly dependent on the amount of weight loss and daily

physical activity and not on sleep duration. During the weight loss

phase, to improve insulin sensitivity, maintaining daily physical

activity is as important as weight loss itself.

These results confirm the improvement of insulin sensitivity as a

result of energy restriction (12) and indicate that maintaining physi-

cal activity or a smaller decrease in physical activity during weight

loss is beneficial for the glucose metabolism on top of the weight

loss solely which is in line with prior studies showing that physical

Figure 2 Correlation of the change in insulin sensitivity (HOMAIR) against the change in physical activity
(Mcounts/day) after 8 weeks of VLED (R2 5 0.14, P < 0.01) (actual data points). HOMAIR: homeostasis
model assessment index for insulin resistance; VLED: very-low-energy diet.

TABLE 1 Multiple regression results of a model combining
gender, age, weight loss percentage, physical activity
counts change, and hours sleep change to predict changes
in insulin resistance after 8, 20, and 52 weeks

Beta;

8 weeks

Beta;

20 weeks

Beta;

52 weeks

Gender 0.016 20.26 20.072

Age 0.032 0.160 0.019

Weight loss (%) 0.283* 0.262* 0.273*

Counts change 20.376** 20.298* 20.217

Hours sleep change 20.094 0.066 20.042

Baseline HOMAIR 20.631*** 20.699*** 20.480**

Total R2 value 0.63*** 0.68*** 0.36**

Standardized beta values are shown for each individual parameter and for the total
model at 8, 20, and 52 weeks. In the bottom row, the total R2 value for the model
combining all parameters are shown for 8, 20, and 52 weeks. Significance is indi-
cated with *P < 0.05, **P < 0.01, ***P < 0.001.
HOMAIR: homeostasis model assessment index for insulin resistance.
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activity improves insulin sensitivity (13). On average, the results

show a decrease in physical activity during energy restriction, which

is also seen in previous studies (19,20). However, this study now

points out that avoiding or minimizing the decrease in physical

activity during energy restriction has a beneficial effect on insulin

sensitivity improvement during weight loss. Furthermore, after

20 weeks, subjects who show a return to baseline physical activity

or higher maintain more improved insulin sensitivity compared to

subjects who retain a lower daily physical activity. These results

seem contradictory to studies that show no effect of additional aero-

bic or resistance training to a diet on insulin sensitivity (14-16).

However, previous studies have shown that energy restriction leads

to a decrease in physical activity (19,20) and that additional exercise

during a diet will be compensated by a reduction of nontraining

physical activity (21). Since extra training will often be compen-

sated, it seems of great importance to track daily physical activity

patterns, which can be measured using portable accelerometers (32)

to avoid more sedentariness during weight loss.

During 44 weeks of follow-up after the VLED, insulin sensitivity

improvement was maintained; HOMAIR decreased from a baseline of

3.7 6 1.6 to 3.0 6 1.7 after 44 weeks of follow-up (P< 0.01). The

improvement was a function of weight loss and physical activity;

however, the contribution decreased over time. In addition to their

influence in, a large part of the variance in improvement of insulin

sensitivity at 8, 20, and 52 weeks was explained by insulin sensitivity

at baseline, which showed that a greater improvement was reached in

subjects with a lower initial insulin sensitivity (Table 1). The results

during follow-up are in line with higher insulin sensitivity during

weight loss maintenance (33,34) and with more physical activity (13).

The sustained improved insulin sensitivity after 44 weeks despite the

partial weight regain is in accordance with previous results (35-37).

Sleep duration was increased after 8 weeks of energy restriction as

observed before (38). Sleeping longer was significantly related to a

higher percentage weight loss. This could mean that people sleeping

longer lose more weight, or that people losing more weight sleep

longer. However, during 44 weeks of follow-up, sleep duration

returned to baseline values while weight loss was maintained. This

would indicate that the negative energy balance caused the increased

sleep duration and not the other way around. Increasing sleep dura-

tion could be a way to reduce energy expenditure.

A limitation of this study is that diet and physical activity were not

standardized during the 44-week follow-up. On the other hand, due

to the absence of advice on diet and physical activity, this study

reflects achievements in free-living conditions. Additionally, physi-

cal activity was measured objectively with accelerometers. Future

research could focus on the influence of the amount of high,

medium, and low physical activity to gain more insight in what is

beneficial for insulin sensitivity during weight loss, besides daily

physical activity. Another limitation is the use of self-reported sleep

durations, although previous studies have shown a good agreement

between self-reported and measured sleep duration (39,40). The

authors notice that HOMAIR may not be the best measure for insulin

sensitivity; still, it is a very useful approach in a longitudinal

approach. The observed interindividual variation in the results

allowed changes in insulin sensitivity to be correlated to a wide

range from successful to unsuccessful weight maintenance. At the

same time, the observed variation in the change of physical activity

and sleep duration allowed us to correlate these variables over a

wide range with insulin sensitivity. One of the major advantages

with regard to other studies was the longitudinal approach in which

an 8-week VLED was followed by a 44-week follow-up, to investi-

gate the interaction between physical activity, sleep duration and

insulin sensitivity during weight loss and weight maintenance.

In conclusion, the study shows that the improvement in insulin sen-

sitivity is mostly dependent on the amount of weight loss and the

quantity of daily physical activity and not on sleep duration. During

the weight loss phase, to improve insulin sensitivity, maintaining

daily physical activity is as important as weight loss itself. Further-

more, during weight maintenance, improved insulin sensitivity is

maintained better if physical activity returns to baseline or higher.O

VC 2016 The Obesity Society
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