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An adequate amount of sleep is essential for optimal health and functioning
throughout life. The National Sleep Foundation recommends a sleep duration be-
tween 7 and 9 hours per night for adults. However, over the past 50 years the pro-
portion of young adults with self-reported sleep durations of fewer than 7 hours
per night has more than doubled (1). Modern life includes longer working days, a
constant use of the computer and more television viewing; consequently the time
spent in artificial light has increased (2). In addition, more and more people per-
form shift work, which requires them to work at night and to sleep during daytime.
These reversed sleep patterns cause misalignment of circadian rhythm that often
leads to sleep disturbance (3). Sleep disturbance can refer to either shorter sleep
durations or poor sleep quality with or without the presence of a sleep disorder.
Sleep disturbance has been associated with unfavorable health effects.

Sleep

Sleep is a physical and mental resting state, in which a person becomes relatively
inactive and unaware of the environment (4).

There are two types of sleep, rapid eye movement (REM) sleep and non-REM
(NREM) sleep. The non-REM sleep can be further divided in four stages of progres-
sively deeper sleep. Stage 1 represents the transition from wake to sleep constitut-
ing 2 to 5 percent of total sleep time. The predominant sleep stage is stage 2 and
constitutes of 45 to 55 percent of total sleep time. Stage 3 and stage 4 are collec-
tively referred to as deep sleep or slow-wave sleep (SWS) and make up 13 to 23
percent of total sleep time. REM sleep accounts for 20 to 25 percent of total sleep
time. During sleep, the human body cycles between stages of NREM and REM
sleep. Sleep architecture represents this cyclic pattern of sleep, which can be sym-
bolized by a graph referred to as a hypnogram (Figure 1). A sleep cycle begins with
a short period of stage 1 progressing through stage 2, followed by stage 3 and
stage 4 and finally to REM sleep. The average length of a sleep cycle is approxi-
mately 90 to 110 minutes. In healthy adults, REM sleep increases as the night pro-
gresses and is longest during the last one-third of the sleep cycle, while SWS occurs
predominately during the first third of the night (5).
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Figure 1. An example of a hypnogram from a healthy adult.

Sleep cycles and stages can be disentangled with the use of polysomnography.
Each sleep stage has unique characteristics including variations in brainwave ac-
tivity patterns, eye movements and muscle tones. The three basic polysom-
nographic measures of sleep are respectively the electroencephalogram (EEG), the
electrooculogram (EOG) and the electromyogram (EMG) (Figure 2). Wakefulness is
marked by alpha waves. During stage 1, conscious awareness of the environment
gradually disappears, slow eye movements appear in the EOG, and the EEG fre-
guency decreases. Stage 2 is characterized by the complete loss of conscious
awareness and by the presence of sleep spindles and K-complexes in the EEG. Dur-
ing SWS the EEG shows delta waves. REM sleep is defined by the presence of rapid
eye movements in the EOG and muscle atonia in the EMG (5).
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Figure 2. Placements of electrodes to determine EEG, EOG and EMG.

Sleep quality

Sleep duration is the most common factor when sleep is described. One of the
reasons could be that an established definition for the term sleep quality is still
missing (6). On the one hand, sleep quality can be subjectively defined by using the
Pittsburgh Sleep Quality Index (PSQl). The PSQl is a self-rated questionnaire that
assesses sleep quality as a person’s retrospective appraisal of sleep latency, sleep
duration, habitual sleep efficiency, sleep disturbances, use of sleep medication and
daytime function over a 1-month time interval (7). On the other hand, sleep quality
can also be defined by a collection of objective indices, reflecting sleep architec-
ture, taken from polysomnography.

Sleep-wake regulation

The sleep-wake cycle is regulated by the interplay of homeostatic and circadian
processes (8). Process S corresponds to the homeostatic drive for sleep, which
accumulates across the day, peaks just before bedtime and dissipated during the
night. Process C is wake promoting and is regulated by the circadian system. The
role of the circadian system is to promote wakefulness during the internal biologi-
cal day (i.e. a time according to the original circadian rhythm associated with the
start of the behavioral activity) and to facilitate the consolidation of sleep during
the internal biological night (i.e. a time according to the circadian rhythm associ-
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ated with the start of the behavioral inactivity) (9). The combined action of homeo-
static and circadian processes controls the quality of wakefulness and sleep (10-
12).

The circadian system

The internal circadian timing system coordinates daily patterns of activity, feeding,
energy utilization and energy storage across the daily 24-h cycle. The suprachias-
matic nucleus (SCN) of the hypothalamus is considered to be the central pace-
maker of the circadian system and has a rhythm of approximately 24 hours. Various
environmental factors, called zeitgebers, synchronize the SCN to 24 hours by daily
adjustments in the phase of the rhythm. The most important zeitgeber is the dark-
light cycle. The SCN receives the information about light and darkness from the
retina in the eye. When darkness occurs, the SCN induces the pineal gland to pro-
duce melatonin. In contrast, when the retina detects light, the SCN deactivated the
pineal gland. Therefore, the endogenous melatonin rhythm is considered to be a
reliable marker of circadian timing. The pineal gland starts to produce melatonin in
the beginning of the night so melatonin levels peak in the middle of the night and
decline again in the morning so they are low during the day. Compared with other
SCN-driven circadian rhythms such as the core body temperature, the melatonin
rhythm is robust and less affected by factors such as activity, stress, sleep and
meals. In addition to the central pacemaker, most peripheral tissues and organs
(e.g. heart, liver and kidneys) contain circadian oscillators. These peripheral oscilla-
tors are under the control of the SCN (13-15).

When circadian misalignment occurs, behavioral cycles including sleep-wake, fast-
ing-feeding, and metabolic cycles, become desynchronized from the external dark-
light cycle, leading to adverse metabolic consequences and thus unfavorable health
effects (16). Peripheral oscillators desynchronize from the SCN. Such circadian
misalignment may occur for example during shift work, jet lag or certain circadian
rhythm disorders. Circadian alignment of the internal circadian system with the
external dark-light cycle is critical for the maintenance of energy homeostasis (13).

Energy homeostasis

Energy homeostasis is reached when energy intake meets energy expenditure.
Energy expenditure is continuous, but energy intake is discontinuous. Energy re-

11
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quirement is the amount of energy intake needed to balance energy expenditure in
order to maintain a stable body weight and body composition. Energy intake is
tuned to energy requirement and thus to energy expenditure. It has been shown
that there is a significant relationship between energy expenditure and energy
intake over at least one week (17).

Total energy expenditure (TEE) or averaged daily metabolic rate (ADMR) consists of
four components: sleeping metabolic rate (SMR), energy costs of arousal, diet-
induced thermogenesis (DIT) and activity-induced energy expenditure (AEE). SMR
and energy costs of arousal together are defined as basal metabolic rate (BMR) or
resting energy expenditure (REE), i.e. the energy expenditure of a person at rest,
while being awake, in the fasted state, under thermoneutral conditions (18). BMR
is the main component of TEE and accounts on average for 60-80% of TEE. The
main determinant of BMR is fat-free mass. BMR can be predicted based on gender,
height, body weight and age, by using the Harris and Benedict equation (19). SMR
is the lowest energy expenditure at night calculated over a 3-h interval (20). DIT or
the thermic effect of food consists of the energy that is required during food pro-
cessing, i.e. digestion, absorption, and conversion of food (18, 21). The most vari-
able component of TEE is AEE, which is the energy used for daily activity (18). En-
ergy expenditure depends on the oxidation of substrates as alcohol, carbohydrates,
fat and protein, which can be determined with the use of the respiratory quotient
(RQ). The RQ indicates which substrate is being oxidized and consists of the ratio
between carbon dioxide production and oxygen consumption. A ratio of 1.0 indi-
cates carbohydrate oxidation, a ratio of 0.7 indicates fat oxidation and every ratio
in between refers to a mixed diet. The exact carbohydrate and fat oxidation in
grams per day can be calculated with the formulas of Carpenter, using average
daily carbon dioxide production and oxygen consumption and the protein oxidation
(22). Protein oxidation is accurately determined from 24-h urine and its nitrogen
content.

Energy intake is the amount of energy ingested each day from protein, carbohyd-
rates, fat and alcohol. Energy intake regulation involves both tonic (long-term) and
episodic (short-term) hunger and fullness signals. Tonic signals include leptin, which
is secreted by adipose tissue, and insulin, which is secreted by the B cells of the
pancreas. Episodic signals are triggered in response to the ingestion of food from
the stomach (e.g. ghrelin) and intestines (e.g. glucagon-like peptide 1). Resistance
to these hunger and satiating hormones results in overeating leading to overweight
and obesity (23, 24). Moreover, the degree to which overeating takes place has
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been attributed to the rewarding value of food, often leading to eating in the ab-
sence of hunger (25-27).

Many aspects from energy homeostasis show circadian oscillation (28). Circadian
rhythmicity has been shown in neuropeptides involved in energy intake. For exam-
ple, leptin is secreted from the adipocyte in a circadian fashion with highest con-
centrations during the night, favoring fasting and nocturnal rest, and lowest con-
centrations during the day, when hunger increases (29-31). In addition, ghrelin is
produced in a circadian way according to meal times (32). Furthermore, circadian
rhythmicity has been shown in glucose and insulin levels with peaks occurring dur-
ing the late biological night (33, 34). In parallel to circadian changes in these neu-
ropeptides, the metabolic efficiency of the diet is different depending on the time
of the day in order to magnify metabolic effects of proteins, carbohydrates and
fats. On the one hand, macronutrient selection takes place at breakfast in favor of
carbohydrate, and at dinner in favor of fat (35-38). On the other hand, digestive
and absorptive processes are also modulated rhythmically (39-41). For example,
gastric and pancreatic secretions show maxima during the night in fasting situa-
tions (42, 43). Finally, also energy expenditure may differ depending on the circa-
dian phase during which a meal is consumed. Morning DIT is higher than afternoon
DIT and night DIT, so the time of the day affects thermogenesis (44).

Interaction diet, sleep and body-weight control

When energy intake exceeds energy expenditure, overweight and obesity occur.
Obesity is considered to be a major health problem, as it is associated with type 2
diabetes, cardiovascular diseases and certain cancers (45). In parallel to the rapid
decline in sleep duration over the past 50 years, the prevalence of obesity has in-
creased to epidemic proportions. Obesity comprises an increase in body weight
and body mass index (BMI), mainly by an increase in body fat resulting in a change
in body composition. Epidemiological and experimental studies have suggested an
interaction between diet, sleep and body-weight control (46-50)). Sleep disturb-
ance can modify dietary choices (51-53) and increased sleep duration has been
associated with loss of body weight and body fat (49, 50). Furthermore, consump-
tion of specific foods may have a significant influence on sleep. For example, milk
has traditionally been considered as a sleep-promoting beverage due to the pres-
ence of tryptophan known as a precursor of serotonin (54). However, limited evi-
dence is present whether compliance with a recommended diet results in better
sleep.

13
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Outline of the thesis

Sleep has been put forward as a contributor to positive energy balance. Until now,
most studies have focused on how sleep restriction affects the energy balance
parameters. However, in everyday life not only sleep restriction but also sleep
fragmentation is likely to occur with its street noise and cell phones that are not
switched off during the night. We investigated whether sleep fragmentation, inde-
pendent of sleep duration, affects appetite and appetite-related hormone concen-
trations (Chapter 2). In addition to within-subject effects of sleep fragmentation,
we also investigated between-subject effects by associating sleep stages with en-
ergy balance parameters (Chapter 3). In Chapter 4, we investigated whether sleep
architecture affects energy expenditure. SWS and REM sleep are the most restora-
tive parts of sleep; the sum of these two sleep stages divided by the total sleep
time is defined as quality sleep. The relationship between energy expenditure re-
spectively substrate oxidation and quality sleep is further described in Chapter 5.
Already during puberty, an inverse relationship between BMI and sleep duration is
present. This relationship persists during adulthood and unfavorable metabolic and
endocrinological changes promoting a positive energy balance occur, coinciding
with sleep disturbance. Current knowledge about the interplay between sleep and
energy balance is reviewed in Chapter 6.

The sleep-wake cycle is one of the daily rhythms controlled by the circadian clock.
Due to modern life, our body is exposed to light, food and activity when in fact,
following the circadian clock, it expects darkness, rest and sleep; this results in
circadian misalignment between the internal circadian timing system and the ex-
ternal environment. Circadian misalignment may result both in a reduction of sleep
duration as well as it may affect sleep architecture and thereby quality sleep. So to
put sleep disturbance in a broader perspective, we investigated whether circadian
misalignment affects energy metabolism, including appetite and appetite-related
hormones (Chapter 7). Furthermore, effects of circadian misalighment on sleep
architecture and relationships between sleep stages, cortisol and insulin sensitivity
are reported in Chapter 8. In addition to the sleep-wake cycle, the internal circa-
dian timing also coordinates daily patterns of feeding, energy utilization and energy
storage across the 24-h cycle. Disturbed metabolic rhythms have been observed in
metabolic disorders, such as obesity. Thus, synchrony between circadian and me-
tabolic processes plays an important role in the regulation of energy balance and
body-weight control (Chapter 9).

14
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Epidemiological studies have shown an interaction between diet, sleep and body-

weight control, however they are inconclusive. Therefore, we examined the inter-

action between diet, sleep and body-weight control in energy balance as short-

term and long-term effects of diets differing in protein and carbohydrate content,

on body composition, sleep, and appetite (Chapter 10).

Finally, the results and conclusions of the previous chapters are discussed and fu-

ture directions for research within this field are addressed in Chapter 11.
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Abstract

In addition to short sleep duration, reduced sleep quality is also associated with
appetite control. The present study examined the effect of sleep fragmentation,
independent of sleep duration, on appetite profiles and 24-h profiles of hormones
involved in energy balance regulation. A total of twelve healthy male subjects (aged
23 + 4y, BMI 24.4 + 1.9 kg/m’) completed a 24-h randomized crossover study in
which sleep (2330-0730h) was either fragmented or non-fragmented. Polysom-
nography was used to determine rapid eye movement (REM) sleep, slow-wave
sleep (SWS) and total sleep time (TST). Blood samples were taken at baseline and
continued hourly for the 24-h period to measure glucose, insulin, ghrelin, leptin,
glucagon-like peptide 1 (GLP-1) and melatonin concentrations. In addition, salivary
cortisol levels were measured. Visual analogue scales (VAS) were used to score
appetite related feelings. Sleep fragmentation resulted in reduced REM sleep
(69.4min compared with 83.5min; P<0.05) and preservation of SWS without chan-
ges in TST. In fragmented vs. non-fragmented sleep, glucose concentrations did not
change, while insulin secretion was decreased in the morning, and increased in the
afternoon (P<0.05), and GLP-1 concentrations and fullness scores were lower
(P<0.05). After dinner, desire-to-eat ratings were higher after fragmented sleep
(P<0.05). A single night of fragmented sleep, resulting in reduced REM sleep, in-
duced a shift in insulin concentrations, from being lower in the morning and higher
in the afternoon, while GLP-1 concentrations and fullness scores were decreased.
These results may lead to increased food intake and snacking, thus contributing to
a positive energy balance.
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Introduction

During the last decade the prevalence of obesity has increased worldwide to epi-
demic proportions. Obesity is considered to be a major health problem, as it is
associated with type 2 diabetes, cardiovascular diseases and certain cancers (1).
Efforts to understand the causes of obesity have focused on a positive energy bal-
ance that occurs when energy intake exceeds energy expenditure (2, 3). The obser-
vation of a rapid decline in sleep duration parallel to the rapid rise in body weight
has drawn attention to sleep deprivation as another possible contributor to a posi-
tive energy balance and therefore sleep may be a factor in the etiology of obesity
(4-8).

Appetite regulation involves both tonic (long-term) and episodic (short-term) hun-
ger and fullness signals. Tonic signals include leptin, which is secreted by adipose
tissue, and insulin, which is secreted by the B cells in the pancreas. Episodic signals
are triggered in response to the ingestion of food from the stomach (e.g. ghrelin)
and intestines (e.g. glucagon-like peptide 1 (GLP-1)). Resistance to these hunger
and satiating hormones results in overeating, leading to overweight and obesity (9,
10). Experimental sleep restriction has been shown to have an impact on many of
these hormones. Spiegel et al. showed that a restriction of time in bed to 4 hours
compared to an extended bedtime of 10 hours decreases leptin levels known to
suppress appetite, and increases ghrelin levels that promote hunger (11). In addi-
tion, sleep restriction was associated with increased hunger and appetite, espe-
cially for energy-dense foods with high carbohydrate content (11). Moreover, the
change in the ratio of ghrelin:leptin between the two conditions was strongly cor-
related to the change in hunger rating (11). Sleep restriction may also affect glu-
cose and insulin metabolism. Sleep restriction to only 4 hours of sleep reduced
glucose tolerance relative to sleep recovery of 12 hours of sleep (12) and reduced
insulin sensitivity relative to normal sleep duration of 8.5 hours of sleep (13). Even
sleep restriction to 5.5 hours of time in bed per night for 2 weeks (14) or 5.0 hours
of time in bed for one week (15) showed similar reductions on insulin sensitivity.
These experimental studies that restricted the time available for sleep observed
significant changes in hormones involved in appetite regulation in a direction that
would increase food intake. Thus, the link between sleep and appetite may be the
modulation of appetite related hormones.

However, besides sleep duration, sleep disturbance can also affect sleep quality by
changing the composition of sleep in terms of sleep stages. Human sleep is not a
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homogeneous state but is composed of rapid eye movement (REM) sleep and non-
REM sleep. The non-REM sleep can be further divided into four stages of progres-
sively deeper sleep. Stages 3 and 4 of non-REM sleep are also named slow-wave
sleep (SWS). Different relationships may exist between distinct sleep stages and
body weight regulation (16). For example, the initiation of SWS coincides with
hormonal changes that affect glucose regulation. Tasali et al. (17) showed that
selective suppression of SWS, without affecting TST, increased the risk of type 2
diabetes. The design of the study by Tasali et al. (17) was quite extreme, reducing
SWS by nearly 90%. However, more research is needed about the influence of
sleep fragmentation, resulting in decreased sleep quality, on the appetite control.
Therefore, the aim of the present study was to test the hypothesis that sleep frag-
mentation may lead to disturbed appetite control in a similar way as shorter sleep
duration increases appetite. We thus examined the effect of sleep fragmentation,
independent of sleep duration, on appetite profiles and 24-h profiles of hormones
involved in energy balance regulation (glucose, insulin, ghrelin, leptin, GLP-1, mela-
tonin and cortisol) in healthy men.

Subjects and Methods
Subjects

A total of twelve healthy male subjects with a mean age of 23 (SD, 4) years and
with a mean BMI of 24.4 (SD, 1.9) kg/m2 participated in the present study. They
were recruited via advertisements on notice boards at Maastricht University. The
subjects underwent an initial screening including measurements of body weight
and height and completed a questionnaire related to health, use of medication,
smoking behavior, alcohol consumption, sleeping behavior and food allergies. All
subjects were in good health, were nonsmokers, did not use medication, and were
moderate alcohol consumers (<10 drinks a week). Baseline characteristics of the
subjects are presented in Table 1. Body composition was measured using the deu-
terium dilution technique (18, 19).

All procedures were carried out with adequate understanding and subjects pro-
vided written informed consent at the start of the first test day. Subject recruit-
ment started in June 2009 and the study was conducted between September 2009
and May 2010. This study was conducted according to the guidelines laid down in
the Declaration of Helsinki and all procedures involving human subjects were ap-
proved by the Medical Ethical Committee of Maastricht University Medical Centre.
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The study was registered in the Dutch Trial Register (registration number
NTR1919). The power calculation of the present study was based on a sleep depri-
vation study (20). In the reference study, a crossover design with twelve subjects
was performed and resulted in significant differences between 4 hours of sleep
compared to 8 hours of sleep (20). The metabolic units, used in the present study,
ensure a highly controlled situation in which subjects are in a stable environment.

Table 1. Subject characteristics.

(Mean values with their standard deviations, n=12)

Characteristic Mean SD

Age (y) 23 4

BM (kg) 797 53
Height (cm) 180.9 4.4
BMI (kg/m?) 24.4 1.9
FFM (kg) 624 6.7
FM (kg) 16.2 5.8
%BF 20.5 6.8
Self-reported sleep duration (h/night) 8.2 1.0
Self-reported sleep latency (min) 17.3 7.6

BM, body mass; FFM, fat-free mass; FM, fat mass; %BF, per-
centage of body fat.

Study design

Recently Hursel et al. (21) reported a respiration chamber study in which they de-
termined the effects of sleep fragmentation on energy expenditure and substrate
oxidation in fifteen healthy men. In a subgroup of these participants, we performed
a separate experiment in a metabolic ward where regular blood sampling, also
overnight, was possible. The data presented in the present paper are obtained
from different nights compared to those reported in Hursel et al. (21). The two
experiments were separated by at least one week and the order was randomized
across the subjects.

The study had a randomized, single-blinded, crossover design. Subjects participated
in two 24-h metabolic unit experiments, separated by at least one week and at
most six weeks. Two days before the experiment, subjects were asked to sleep for
8 hours during the nights according to their habitual sleep duration (self-reported
sleep duration, Table 1). During both phases, subjects arrived at the university at
1800h and dinner was served at 1830h. At 2000h, electrodes for electroencephalo-
gram, electromyogram and electrooculogram recordings were applied according to
standardized criteria (22). At 2030h, a canula was placed into a dorsal hand vein of
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the contralateral arm. Blood samples, for the determination of glucose, insulin,
ghrelin, leptin, GLP-1 and melatonin, were taken at baseline (2100h) and continued
hourly for the 24-h period. An experimenter entered the room to collect these
blood samples, without disturbing the subjects. This was checked with the poly-
somnography data. Furthermore, saliva samples were collected every hour during
the day (2100h-2300h and 0800h-2000h) to determine cortisol levels. The subjects
were allowed to sleep from 2330h to 0730h (‘non-fragmented’ condition) or were
woken up several times during the night (‘fragmented’ condition). Lights were
switched off automatically at 2330h and switched on at 0730h, resulting in 8 hours
of sleep opportunity in a dark and quiet environment. The order of the two condi-
tions was randomized across the subjects to prevent any order effects. Wake-up
calls, varying in frequency between 500 and 2000Hz and intensity between 40 and
110 dB, occurred approximately every 90 minutes. The subjects confirmed waking
up since they had to put off the alarm, which took about 2 minutes. The alarm was
near the bed so subjects did not need to get up and the lights were kept off. The
next day, standardized meals were served at 0830h, 1330h and 1830h. At 2000h,
the canula and the electrodes were removed. Artificial light intensity during the day
(0730-2330h) was always above 400 lux (Energy Saver, Tornado E27, 900 lumen;
Philips Lighting).

Sleep recordings

To ensure that sleep fragmentation was successful, polysomnographic recordings
were obtained throughout the 24-h by using BrainRT digital EEG system (OSG
BVBA). Sleep is recorded in occipital and central regions of the brain. Surface elec-
trodes were used to record the electroencephalographic signals; two central (C3-
A2 and C4-Al) and two occipital (01-A2 and 02-A1l), bilateral electrooculograms
and submental electromyograms. All records were visually scored in 30-s epochs
according to Rechtschaffen and Kales by the same experienced person blinded to
the experimental condition (22). Sleep parameters of interest were REM sleep,
SWS and TST. Sleep latency is defined as the time to fall asleep. Daytime naps were
not allowed.

Energy intake

During their stay and two days before the experiment, subjects were fed in energy
balance. The energy content of the food was tailored to the energy requirements
of each subject by calculating basic metabolic rate (BMR) with the Harris and Ben-
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edict equation that uses sex, age, height and weight (23). To estimate the total
energy requirement at home, the BMR was multiplied with a physical activity index
(PAL) of 1.75 estimated by means of a computer simulation program (24). The total
energy requirement in the metabolic unit was estimated by multiplying the BMR
with a PAL of 1.35. Energy intake was divided over the meals as 20% for breakfast,
40% for lunch, and 40% for dinner. The macronutrient composition of the diet was
12/55/33% of energy (protein/carbohydrate/fat). Participants were required to
finish each meal and were not allowed to eat additional food. Water was freely
available during the whole experiment.

Questionnaires

The appetite questionnaire was composed of visual analogue scale (VAS, in mm)
qguestions on subjective feelings of hunger, fullness and desire to eat. Opposing
extremes of each feeling were described at either end of a 100 mm horizontal line,
and subjects marked the line to indicate how they felt at that moment. These ques-
tionnaires were completed every hour and before and after each meal.

Aspects of mood were assessed using the Dutch translation of the Profile of Mood
States (POMS). This questionnaire contains 70 adjectives that are rated on a five-
point scale, anchored by ‘much like this’ to ‘much unlike this’ and is divided into
five categories (depression, tension, confusion, fatigue and anger). An increase in
POMS scores is associated with a worsening in mood (25). Mood profiles were
assessed before each meal.

Anxiety was assessed using the Dutch translation of the State-Trait Anxiety Inven-
tory (STAI). This questionnaire is composed of 20 questions rated on a four-point
scale, ranging from ‘much like this’ to ‘much unlike this’. An increase in STAI scores
is associated with an increase in anxiety (26). State anxiety was assessed every
hour and before and after each meal.

Blood ands saliva samples

Blood was distributed into EDTA tubes for glucose, insulin, leptin and active ghrelin
measurements. For active GLP-1 measurement, blood was collected in EDTA tubes
with added dipeptidyl peptidase IV inhibitor. Plasma was obtained by centrifuga-
tion at 4°C for 10 minutes at 3000 rpm. For melatonin measurement, blood was
collected in clot tubes, containing ‘Silica Clot Activator’. Blood in the clot tubes was
allowed to clot for 30 minutes and was centrifuged at 3000 rpm, 4°C for 10 minutes
to obtain serum. All samples were stored at -80°C until analysis. Plasma glucose
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concentrations were determined using the hexokinase method (Glucose HK 125 kit;
ABX diagnostics). Insulin and plasma active ghrelin concentrations were measured
by radioimmunoassay (Linco Research, Inc.). Plasma active GLP-1 samples were
analyzed using ELISA (EGLP-35K; Linco Research, Inc.). Plasma leptin concentrations
were measured using the human leptin RIA-kit (Linco Research, Inc.). Serum mela-
tonin concentrations were determined by radioimmunoassay (IBL International
GmbH).

To determine cortisol levels, saliva samples were collected using cotton swabs
(Salivettes, Sarstedt). Subjects were instructed to gently chew on the swab for one
min. Cotton swabs were then transferred to the plastic containers and stored at -20
°C until analysis. Salivary cortisol concentrations were measured by the laboratory
of Prof. Dr. C. Kirschbaum, Dresden University of Technology, Germany. After thaw-
ing, saliva samples were centrifuged at 3000 rpm for 10 min. Luminescence immu-
noassay (IBL) with intra- and inter-assay precision of 2.5% and 4.7% respectively,
was used to measure salivary cortisol concentrations.

Statistical analysis

Data are presented as means with their standard errors, unless otherwise indi-
cated. Areas under the curve (AUC) were calculated using the trapezoidal method.
ANOVA with repeated measures was carried out to determine the conditional ef-
fects of fragmented vs. non-fragmented sleep and the effects of time, on meas-
urements of glucose, insulin, ghrelin, leptin, GLP-1, melatonin and cortisol levels. If
relevant, differences between fragmented and non-fragmented sleep condition
were analyzed per time point. To assess the strength of the within-subject relation-
ship between changes in VAS scores for fullness and GLP-1 concentrations, we
calculated, separately for each subject, regression slopes and R’ values for the
regression of fullness scores on GLP-1 concentrations. We presented the mean and
95 % confidence interval for the mean and interquartile ranges (Q1-Q3) of the
observed slopes and R’ values. Student’s one-sample t-tests were used to test
whether the means of the regression slopes were different from zero. All tests
were two-sided and the level for establishing significant differences was taken at
P<0.05. Data were analyzed using SPSS 11 software (SPSS Inc.).
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Results

Sleep

There were no significant differences between the non-fragmented and fragmen-
ted nights in sleep latency, time awake, TST and sleep stage 1 (Table 2). Subjects
woke up approximately 5 times during the fragmented night. Although the amount
of SWS was reduced in the fragmented night compared with the non-fragmented
night, this difference was not statistically significant (Table 2). REM sleep was signi-
ficantly shorter during the fragmented night compared with the non-fragmented
night (P<0.05, Table 2). Consequently, sleep stage 2 was significantly longer in the
fragmented night compared with the non-fragmented night (P<0.001, Table 2).

Table 2. Sleep parameters during non-fragmented and fragmented nights.

(Mean values with their standard errors, n=12)

Non-fragmented night Fragmented night

Parameters Mean SEM Mean SEM P
Sleep latency (min) 22.7 4.7 20.3 3.7 0.63
Wake (min) 30.0 8.2 27.9 9.3 0.75
Total sleep time (min) 428.4 11.7 433.2 9.7 0.45
Stage 1 (min) 18.8 3.9 19.0 3.3 0.97
Stage 2 (min) 244.0 9.8 273.9 10.5 <0.001
SWS (min) 82.0 9.0 70.9 9.1 0.17
REM sleep (min) 83.5 7.9 69.4 6.0 <0.05

SWS, slow-wave sleep; REM, rapid eye movement.

*Differences between non-fragmented and fragmented nights (ANOVA-repeated measures).

Glucose and insulin concentrations

However, 24-h glucose concentrations did not differ between the fragmented sleep
and non-fragmented sleep nights (Figure 1A, Table 3). There was an overall effect
of time on glucose levels (P<0.001).

There was no overall effect of sleep fragmentation on 24-h insulin concentrations.
Postprandial insulin secretion changed significantly differently after the fragmented
vs. non-fragmented sleep nights. Following fragmented sleep, the postprandial rise
in insulin was significantly lower after breakfast and higher after dinner, while after
non-fragmented sleep the postprandial rise in insulin was significantly higher after
breakfast and lower after dinner (Figure 1B, time x condition effect, F=4.9; P<0.05).
There was an overall effect of time on insulin levels (P<0.001). Analysis per time
point revealed that following a night of fragmented sleep, post-breakfast insulin
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concentrations were lower, while post-dinner insulin concentrations were higher
compared with a night of non-fragmented sleep (Figure 1B, P<0.05).
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Figure 1. Mean (+SEM) glucose (A) and insulin (B) concentrations in fragmented sleep (B) and non-
fragmented sleep (4) conditions (n=12). *P<0.05 (analyses per time point). ANOVA repeated measures
showed a significant time x condition effect (F=4.9, P<0.05). | indicates meal times.

Ghrelin, leptin and melatonin concentrations

There were no significant differences in the 24-h ghrelin, leptin and melatonin
concentrations between the fragmented sleep and non-fragmented sleep nights
(AUC, respectively: 67058+28841 vs. 7317318678 ng/l x min; 642611063 vs.
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57181866 ug/l x min; 5473917855 vs. 564656486 ng/l x min, Table 3). There was
an overall effect of time on ghrelin, leptin and melatonin concentrations (P<0.001).

Table 3. Blood and saliva parameters in the non-fragmented sleep and fragmented sleep
conditions. (Mean values with their standard errors, n=12)

Non-fragmented night Fragmented night
Parameters Mean SEM Mean SEM
Glucose (mmol/l) 5.6 0.1 5.6 0.1
Insulin (mU/1) 30.6 2.4 31.2 2.5
Ghrelin (ng/l) 52.9 6.2 48.4 5.9
Leptin (ug/1) 4.2 0.6 4.7 0.8
Melatonin (ng/1) 38.5 4.2 38.6 5.4
GLP-1 (pmol/I) 4.4 0.9 4.1 0.7
Cortisol (nmol/l) 8.6 0.5 8.5 0.5

GLP-1, glucagon-like peptide 1.

Glucagon-like peptide 1 concentrations and appetite profile

There was no overall effect of sleep fragmentation and no time x condition interac-
tion effect on 24-h GLP-1 concentrations. GLP-1 concentrations were different over
time (P<0.001). Since previous studies showed an increased food intake and snack-
ing during the afternoon or evening (20, 27), we performed a closer inspection of
the GLP-1 data from the afternoon. Analyses of AUC during the afternoon and per
time point revealed that following a night of fragmented sleep, GLP-1 concentra-
tions were significantly lower in the afternoon (Figure 2A and B; P<0.05) than after
a night of non-fragmented sleep.

In addition, there was also an effect of time on fullness and desire-to-eat ratings
(P<0.001). Analysis per time point revealed that in the afternoon following a night
of fragmented sleep, subjects were less full (Figure 2C, P<0.05,) than after a night
of non-fragmented sleep. After dinner, desire-to-eat ratings were significantly hig-
her during the fragmented sleep condition than during the non-fragmented sleep
condition (24.6+8.3 vs. 14.9+6.6 mmVAS; P<0.05).

In both the non-fragmented sleep and fragmented sleep condition, GLP-1 concen-
trations changed synchronously with VAS fullness scores (Figure 3). The regression
slopes and R’ values were significantly higher in the non-fragmented sleep condi-
tion (Table 4).
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Figure 2. Mean (+SEM) glucagon-like peptide 1 (GLP-1) concentrations in fragmented sleep (M) and non-

fragmented sleep (4A) conditions (n=12). Data are presented in lines (A) and bars (B, AUC from 1400h tc
2000h). Mean (+SEM) visual analogue scale (VAS) fullness scores (C) in fragmented sleep (M) and non-
fragmented sleep (4 ) conditions (n=12). ¥*P<0.05 (analyses per time point). | indicates meal times.
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Figure 3. Mean (+SEM) glucagon-like peptide 1 (GLP-1) concentrations (black lines) and visual analogue

scale (VAS) fullness scores (grey lines) in non-fragmented sleep (A,A) and fragmented sleep (B, W'

conditions (n=12).

Table 4. Observed slopes and R’ values for the within-subject relationships between visual analogue
scale fullness scores and glucagon-like peptide 1 concentrations in the non-fragmented sleep and frag-

mented sleep conditions. (Mean values with their standard errors; 95% confidence intervals (Cl) and

interquartile ranges (IQR), n=12)

Non-fragmented sleep night

Fragmented sleep night

#

Mean SEM Cl IQR Mean SEM Cl IQR P
Slope 10.0° 1.4 7.2,12.7 6.0,2.3 7.3 1.1 5.1,9.6 4.2,0.3 <0.05
R’ 0.5 0.05 0.4,0.6 0.4,0.6 0.3 0.06 0.2,0.4 0.1,0.4 <0.01

"Means of the regression slopes were significant different from zero (P<0.0001, Student’s one-sample t-
test) *Differences between non-fragmented sleep and fragmented sleep night (ANOVA-repeated meas-

ures)
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Cortisol concentrations and mood state

With respect to stress-related parameters, there was a time x condition interaction
effect on cortisol concentrations (P<0.01, F=2.26), peak values were higher in the
morning following a night of non-fragmented sleep, whereas evening cortisol levels
remained higher following a night of fragmented sleep (Figure 4). Cortisol concen-
trations were different over time (P<0.001, Figure 4). Analysis per time point re-
vealed that cortisol concentrations were significantly lower in the morning after
the fragmented sleep night than after non-fragmented sleep night (Figure 4,
P<0.01). In the evening, cortisol concentrations were significantly higher in the
fragmented sleep condition compared with the non-fragmented sleep condition
(Figure 4, P<0.05).

There was an overall time effect (P<0.05) and a time x condition interaction effect
(P<0.05, F=5.0) on the POMS scores for the category ‘fatigue’. The morning after a
night of fragmented sleep POMS scores for ‘fatigue’ were significantly higher than
after a night of non-fragmented sleep (24.7£1.3 vs. 20.5+1.4; P<0.05).

There were no significant differences in the STAI scores between the fragmented
sleep and non-fragmented sleep nights (AUC: 2160441202 vs. 19534+877).
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Figure 4. Mean (+SEM) cortisol concentrations in fragmented sleep (M) and non-fragmented sleep (4)
conditions (n=12). *P<0.05 (analyses per time point). ANOVA repeated measures showed a significant
time x condition effect (F=2.26, P<0.01). | indicates meal times.
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Discussion

In the present study, sleep fragmentation resulted in preservation of SWS and
substitution of REM sleep with sleep stage 2 without changes in TST and time awa-
ke. Sleep fragmentation occurred less frequently compared to Hursel et al. (21)
(five vs. seven times), which explains why the alterations in sleep parameters were
less pronounced in this study compared to the previous study. Both studies show a
reduction in SWS and REM sleep, which are regarded as the restorative parts of
sleep and the sleep parameters related to health. However, in the present study,
the reduction in SWS did not reach significance. Although there were no significant
differences in time awake, sleep stage 1 and SWS in the present study, we were
able to show an effect of altering the amount of REM sleep without changing TST,
thereby enabling us to investigate the effect of sleep quality.

Our results show that a night of fragmented sleep is accompanied by a change in
the pattern of postprandial insulin secretion over the day without changes in glu-
cose secretion. Several studies have already indicated that sleep restriction in heal-
thy subjects induces a reduction in insulin sensitivity (13-15). In addition, sleep
fragmentation across all stages was associated with a decrease in insulin sensitivity
(28). Tasali et al. (17) even showed that selective suppression of SWS could worsen
the reduced insulin secretion in healthy subjects. The present study shows signifi-
cant differences in insulin release only on two specific time points; therefore, the
evidence is too limited to draw a firm conclusion about insulin sensitivity from
these data. Surprisingly, analysis of insulin secretion per time point revealed that
following a night of fragmented sleep insulin concentrations were less increased
after breakfast. Although non-significant, also glucose concentrations after break-
fast were slightly lower following a night of fragmented sleep than following a night
of non-fragmented sleep. We speculate that more glycogen has been used during
the fragmented night due to higher activity-induced energy expenditure during the
night for putting off the alarm (21, 29, 30). The overall effect of time on glucose
concentrations is caused by its meal-related secretion pattern. Glucose concentra-
tions were low before each meal and peaked after each meal.

The higher insulin secretion in the afternoon after fragmented sleep may imply that
a vulnerable condition appears in the afternoon. Previous studies showed indeed
an increased food intake and an increased intake of energy from snacks after par-
tial sleep deprivation (20, 27, 31-33). In relation to appetite, GLP-1 concentrations
and fullness scores were decreased in the afternoon following a night of frag-
mented sleep. The overall effect of time on GLP-1 concentrations is caused by its

33



CHAPTER 2

meal related secretion pattern. GLP-1 concentrations were low before each meal
and peaked after each meal. In agreement with previous studies (9, 34) GLP-1 con-
centrations changed synchronously with VAS fullness scores. However, the present
study shows that the correlation between GLP-1 concentrations and VAS fullness
scores decreases after fragmented sleep. After dinner, the appetite effect con-
tinued by showing a larger desire to eat. So, it seems that a vulnerable condition
following sleep fragmentation occurs in the afternoon. During a 48 hours respira-
tion chamber experiment with the same subjects, we observed an increase in car-
bohydrate oxidation when sleep was fragmented (21). In addition, Nedeltcheva et
al. (35) reported that the respiratory quotient was increased for short sleepers,
which implies less fat oxidation and more carbohydrate oxidation. We speculate
that these results may indicate a glycogen depletion that leads to hypoglycemia
and thereby may underscore a vulnerable condition leading to increased food in-
take and snack consumption.

Both epidemiological and experimental observations of lower leptin and higher
ghrelin concentrations during the day with short sleep duration (36, 37) have led to
the hypothesis that sleep deprivation may affect energy balance through such
hormone changes. The lack of changes in ghrelin and leptin during the day after a
night of fragmented sleep in our study may be explained by our experimental de-
sign investigating the effect of short-term sleep fragmentation independent of
sleep duration. The overall effect of time on leptin and melatonin concentrations is
caused by their circadian secretion pattern, while the overall effect of time on
ghrelin concentrations is due to its meal-related secretion pattern. Leptin and me-
latonin concentrations increased during the night and decreased during the day.
Ghrelin concentrations peaked before each meal and decreased immediately after
each meal.

Because sleep fragmentation may affect several neuroendocrine signals involved in
the control of substrate utilization, we also examined cortisol concentrations. The
sharp morning rise and the steep fall to low evening levels are two characteristic
features of the human daily cortisol rhythm. Other studies have previously demon-
strated that both morning and evening cortisol levels are modulated by even a
single night of reduced sleep (38, 39). Corresponding with these studies, the pres-
ent results indicate that after a single night of fragmented sleep, cortisol levels
were significantly reduced after awakening and were elevated in the evening.

The strengths of the present study included the standardised protocol with de-
tailed sleep scoring using polysomnography. Subjects were fed in energy balance
two days before and during the experiment. Moreover, blood samples were taken
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every hour for 24-h. In addition, a refinement that the present study shows is con-
necting the glucose metabolism and appetite-related parameters to the different
sleep stages. This suggests that TST is not primarily indicative for sleep quality,
which consists of REM sleep and SWS. Thus, affecting TST, such as previous studies
have demonstrated, may affect glucose metabolism and appetite-related param-
eters since sleep quality will be reduced. Our observation on reduced sleep quality
is based upon reduced REM sleep while SWS is preserved. Tasali et al. (17) showed
that suppression of SWS adversely affected glucose homeostasis. However, assess-
ing SWS suppression and SWS recovery only partly explains the effect of sleep
quality on glucose metabolism because sleep restriction also results in a reduction
of REM sleep (40, 41). A possible limitation of the present study is the mild sleep
fragmentation, in contrast to studies examining the effect of sleep restriction and
sleep recovery. However, mild sleep fragmentation is more likely to occur in every-
day life with its street noise and cell phones that are not switched off during the
night. The present study indicates that even mild sleep fragmentation during a
single night may contribute to a vulnerable condition in the afternoon, accompa-
nied by increased insulin secretion, lower GLP-1 concentrations and diminished
fullness. Another limitation might be that the acute effects from this study cannot
be extrapolated to chronic effects since adaptations might occur. Therefore, more
research over the long-term is necessary to establish the initial observations. Final-
ly, there was the instance of an experimenter entering the room softly to take
blood samples. We had anticipated that this might be a limitation, but we decided
to use this procedure because of safety concerns. Therefore, after each night it was
checked whether this procedure disturbed the sleep pattern, and no acute changes
in sleep phases coincided with entering the room. In addition, this procedure oc-
curred in both conditions and only the night with fragmented sleep resulted in a
reduction of REM sleep.

In the present study, sleep fragmentation led to reduced sleep quality by reducing
the amount REM sleep. Several studies suggest REM sleep may have a role in me-
tabolism and obesity (42-44). A population-based study found an association be-
tween reduced amount of REM sleep and central obesity in women (42), while a
cross-sectional study indicated that reduced REM sleep time was associated with
elevated BMI in children and adolescents (44). The significant association between
reduced REM sleep and overweight suggests that REM sleep loss may alter the
balance of energy intake and energy expenditure. It has been shown that sleeping
metabolic rate is significantly higher in REM sleep (45) and diminished sleeping
metabolic rate is again associated with elevated BMI (46). Moreover, the present
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study shows that also endocrine changes are sensitive to reduced REM sleep. In-
creased insulin concentrations and decreased GLP-1 concentrations in the after-
noon due to REM sleep loss decreased fullness scores, which in turn could lead to
increased food intake and snacking if subjects had been allowed ad libitum food
intake. In addition to an increase in total energy intake, the proportional intake of
specific macronutrients, such as carbohydrates or fat, could have increased. It has
been already shown that sleep restriction increased appetite for energy-dense
nutrients with high carbohydrate content, including sweets, salty snacks and
starchy foods (11). In addition, Nedeltcheva et al (27) found that bedtime restric-
tion was associated with increased consumption of calories from snacks with
higher carbohydrate content. While in another study, six nights of 4 hours in bed
was associated with more energy consumption, mostly due to increased fat con-
sumption (33). Beside the homeostatic system, also the hedonic system plays a role
in food intake regulation. Previous animals studies showed that REM sleep depriva-
tion produced a decline in motivation for food reward (47). So, also in humans,
reduced REM sleep could lead to a decrease in the reward values of food, which
may shift food choice to higher reward and higher energy foods and thereby con-
tributing to a positive energy balance. Moreover, Van Cauter et al. (48) observed an
inverse relationship between nadir cortisol levels and REM sleep. Thus, the eleva-
tion of the evening cortisol levels in the fragmented sleep condition of the present
study may be due to the decreased amount of REM sleep during the fragmented
sleep. Raised cortisol concentrations in the evening are thought to reflect an im-
pairment of the negative-feedback control of the hypothalamo-pituitary-adrenal
axis that has been related to obesity (49). Earlier studies using extreme forms of
sleep deprivation may reflect the effect of decreases in the subject specific amount
of SWS and REM sleep, thereby implying a reduction in sleep quality. Therefore,
they cannot distinguish between the effect of reduction of TST or of reduction of
sleep quality. In the present study, we reduced sleep quality without reducing TST
and report that reduced sleep quality already affects insulin, GLP-1, cortisol con-
centrations and fullness scores. Therefore, we suggest that the quality of sleep is
more important than the duration of sleep. This also may explain why not all peo-
ple who sleep less than 6 hours are overweight/obese, as they may have a suffi-
cient amount of REM sleep.

In summary, a single night of fragmented sleep, resulting in reduced REM sleep,
induced a shift in insulin concentrations; from being lower in the morning and
higher in the afternoon while GLP-1 concentrations and fullness scores were de-
creased. Together, these results may create a vulnerable condition in the after-
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noon, which could lead to increased food intake and snacking, thus contributing to

a positive energy balance.
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Abstract

Background: Epidemiologically, an inverse relationship between BMI and sleep
duration is observed. Intra-individual variance in the amount of SWS or REM sleep
has been related to variance of metabolic and endocrine parameters, which are risk
factors for the disturbance of energy balance (EB).

Objective: To investigate inter-individual relationships between EB (EB = | energy
, MJ/24h), SWS or REM sleep, and relevant param-
eters in normal-weight men during two 48h stays in the controlled environment of

intake — energy expenditure

a respiration chamber.

Subjects and methods: A total of 16 men (age 23 + 3.7y, BMI 23.9 + 1.9 kg/mz)
stayed in the respiration chamber twice for 48h to assure EB. Electroencephalogra-
phy was used to monitor sleep (2330-0730h). Hunger and fullness were scored by
visual analogue scales; mood was determined by State Trait Anxiety Index-state
and food reward by liking and wanting. Baseline blood and salivary samples were
collected before breakfast. Subjects were fed in EB, except for the last dinner,
when energy intake was ad libitum.

Results: The subjects slept on average 441.8 + 49 minutes per night, and showed
high within-subject reliability for the amount of SWS and REM sleep. Linear regres-
sion analyses showed that energy balance was inversely related to the amount of
SWS (r=-0.43, P<0.03), and positively related to the amount of REM sleep (r=0.40,
P<0.05). Relevant parameters such as hunger, reward, stress and orexigenic hor-
mone concentrations were related to overeating, as well as to the amount of SWS
and REM sleep, however, after inclusion of these parameters in a multiple regres-
sion, the amount of SWS and REM sleep did not add to the explained variance of
EB, which suggests that due to their individual associations, these EB parameters
are mediator variables.

Conclusion: A positive EB due to overeating was explained by a smaller amount of
SWS and higher amount of REM sleep, mediated by hunger, fullness, State Trait
Anxiety Index-state scores, glucose/insulin ratio, and ghrelin and cortisol concen-
trations.
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Introduction

The prevalence of overweight and obesity has increased worldwide to epidemic
proportions (1). Obesity results from a chronic deregulation of energy balance (EB),
with energy intake exceeding energy expenditure, leading to the storage of exces-
sive energy as fat (2). Recent literature suggests a role for sleep in the development
of obesity. The majority of evidence is found in epidemiological studies (cross-
sectional and longitudinal), which report an inverse relationship between sleep
duration and body mass index (BMI) (3-5).

Until now, only a few experimental studies have addressed the connection be-
tween sleep and deregulation of EB. Altered EB parameters, such as lower glucose
tolerance, distorted levels of (an)orexigenic hormones, increased activity of the
sympathetic nervous system, changed feelings of hunger and fullness, and altered
energy intake and energy expenditure were observed after sleep disturbance (6-
21). The majority of these studies applied extreme forms of sleep disturbances;
namely less than 4 hours of sleep or total sleep deprivation, which cannot be toler-
ated by humans beyond a few days (22).

Extreme forms of sleep disturbance have been shown to alter sleep characteristics;
it decreases the duration of rapid eye movement (REM) sleep and slow-wave sleep
(SWS) (3, 23-25); for example, 4h of sleep decreased the amount of REM sleep by
50 min and SWS by 30 min, compared with 8h of sleep (23). SWS and REM sleep
have been correlated to variation in metabolic parameters (26, 27); for example,
inverse relationships between BMI, waist circumference, hypertension incidence,
cortisol concentrations, and SWS have been observed (28-30). Additionally, positive
relationships between lean body mass, growth hormone release, and SWS have
been observed (31-34). Furthermore, inverse relationships between BMI, nadir
cortisol concentrations, and REM sleep have been observed (35, 36). When SWS is
selectively suppressed without any change in total sleep time, alterations in EB
parameters comparable to less than 4 hours of sleep or total sleep deprivation
have been shown; SWS suppression induced a decrease in insulin sensitivity in
humans (37). Together, these findings suggest that EB parameters are primarily
related to the amount of SWS and REM sleep, rather than to total sleep duration.
SWS and REM sleep duration are, however, highly variable between subjects, and
are subject specific (22, 24, 38-40). As these inter-individual relationships between
EB parameters and the amount of SWS and REM sleep have not been studied
under controlled conditions before, the objective of our study was to investigate
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inter-individual relationships between EB (| energy intake — energy expenditure |),
SWS, REM sleep, and relevant parameters in young, normal-weight men during two
48h stays in the controlled environment of the respiration chamber.

Subjects and methods
Subjects

The Medical Ethical Committee of the University Maastricht approved the study
(NL24166.068.08), and informed, written consent was obtained from all subjects.
Healthy, medication-free, non-smoking men (n = 16), 18 to 30 years, with a BMI of
20 to 25 kg/m2 were recruited to complete all phases of this study. A medical his-
tory was obtained from each subject before entry into the study, and exclusion
criteria were chronic illness, depression, a history of eating disorders or current
dieting, and sleep disorders. Sleep characteristics were assessed using a question-
naire on sleep duration during weekdays and weekend days, time to fall asleep,
times woken up during the night, chronotype preference, and the Epworth Sleepi-
ness Scale. In general the subjects were good sleepers as they slept about 8 hours
per night, had no sleeping difficulties, time to fall asleep was relatively short, and
times woken up during the night were low. All subjects recruited, completed the
study. The characteristics of the subjects are presented in Table 1.

Table 1: Characteristics of the male subjects.

(Mean values with their standard deviations, n=16)

Characteristic Mean SD
Age (y) 23.3 3.7
Body weight (kg) 79.1 7.4
Height (cm) 181.6 5.9
BMI (kg/m”) 23.9 1.9
Fat percentage (%) 19.8 6.3
Sleep duration weekdays (h) 8.2 1.0
Sleep duration weekend days (h) 8.7 0.8
Time to fall asleep (min) 16.3 8.1
Times woken up during the night 0.6 0.8
Epworth Sleepiness Scale 6.2 33
Chronotype preference (0 = morning/ 0.9 0.2
1 = evening)
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Experimental design

Each subject reported to the laboratory on 3 occasions: once for anthropometry
measurements and subject characterization, and twice for 48h stays (20.00h-
20.00h) in the respiration chamber. During the anthropometrical measurements
the subject’s body weight, height, BMI, as well as body composition were meas-
ured. The two stays in the respiration chamber were conducted 4 weeks apart, and
three days before each stay subjects were provided with a diet in EB to consume at
home. During the stays subjects were fed in EB, determined by energy expenditure
that was measured continuously in the respiration chamber. Electroencephalogra-
phy was used to monitor wake and sleep stages. Artificial light intensity in the res-
piration chamber was always > 400 lux (Energy Saver Tornado E27 900 lumen,
Philips Lightning, Eindhoven, The Netherlands). Feelings of hunger and fullness
were scored by visual analogue scales; mood was determined by State Trait Anxiety
Index; food reward by liking and wanting. The baseline blood and salivary samples
were collected before breakfast on both days. The subjects were fed in EB during
the first day and for the first 22h during the second day, during the last 2h they
received their dinner ad libitum, in order to determine ad libitum energy intake.

Anthropometry

Measurements were obtained in the morning after voiding the bladder and before
breakfast. Body weight (Sauter D7470, Ebingen, Germany) and height (Seca, model
220, Hamburg, Germany) were measured to the nearest 0.01 kg and 0.1 cm, re-
spectively. BMI (kg/mz) was calculated as body weight (kg) divided by height (m)
squared. Body composition was measured using the deuterium dilution technique
(D,0). Deuterium dilution was used to measure total body water (TBW). Subjects
were asked to collect a urine sample in the evening just before drinking the deuter-
ium-enriched water solution. After ingestion of this solution, no further consump-
tion was allowed. In the morning the first urine sample was discarded, the whole
second urine sample (about 10h after drinking the water solution) was collected.
The dilution of the deuterium isotope is a measure of the TBW of the subject. Deu-
terium was measured in the urine samples with an isotope ratio mass spectrom-
eter (VG-Isogas Aqua Sira, VG Isogas, Middlewich, Cheshire, UK). TBW was obtained
by dividing the measured deuterium dilution space by 1.04. Fat-free mass (FFM)
was calculated by dividing TBW by the hydration factor 0.73 as defined by Fomon
et al. (41). Fat mass (FM) was measured as body weight minus FFM.
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Sleep monitoring

Sleep was recorded from 2330-0730h, by using a digital electroencephalography
acquisition system (BrainRT, OSG Medical software & Hardware, Belgium). Surface
electrodes were used to record EEG signals; two central (C3—A2 and C4-A1) and
two occipital (O1-A2 and 02-A1l), bilateral electrooculograms, and submental
electromyograms. Sleep recordings were visually scored at 30-s intervals as the
stages wake, REM sleep, sleep stage 1, sleep stage 2, and SWS by an experienced
rater who was blind to the age and sex of the participants, and followed standard
criteria (42).

Energy expenditure

To ascertain EB during the first 24h of the 48h stays, the experiment was con-
ducted in the respiration chamber (43), where energy expenditure was measured
continuously. During the second 24h subjects were fed identical to the first day for
the first 22h; after that an ad libitum final dinner was given. The respiration cham-
ber is a 14m° room furnished with a bed, chair, computer, television, DVD player,
telephone, intercom, sink and toilet. The room was ventilated with fresh air at a
rate of 70-80L/min. The ventilation rate was measured using electronically modi-
fied dry gas meters (G6, Schlumberger, Dordrecht, The Netherlands). The analysis
system consisted of dual pairs of infra-red CO, (ABB/Hartman&Braun Uras, Frank-
furt a.M., Germany) and paramagnetic O, analyzers (Servomex 4100, Crowbor-
ough, UK). Data acquisition was performed using custom-built interfaces (IDEE
Maastricht University, The Netherlands), a computer (Apple Macintosh, Cupertino,
USA), and graphical programming environment (Labview, National Instruments,
Austin, TX, USA) (43). For both days 24h energy expenditure was measured from
20.00h till 20.00h the next day, and was calculated from the measurements of O,
consumption and CO, production, using the formula of Brouwer (44).

Hunger and fullness scores

Aspects of the appetite profile were assessed using 100 mm visual analog scales
(VAS) with questions about feelings of hunger, fullness, thirst, and desire to eat.
Opposing extremes of each feeling were described at either end of the 100mm
horizontal line, and subjects marked the line to indicate how they felt at that mo-
ment (45). During the 48h stays, appetite profiles were assessed every waking hour
from 08.00h, as well as before and after every meal.
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Mood score

Anxiety was assessed using the Dutch translation of the State-Trait Anxiety Inven-
tory (STAI) (46). This questionnaire consists of two subscales: the trait scale (an-
xiety-trait) and the state scale (anxiety-state). Only the state scale was used in this
experiment and refers to the transitory emotional response involving unpleasant
feelings of tension and apprehensive thoughts. The state scale is composed of 20
questions, rated on a four-point scale, ranging from “much like this” to “much un-
like this” and require that subjects describe how they feel at a specific moment
(46). The scale can score a maximum of 80 and an increase in STAI trait or state
scores is associated with an increase in anxiety. During the 48h stays, anxiety was
assessed every waking hour from 08.00h, as well as before and after every meal.

Blood sampling

During the 48h stays, each morning before breakfast (08.00h) a polytetrafluoro-
ethylene catheter was placed in the antecubital vein for blood sampling. Blood
samples were collected in EDTA tubes (BD Vacutainer, 10 ml) for the measurement
of plasma insulin, glucose, leptin, and ghrelin concentrations. For glucagon-like
peptide 1 (GLP-1) measurement blood was collected in EDTA tubes with added
dipeptidyl peptidase IV inhibitor, and for melatonin concentrations measurement
blood was collected in serum tubes (BD Vacutainer, 9.5 ml). The blood for the
serum measurements was allowed to clot at room temperature for 20 min. Im-
mediately after clotting, the blood samples were put on ice and serum was ex-
tracted by centrifugation (1500 x g, 10 min, 4°C). The blood for plasma measure-
ments was centrifuged immediately (1500 x g, 10 min, 4°C). Hydrochloric acid and
phenylmethylsulfonyl fluoride were added to plasma for active ghrelin determina-
tion. All samples were frozen in liquid nitrogen and stored at —80°C until analyzed.
Glucose concentrations were determined using the hexokinase method (Glucose
HK 125 kit, ABX diagnostics, Montpellier, France) and insulin concentrations by
radioimmunoassay (Linco Research Inc., St. Charles, MO, USA). Leptin concentra-
tions were measured using the human leptin radioimmunoassay-kit (Linco Re-
search Inc., St Charles, USA) and active ghrelin concentrations by radioimmunoas-
say (Linco Research Inc, St. Charles, USA). Active GLP-1 concentrations were deter-
mined by enzyme-linked immunoradiometric assay (EGLP-35K; Linco Research Inc,
St Charles, USA) and melatonin concentrations by radioimmunoassay (IBL Interna-
tional GMBH, Hamburg, Germany).
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Salivary sampling

To determine salivary cortisol levels, each morning before breakfast (08.00h) a
saliva sample was collected with the help of cotton swabs (Salivettes, Sarstedt,
Etten-Leur, The Netherlands). Subjects were instructed to gently chew on the swab
for 1 min. Cotton swabs were then transferred to the plastic containers and stored
at -20 °C until analysis.

Salivary cortisol concentrations were measured by the laboratory of Prof. Dr. C.
Kirschbaum, Dresden University of Technology, Germany. After thawing, saliva
samples were centrifuged at 3000 rpm for 10 min. Luminescence immunoassay
(IBL, Hamburg, Germany) with intra- and inter-assay precision of 2.5% and 4.7%,
respectively, was used to measure salivary cortisol concentrations.

Energy intake

Two days before and during the experimental sessions, the subjects were fed with
a study diet designed to provide EB, except for the final ad libitum dinner at the
end of the experimental session. The energy content of the diet that the subjects
consumed at home was based on basal metabolic rate (BMR), which was calculated
with the equation of Harris-Benedict (47). BMR was multiplied by an activity index
of 1.7 (48). To determine the appropriate level of energy intake for each subject in
order to attain energy, the sleeping metabolic rate was measured during the first
night and multiplied by an activity index of 1.35. Energy intake was divided over the
meals as follows: 25% for breakfast (09.00h), 40% for lunch (13.30h), and 35% for
dinner(18.30h). The composition of the diet (% of energy protein/carbohydrate/fat)
was 12/55/33%. Subjects were thus fed in EB for the first 24h and identical during
22h of the second day. For the last 2h during the dinner on the second day, energy
intake was ad libitum. Then also ‘rewarding value of food’ was assessed using a
computer test (49). Mean EB (MJ/24h) was calculated by | energy intake over 48h —
energy expenditure over 48h | /2. After the last dinner the experiment was finished
and subjects could leave the respiratory chamber.

Rewarding value of food

The computer test described and validated by Lemmens et al. (49) was used to
measure the rewarding value of food, that is ‘liking’ and ‘wanting’, for 72 items
divided in six categories: bread, filling, drinks, dessert, sweets, and stationery (non-
food alternative as placebo). Each category contained 12 items. The 72 items were
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presented as photographic stimuli on a computer screen (13-inch Mac Book;
Apple). During the ‘liking’ part of the computer test subjects had to indicate their
relative preference of paired items within and between categories, resulting in a
ranking of ‘liking’ of the items per category and of the categories. During the ‘want-
ing’ part of the computer test subjects had to work to earn items to choose from by
playing memory games. Each memory game was followed by the indication of the
items subjects wanted to acquire at that moment. The more pairs of items were
found in the memory game, the more randomly selected items were offered to
choose from afterwards, for example, if eight pairs of items would be found in the
memory game of the sweets category, then eight randomly selected sweets would
be offered to choose from. Subjects could choose zero, one or two items per cate-
gory. They were instructed to choose the items while keeping in mind that all the
chosen items would be offered to them, and had to be eaten completely. The cho-
sen items obtained a score equal to the number of pairs of items found in the
memory game, representing the motivation or workload for the chosen items.
Items not chosen obtained a score of zero. Per category the sum of the scores of
the items was calculated and represented the ‘wanting’ score for each category.
After consumption of the chosen items, the subjects completed the computer test
once more, and afterwards also had to eat the items chosen during the second

session.

Statistical analysis

Statistical analyses were performed with StatView 5.0 (SAS Institute, Cary, NC).
Paired samples t-tests were used to analyze the differences between days, as well
as stays. Linear regression analyses were completed to analyze the relationship
between dependent and independent variables. Multiple regression analyses were
performed to test the mediation model proposed with the most fitting predictors
for EB. All tests were two-sided and differences were considered significant at
P<0.05. Values are expressed as mean + standard deviation (SD).
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Results

Sleep

No significant differences in sleep characteristics were observed between the two
48h stays, except for a smaller amount of sleep stage 1 during the first night of the
first stay (Table 2). Within-subject reliability of all sleep characteristics was ob-
served between the first and second night of the 48h stays (Table 2), and between
the first 48h stay and the second stay (data not shown). Due to the high within-
subject reliability, the average amount of the two nights was used in the subse-
quent analyses. An inverse relationship was observed between the amount of REM
sleep and the amount of SWS (r = -0.39, P < 0.04), furthermore the amount of SWS
was inversely related to sleep stage 2 (r = -0.36, P < 0.05), and the amount of REM
sleep was positively related to sleep stage 2 (r = 0.49, P < 0.001). Finally, the
amount of REM sleep related to total sleep time (r = 0.62, P < 0.001), while the
amount of SWS was not related to total sleep time.

Table 2. Associations between sleep characteristics of the male subjects per night of the 48h
stays. (Mean values with their standard deviations, n=16)

First 48h stay Second 48h stay

Night 1 Night 2 r Night 1 Night 2 r
Stage 1 55 =4 51 3 0.31 1268 77 =5 0.36"
Stage 2 2347+35 232.7+46 082" 227.9+46  224.8=+45 044"
SWS 98.6 =31 103.4+29  0.73" 86.8x+ 29 1005+37 067"
REM 93.9 %26 99.3+24 0.47" 85.1+ 29 103.7+31  0.56"
TST 4435+47  4449+31 063" 435.1+57 443865  0.76"

"Paired t-test between first and second stay, P < 0.05
*Significant association between the first and second night

Sleep and energy balance parameters

Subjects were fed in EB for 24h, which was calculated by | energy intake — energy
expenditure | over 24h. This appeared to be slightly positive during the first 24h,
namely 0.57+0.5 MJ/24h. The first 22h of the second day subjects were fed in the
same way, and for the last two hours they received an ad libitum dinner. The dif-
ference between EB on the second and first day was 4.05 + 2.3 vs. 0.57 + 0.5
MJ/24h (P<0.001). The mean energy balance (MJ/24h) was calculated by | energy
intake over 48h — energy expenditure over 48h |/2, which resulted in 2.3 MJ £ 1

MJ/24h. Linear regression analyses showed that the mean EB was inversely related
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to the amount of SWS (r = - 0.43, P < 0.03), and positively related to the amount of
REM sleep (r = 0.40, P < 0.05).

Subsequently, Table 3 depicts the regression analyses between mean EB, the mean
amount of SWS, the mean amount of REM sleep, and the EB parameters on the
second day of the 48h stay. The mean amount of SWS was positively related to
fullness score (mm) before the ad libitum dinner, while hunger score (mm) and
STAI state score were negatively related. Furthermore, inverse relationships were
observed between ghrelin concentrations (pmol/l), cortisol concentrations
(nmol/l), glucose/insulin ratio, and SWS. Regarding the mean amount of REM sleep,
positive associations were observed between ghrelin concentrations, cortisol con-
centrations, and REM sleep. Regarding the mean EB, fullness score were negatively
related to EB, while positive relationships were observed between hunger score,
STAI state score, ghrelin concentrations, cortisol concentrations, and total wanting
score. No significant associations were observed with total liking score, or insulin,
glucose, leptin, GLP-1, and melatonin concentrations.

Additional analyses between all factors showed that the STAI state related positive-
ly to cortisol concentrations (r = 0.34, P < 0.05), and to total wanting score (r = 0.28,
P < 0.05), while ghrelin concentrations related positively to cortisol concentrations
(r=0.36, P <0.05), and total wanting score (r = 0.43, P < 0.02). Glucose/insulin ratio
related positively to hunger score (r = 0.33, P < 0.05), and negatively to fullness
score (r =-0.33, P < 0.05), whereas hunger score related positively to total wanting
score (r = 0.36, P < 0.04). Overall, no significant associations were observed bet-
ween EB, EB parameters and total sleep time, and no relationship was observed
between BMI and sleep characteristics.
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Multiple regression analyses

Multiple regression analyses showed that the amount of SWS negatively, and the
amount of REM sleep positively contributed to the explained variance in the mean
EB (r = 0.48, P < 0.05). Multiple regression analyses were performed to test the
mediation model proposed for the relationship between EB, EB parameters, and
the amount of SWS and REM sleep (Figure 1). All EB parameters that were related
to EB and the amount of SWS and REM sleep were included, however after inclu-
sion of ghrelin and cortisol concentrations, glucose/insulin ratio, total wanting
score, STAI state scores, and the hunger or fullness scores, the amount of SWS and
REM sleep did not add to the explained variance of EB, which suggests that due to
their individual associations, these EB parameters are mediator variables.

Cortisol concentrations H STAI state score

REM sleep

SWS Y PTPPROPR Ghrelin concentrations
Glucose/insulin ratio

Positive

EB

Hunger score

"1 Fullness score

Positive relationship =~ rrereeerrmrreeeeeeees Inverse relationship

Figure 1. The proposed mediation model for the relationship between positive EB calculated as | energy
intake over 48h — energy expenditure over 48h | /2 (MJ/24h), EB parameters, and the amount of SWS
and REM sleep (min) after 16 male subjects were fed in EB, and received an ad libitum dinner during the
last 2h. Multiple regression analyses showed that after inclusion of ghrelin and cortisol concentrations,
glucose/insulin ratio, total wanting score, STAI state scores and fullness or hunger scores, the amount of
SWS and REM sleep did not add to the explained variance of EB, which suggests that due to their indi-
vidual associations, these EB parameters are mediator variables. All of the presented associations are
P<0.05.
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Discussion

The objective of our study was to investigate inter-individual relationships between
EB, SWS, REM sleep, and relevant parameters in young, normal-weight men during
two 48h stays in the controlled environment at the respiration chamber. The sub-
jects were fed in EB during the first day and during the first 22h of the second day,
after which the last meal was given ad libitum, and ad libitum energy intake was
measured. Subjects appeared in EB during the first 24h, however although being
fed in EB during the first 22h of the second day, the subjects were in considerable
positive EB due to the ad libitum dinner during the second day. Even when taken
into account that we did not measure the whole diet-induced thermogenesis re-
lated to the last meal, since the subjects left the chamber about 1h after consum-
ing the dinner and that it was considerable larger compared with the dinner during
the first day, correcting for this difference; thus taking into account that the diet-
induced thermogenesis is about 10% of the energy intake (+0.3 MJ) (50), the sub-
jects were still in a considerable positive EB of £3.7 MJ.

From our study, we obtained evidence for the hypothesis on the role of the sleep
characteristics SWS and REM sleep in maintaining a normal body weight, being the
inverse relationship between EB and the amount of SWS, along with the positive
relationship between EB and the amount of REM sleep. Our findings suggest that
SWS has a positive effect on EB, and thus body weight, while REM sleep has a nega-
tive effect. These effects are thought to be mediated through ghrelin and cortisol
concentrations, glucose/insulin ratio, hunger and fullness scores, STAI state scores,
and reward scores (Figure 1).

Moreover, our results indicate distinct effects of SWS and REM sleep on the medi-
ating EB parameters, as we observed inverse relationships between the amount of
SWS and ghrelin levels, as well as glucose/insulin ratio, which represent hormonal
orexigenic factors. We also observed inverse relationships between SWS and feel-
ings of hunger, measured using a visual analogue scale, as well as cortisol levels
and STAI state scores, used to measure mood (46, 51), while all positive associa-
tions with the amount of REM sleep were observed. Regarding SWS, these findings
are in concordance to studies using extreme forms of sleep deprivation, which
show increased feelings of hunger (8, 16, 17), increased ghrelin levels (7, 8, 15), and
increased cortisol levels (21, 29), and suggests that subjects were hungrier and
more stressed when SWS was relatively short. The positive association between
cortisol levels and REM sleep, is complementary to results by van Cauter et al. (35),
who observed an inverse relationship between nadir cortisol levels and REM sleep,
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which suggests a blunted hypothalamic-pituitary-adrenal axis response that has
been related to obesity (52). There was a sequence in the reported associations,
since subjects who had lower amounts of SWS and higher amounts of REM sleep
during the two nights, experienced more stress, and were hungrier and less full
during their last day in the respiration chamber. Thereupon, during the last ad
libitum dinner before leaving the chamber, the subjects had a higher wanting for
food, and as a result overate.

In concordance with previous studies on sleep and sleep characteristics, we ob-
served between-subject variability and within-subject reliability in the amount of
SWS and REM sleep during the two 48h stays (22, 24, 38-40), but also sufficient
variance and sensitivity to use them as variables. In our subjects, the amount of
REM sleep was inversely related to the amount of SWS, which suggests that sub-
jects with a high amount of SWS have a low amount of REM sleep. Regression ana-
lyses showed that EB was explained by both the amount of REM sleep and the
amount of SWS; however the contribution of SWS was stronger. With respect to
our findings this suggest that subjects specific high amount of SWS, and thus low
levels of REM sleep, would result in better EB regulation, and ultimately body-
weight control. Earlier sleep studies using extreme forms of sleep deprivation (6-8,
11-19), which will decrease the subject specific amount of SWS, suggesting to re-
flect the effect of decreases in the subject specific amount of SWS sleep rather
than the effect of shorter total sleep time (53). It also may explain why not all peo-
ple who sleep less than 6h are overweight/obese, as they may have a sufficient
amount of SWS (3), which may have a genetic background as mutations in the DEC
2 gene lead to decrease the total amount of sleep but does not change the amount
of SWS (54).

Taken together, our observations indicate that subjects fed in EB during the first
day and during the first 22h of the second day, had more excessive energy intake
corrected for energy need during the last ad libitum dinner, when there were rela-
tive small amounts of SWS and larger amounts of REM sleep during the previous
nights; then feelings of fullness were lower, whereas stress, feelings of hunger, and
motivation for food reward were higher. Irrespective of the sequence we have
shown, this phenomenon may usually be present, as it shows related differences
between subjects. The literature, however, hints towards a reciprocal relationship
between parameters of EB and the amount of SWS and REM sleep. Energy intake
and macronutrient composition have been shown to influence sleep characterist-
ics; restricted energy intake through a very-low-calorie diet has been shown to
decrease the amount of SWS and did not alter the amount of REM sleep (55), while
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infusions of intravenous amino acids increased SWS and decreased REM sleep, and
intravenous glucose increased both SWS and REM sleep (56). Hormone levels have
been shown to influence sleep characteristics; ghrelin administration increased
SWS and decreased REM sleep levels (57-59), suggesting together with our data a
negative feedback loop between ghrelin and the sleep characteristics. Further-
more, physical activity has been shown to influence sleep characteristics; a 6-
month moderate aerobic training protocol increased the percentage SWS and de-
creased percentage REM sleep (60). Taken together, this implies a vice versa effect
between EB and the amount of SWS and REM sleep, which appears as a vicious
cycle differencing between subjects. A recent study by Mokhlesi et al. shows that
overweight and obese subjects have less SWS compared to lean subjects (61),
however, two smaller studies in obese subjects did not observe altered sleep char-
acteristics (62, 63). Future studies are required to draw firm conclusions about the
distinctive relationships between EB, EB parameters, and the amount of SWS and
REM sleep.

From our study, we conclude that a positive EB due to overeating, was explained by
a smaller amount of SWS and higher amount of REM sleep, mediated by hunger,
fullness, STAI state scores, glucose/insulin ratio, and ghrelin and cortisol concentra-
tions.
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Abstract

Background: Sleep has been associated with the regulation of energy balance, yet
the relation between sleep stages and energy expenditure remains unclear.
Objective: The objective was to investigate the relation between sleep stages and
energy expenditure, with sleep stage and overnight energy expenditure patterns
taken into account.

Design: Thirteen subjects (aged 24.3 + 2.5y, BMI 23.6 + 1.7 kg/mz) slept in a res-
piration chamber while sleep was polysomnographically recorded to determine
wake after sleep onset (WASO), slow-wave sleep (SWS), and rapid eye movement
sleep (REM) sleep. Energy expenditure was calculated during each sleep stage for
the whole night and separately for sleeping metabolic rate (SMR; i.e. 3-h period
during the night with the lowest mean energy expenditure) and non-SMR.

Results: Energy expenditure and sleep stages showed characteristic patterns during
the night, independently of each other. Sleep stages exerted no effect on energy
expenditure during the whole night, except for WASO compared with SWS (P<
0.05) and WASO compared with REM sleep (P<0.05). During the SMR and non-SMR
periods of the night, no overall effect of sleep stages on energy expenditure, except
for WASO compared with SWS (P<0.05) and WASO compared with REM sleep
(P<0.01) during the non-SMR period of the night, was found. Energy expenditure
and activity counts during the night were positively correlated (r=0.927, P<0.001).
Conclusions: Energy expenditure does not vary according to sleep stage overnight,
except for higher energy expenditure during wake episodes than during SWS and
REM sleep. Coincidence of the sleep stage pattern and the overnight energy ex-
penditure pattern may have caused accidental relations in previous observations.
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Introduction

The increased prevalence of obesity has developed over the same period as a re-
duction in sleep duration; therefore recent research has attempted to unravel the
role of sleep in the etiology of obesity (1). Experimental studies have shown that
reduced time in bed (2) and changed sleep architecture (3, 4), including sleep frag-
mentation (5, 6), are related to a positive energy balance, i.e. increased energy
intake and/or decreased energy expenditure. Increased energy intake may be di-
rectly caused by an increase in food intake (7) or indirectly by changes in appetite-
regulating hormones (5, 8). Decreased energy expenditure may result from a de-
crease in physical activity (9). However, higher 24-h energy expenditure has been
shown during short-term sleep restriction (10). Moreover, Hursel et al. (6) showed
higher physical activity during fragmented sleep. Important to note is the effect of
the study design; in the study by Hursel et al., subjects had to turn off their alarm
clock 7 times during the night, which led to higher activity-induced energy expendi-
ture (6). This illustrates that it is difficult to draw conclusions about the effects of
sleep disturbances on energy expenditure (11). Elucidating the relation between
sleep and energy expenditure has raised the question of whether energy expendi-
ture is influenced by sleep architecture. In previous work, we pointed out the im-
portance of changes in sleep architecture and observed that energy balance vari-
ables are primarily related to the amount of slow-wave sleep (SWS) and rapid eye
movement (REM) sleep rather than to total sleeping time (3). Moreover, positive
correlations have been found for total energy expenditure with quality sleep and
SWS (12). Others have attempted to unravel relations between overnight energy
expenditure and sleep stages, but have reported equivocal results (13-17). There-
fore, it is still necessary to assess whether overnight energy expenditure is different
according to different sleep stages, to reveal how sleep architecture affects energy
expenditure and therefore energy balance.

The current study aimed to investigate the relation between sleep stages and en-
ergy expenditure. For this purpose, the effects of sleep stages on energy expendi-
ture were determined by comparing energy expenditure during each sleep stage,
with sleep stage distribution and the overnight energy expenditure pattern taken
into account. The study was performed in energy balance in a fully controlled con-
dition in a respiration chamber.
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Subjects and Methods

For the current study, a new analysis was performed from data previously collected
by Gonnissen et al. (18).

Subjects

The subject group consisted of 13 healthy young adults (7 men and 6 women) with
a mean (+ SD) age of 24.3 + 2.5 y and a mean (+ SD) BMI of 23.6 + 1.7 kg/mz. The
power calculation was based on previous research in the respiration chamber (19).
Given a = 0.05 and = 0.10 (power 1- B = 0.90), > 11 subjects were needed. Sub-
jects were recruited by advertising on notice boards at Maastricht University and
underwent an initial screening to measure body weight and height, and to com-
plete questionnaires related to health, use of medications, smoking behavior, alco-
hol consumption, physical activity, eating behavior, food allergies, and sleeping
behavior. Before enrollment of the subjects, screening questionnaires were evalu-
ated on the basis of inclusion and exclusion criteria. All subjects were in good
health, were nonsmokers, did not use medications, were moderate alcohol con-
sumers and did not have sleep disorders. In addition, subjects did not follow a diet,
and did not participate in an exercise program.

All participants provided written informed consent. The study was conducted in
accordance with guidelines of the Declaration of Helsinki, and the Medical Ethical
Committee of Maastricht University Medical Centre approved all procedures that
involved human subjects. The study was registered in the International Clinical
Trials Registry Platform (registration number NTR2926) (18).

Study design

On the day of the experiment, subjects arrived at the university at 1800h, and elec-
trodes for the polysomnographic measurement were applied according to stand-
ardized criteria (18, 20). At 2000h, subjects entered the respiration chamber. The
respiration chamber provides a highly controlled situation in which the subjects can
move freely. The subjects were instructed to sleep from 2330h until 0830h, which
provided a time in bed of 9 hours to be able to achieve their habitual sleep dur-
ation. During the stay in the chambers, subjects were fed in energy balance and
were not allowed to have daily naps or perform physical activity. Two days before
to the experiment, the subjects were asked to sleep according to their habitual
sleep duration (490.55 * 16.42 min) and were fed in energy balance according to
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individual energy requirements. A more detailed description of the study design
can be found in the article by Gonnissen et al. (18).

Energy expenditure

The respiration chamber is a 14-m® room furnished with a bed, deep-freeze toilet,
sink with hot and cold running water, chair, desk, telephone, television and Inter-
net connection. During the stay in the respiration chamber, oxygen consumption
and carbon dioxide production were measured. The room was ventilated with fresh
air at a rate of 70 to 80 L/min by using electronically modified dry gas meters (G6;
Schlumberger). Air recirculation flow was 1100 L/min and was measured using
electronically modified dry gasmeters (G6; Schlumberger). Oxygen levels in the
chamber were measured with magnetic oxygen analyzers (model 4100, Servomex;
ABB/Hartman&Braun Magnos). Carbon dioxide levels were measured with infrared
carbon dioxide analyzers (ABB/Hartman&Braunn Uras). The gas samples to be
measured were selected by a computer that stored and processed the data (18,
21). Physical activity was measured by using an analog ultrasound Doppler system
(Advisor DU160; Aritech BV). The activity was calculated in total counts and pro-
vides information on small movements of the subjects during the night.

Sleep monitoring

To measure the different sleep stages, polysomnographic recordings were obtained
during the whole night (2330h-0830h) by using the BrainRT digital electroencepha-
logram system (OSG BVBA). Electrodes for electroencephalogram, two central (C3-
A2 and C4-Al) and two occipital (01-A2 and 02-A1l), bilateral electrooculograms
and submental electromyograms were applied according to standardized criteria
(18, 20). The different stages scored included wake after sleep onset (WASO), sleep
stage 1, sleep stage 2, SWS and REM sleep. Sleep period time (SPT) is defined as the
time between sleep onset and awaking, including WASO. Total sleeping time (TST)
is defined as the time between sleep onset and awaking, excluding WASO. The
sleep latency is defined as the time to fall asleep in minutes. Hypnograms from
each subject were plotted, including sleep stages between 2330h and 0830h by
using GraphPad Prism software version 5.00 for Windows (GraphPad Software).

Data analysis

The current study aimed at investigating the effects of sleep stages on overnight
energy expenditure. For this purpose we first calculated mean overnight energy
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expenditure; second, we calculated energy expenditure for each sleep stage during
the SPT (including wake episodes during the night) in all subjects. To investigate
whether the general energy expenditure pattern could have an influence on our
results, the night was divided into two periods: sleeping metabolic rate (SMR) and
non-SMR periods. SMR is the 3-h period during the night with the lowest mean
energy expenditure (22). Non-SMR is the remainder of the night, in which energy
expenditure is more influenced by external factors. SMR was determined for each
subject individually. In addition, the duration of sleep stages in SMR and non-SMR
was compared to determine whether our results could be explained by the coinci-
dence of the unequal distribution of sleep stages and the lower or higher mean
energy expenditure during the night. Energy expenditure was calculated in kJ/min
at 5-min intervals by using the formula of Weir (21). Sleep records were visually
scored in 30s-epochs by an experienced researcher following the standard guide-
lines (18, 20). Only those sleep stages with a duration > 1 minute were included for
analysis (17). Given that values of energy expenditure and sleep are obtained with
different time intervals, the exact times of starting and ending a sleep stage were
synchronized with energy expenditure data. All sleep recordings were delayed by 2
min to account for the response time of the analyzers to air changes in the respira-
tion chamber.

Statistical analysis

Data for energy expenditure, sleep stage duration, SPT, TST, SMR, non-SMR, sleep
latency, and physical activity are presented as means = SEMs, unless otherwise
indicated. Data were analyzed by comparing energy expenditure during the differ-
ent sleep stages within the night and within each period (i.e. SMR and non-SMR) of
the night. Differences in energy expenditure between sleep stages were deter-
mined with repeated measurements 1-factor ANOVA with Bonferroni post hoc for
multiple comparisons. Repeated measures 1-factor ANOVA was used to compare
mean energy expenditure during each period of the night (SMR compared with
non-SMR). To elucidate whether the observed changes in overnight energy ex-
penditure are explained by variations in physical activity, Pearson correlation an-
alysis was performed to analyze relation between them. Data were analyzed by
using SPSS 18 software, and figures were generated by using GraphPad Prism soft-
ware version 5.00 for Windows (GraphPad Software).
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Results
Sleep stages and overnight energy expenditure

An example of the variations in magnitude of energy expenditure during the pro-
gress of the night, in combination with the sleep architecture of one subject, is
shown in Figure 1. Sleep stage distribution during the night for all subjects is shown
in Table 1. The average SPT of the subjects was 510.31 + 5.78 min with a sleep
latency of 31.34 + 5.71 min. The average TST, which is the SPT without wake epi-
sodes during the night, was 493.65 + 7.35 min. Energy expenditure during WASO
and the different sleep stages during SPT are shown in Figure 2. During SPT, there
was no overall effect of stages on overnight energy expenditure, except for WASO
(P=0.01). Average energy expenditure during WASO was significantly higher than
during SWS (4.96 + 0.29 kJ/min compared with 4.37 + 0.12 kJ/min; P<0.05) and
during REM sleep (4.96 + 0.29 kJ/min compared with 4.44 + 0.15 kJ/min; P<0.05).
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Figure 1. Hypnogram of one representative subject together with changes in EE during one night. Sleep
architecture during the night (from 2330h until 0830h) is shown in gray. The black line indicates EE
during the night. The dotted lines delimit the sleeping metabolic rate for this subject (0153h until
0453h). EE, energy expenditure; N1, sleep stage 1; N2, sleep stage 2; REM, rapid eye movement; SWS,
slow-wave sleep.

67



CHAPTER 4

Table 1. Absolute and relative duration of sleep-related variables during the whole night, the SMR
period of the night, and the non-SMR period of the night. (Mean values with their standard errors, n=13)

Sleep variable Whole night SMR Non-SMR
SPT (min) 510.31+5.78 180 330.27+5.78
WASO (min) 16.65 + 4.86 5.69+2.44 10.96 £ 4.29
(%SPT) 3.26 £0.97 3.16+1.35 331 +1.33
Stage 1 (min) 5.50+1.82 0.62 £ 0.50 4.88+1.69
(%SPT) 1.05+0.34 0.34+0.28 1.42 +0.48
Stage 2 (min) 246.88 + 10.88 86.85 +7.47 160.04 +9.34
(%SPT) 48.40 +2.07 48.25 +4.15 48.52 +2.76
SWS (min) 130.92 £ 14.11 39.69 + 8.49 91.23+12.38
(%SPT) 25.76 +2.78 22.05 +4.72 27.81 +3.76
REM sleep (min) 110.31+7.88 47.15+5.94 63.15+7.48
(%SPT) 21.53 +1.40 26.20 +3.30 1893 +2.15

There were no significant differences between SMR and non-SMR (repeated-measures 1-factor ANOVA).
REM, rapid eye movement; SMR, sleeping metabolic rate; SPT, sleep period time; SWS, slow-wave sleep;

WASO, wake after sleep onset.

EE in KJ/min
»

N
N
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Figure 2. Mean (+ SEM) changes in EE per sleep stage during sleep period time (n=13). *EE during WASO
significantly different from during SWS and REM sleep. P<0.05 (repeated-measures ANOVA with Bon-
ferroni post hoc correction). EE, energy expenditure; N1, sleep stage 1; N2, sleep stage 2; REM, rapid
eye movement; SWS, slow-wave sleep; WASO, wake after sleep onset.

Distribution of sleep stages between SMR and non-SMR

The night was divided for each subject individually into SMR and non-SMR. The
SMR is the 3-h period (i.e. 180 min) during the night with the lowest mean energy
expenditure. The average non-SMR sleep period was 330.31 + 5.78 min. No signifi-
cant differences in the relative durations of sleep stages were found between the

SMR and the non-SMR periods of the night (Table 1).
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Sleep stages and energy expenditure during SMR and non-SMR

Mean energy expenditure of all subjects was significantly lower during SMR than
during non-SMR (4.32 % 0.13 kJ/min compared with 4.73 * 0.14 kJ/min, P<0.001).
Energy expenditure during WASO, SWS, and REM sleep within the SMR and non-
SMR periods of the night is summarized in Table 2. No overall effect of stages on
energy expenditure was found during the SMR. No overall effect of stages on en-
ergy expenditure was found during non-SMR, except for WASO (P=0.02). Within
non-SMR, average energy expenditure during WASO was significantly higher than
during SWS (5.19 £ 0.28 kJ/min compared with 4.54 + 0.12 kJ/min; P<0.05) and
than during REM sleep (5.19 + 0.28 kJ/min compared with 4.60 + 0.19 kl/min;
P<0.01).

Table 2. Mean energy expenditure in SMR and non-SMR and during WASO, SWS and REM
sleep within SMR and non-SMR. (Mean values with their standard errors)

Total WASO SWS REM
SMR (kJ/min) 432+0.13 4.19+0.27 3.84%0.15 4.12+0.23
non-SMR (kJ/min)  4.73+0.14° 5.19+0.28 4.54+0.12°  4.60£0.19°

REM, rapid eye movement; SMR, sleeping metabolic rate; SWS, slow-wave sleep; WASO,
wake after sleep onset.

° Significantly different from SMR, P<0.05 (repeated-measures ANOVA with Bonferroni post
hoc correction).

b Significantly different from WASO within the same period, P<0.05 (repeated-measures
ANOVA with Bonferroni post hoc correction).

Overnight energy expenditure in relation to nocturnal physical activity

The average overnight energy expenditure was 4.65 + 0.47 kJ/min. A general pat-
tern in overnight energy expenditure was shown for most of the subjects when
energy expenditure values during the night were plotted (Figure 3; solid line).
When radar counts were plotted during the night, the same pattern as for energy
expenditure was shown (Figure 3; dotted line). Overnight energy expenditure was
positively correlated with overnight radar counts (r=0.927, P<0.001).
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Figure 3. Mean (+ SEM) overnight EE (solid line) and physical activity counts (dotted line) (n=13) in 30-
min intervals. Both EE and activity decreased after sleep onset and increased before awakening. EE,
energy expenditure.

Discussion

No overall effect of sleep stage on overnight energy expenditure, except for wake
episodes during the night, using whole-body indirect calorimetry, was shown. En-
ergy expenditure during WASO was significantly higher than during SWS and REM
sleep over the whole night. However, overnight energy expenditure was not differ-
ent between sleep stages 1 and 2, REM sleep, and SWS. Therefore, it may be con-
cluded that there was no intrinsic effect of a particular sleep stage on energy ex-
penditure. Because the only small increase in energy expenditure during the night
took place during intermittent wake episodes, and because energy expenditure
was positively related to the radar counts, we concluded that some movement
during WASO may have caused the slight increase in energy expenditure. For closer
inspection of the data, the night was divided into the SMR and non-SMR periods.
No significant differences in the relative duration of the sleep stages between the
SMR and the non-SMR periods of the night were observed. Sleep stage distribution
was the same in the SMR and the non-SMR periods of the night. Sleep duration and
wake-up time during the experiment were equal to habitual sleep duration and

wake-up time.
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In line with our results, Jung et al. (17) found higher energy expenditure during
WASO, the brief awakenings from sleep, than during sleep stages and no significant
differences in energy expenditure between sleep stages. In addition, Ryan et al.
(13) also showed higher oxygen consumption during wakefulness than during other
sleep stages using a ventilated-hood method. Only Katayose et al. (14) reported
higher energy expenditure during REM sleep than during SWS. In contrast with the
current study, Katayose et al. did not include wake episodes in their analyses (14).
Fontvieille et al. (16) suggested a minor role of sleep stages in the variance of SMR
among subjects. However, our results showed the same sleep stage distribution
during the SMR and non-SMR periods of the night. Therefore, previously shown
associations between sleep stages and energy expenditure may be explained as
accidental relationships because of a coincidence of the sleep stage pattern and
the overnight energy expenditure pattern. During sleep, the human body cycles
between stages of non-REM and REM sleep. The non-REM sleep consists of 4 sta-
ges of progressively deeper sleep. A sleep cycle begins with a short period of sleep
stage 1 that progresses through sleep stage 2, followed by sleep stage 3 and sleep
stage 4, and finally to REM sleep. Sleep stage 3 and sleep stage 4 are collectively
referred to as SWS. REM sleep increases as the night progresses and is longest
during the last one-third of the sleep cycle, whereas SWS occurs predominately
during the first third of the night (23). Rather than remaining stable, overnight
energy expenditure varies throughout the night. Immediately after sleep onset,
overnight energy expenditure was at its highest value because of diet-induced
thermogenesis of the dinner and the remaining effect of physical activity during the
day (24-26). After approximately one hour, overnight energy expenditure starts to
decrease. At the end of the night before the subject wakes up, the overnight en-
ergy expenditure starts to rise again (16, 17, 22, 24) as a result of increased energy
costs of arousal. Combined with the unequal distribution of the sleep stages, it is
plausible that the differences in energy expenditure are attributable to a random
coincidence of the pattern of energy expenditure and the pattern of sleep stages.
Our finding of the same sleep stage distribution during SMR and non-SMR further
confirms this.

In the current study, energy expenditure was determined by means of whole-body
indirect calorimetry in 5-min intervals. The analysis of energy expenditure over an
interval of 5 min may lead to partial overlapping of energy expenditure between
sleep stages with a shorter duration, yet only sleep stages >1 min were included.
The use of a whole-body calorimetry represents an advantage over other tech-
niques, such as ventilated hood, as used in previous studies (13, 16) because
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whole-body calorimetry facilitates the natural sleeping habit of the subject more
and provides a 24-h continuous analysis of energy expenditure within a confined
space. In addition, it allows determination of physical activity by radar, including
small movements of the subjects during the sleep period. Our results showed a
positive correlation between overnight energy expenditure and activity counts
during the night, which explained the higher energy expenditure observed during
non-SMR than during SMR. Furthermore, it may explain the higher energy expendi-
ture previously found after sleep disturbance (6, 10). Sleep disturbance may result
in higher energy expenditure via increased activity-induced energy expenditure
because of more wakefulness due to shorter time in bed (10) or fragmented sleep
(6). However, sleep disturbance also results in higher energy intake (5, 7, 8), and
the increased energy intake seems to overrule the increased energy expenditure,
which eventually leads to a positive energy balance (12).

In conclusion, sleep stages do not differently affect overnight energy expenditure in
healthy subjects. This was confirmed by comparing energy expenditure and dur-
ation of sleep stages within the SMR and non-SMR periods of the night. The differ-
ences in overnight energy expenditure between sleep stages previously described
by other authors (13, 14, 16) may be accidental relations caused by coincidence of
the sleep stage pattern and the overnight energy expenditure pattern.
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DISADVANTAGEQOUS SHIFT IN ENERGY BALANCE IS PRIMARILY
EXPRESSED IN HIGH-QUALITY SLEEPERS AFTER A DECLINE IN
QUALITY SLEEP BECAUSE OF DISTURBANCE
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Abstract

Background: Epidemiological studies have shown an inverse or U-shaped relation
between sleep duration and body mass index (BMI). Moreover, associations be-
tween energy balance (EB) and characteristics of quality sleep (QS) have recently
been reported.

Objective: We assessed the relation between total energy expenditure (TEE) as well
as substrate oxidation and QS after disturbed vs. non-disturbed sleep in EB.
Methods: Fifteen healthy men (BMI: 24.111.9kg/m2, age: 23.7+3.5years) were
included in a randomized, crossover study. TEE and substrate oxidation were
measured twice for 48h in a respiration chamber, while slow-wave sleep (SWS),
rapid eye movement (REM) sleep, total sleeping time (TST), sleep stage 2 (S2) and
QS ([SWS+REM]/TST*100%) were determined by using electroencephalography.
During 2 nights, sleep (23.30-07.30h) was either disturbed or non-disturbed (con-
trol).

Results: Positive correlations were shown for TEE, activity-induced energy expendi-
ture corrected for body mass (AEE/gy), respiratory quotient (RQ), and carbohydrate
oxidation with QS and SWS during non-disturbed sleep. Fat oxidation was inversely
correlated with QS and SWS. RQ and carbohydrate oxidation were inversely related
to REM-sleep. During the disturbed condition SWS, REM, TST, and S2 were re-
duced, and positive correlations were found between TEE and AEE/gy with QS. The
reduction in QS was stronger in the high-quality sleepers; QS reduction was posi-
tively associated with increases of energy intake, TEE, and EB.

Conclusion: A disadvantageous shift in energy balance is primarily expressed in
high-quality sleepers after a decline in QS because of disturbance, implying that
good sleepers are most liable to a positive energy balance because of sleep dis-
turbance.
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Introduction

With its increasing prevalence, the etiology of obesity has been studied more ex-
tensively, thereby creating a basis for new fields of research such as the impact of
sleep on body weight regulation. For several years, it is evident that the increase in
body weight within a large amount of the global population is accompanied by a
decrease in sleep duration (1). This association was shown previously and was sub-
stantiated by a large number of observational studies. The increasing urbanization
and thereby growing disruption of sleep does not only reduce sleep, but might also
decrease the quality of sleep (QS). However, it is not clear whether QS may still be
preserved despite a reduction of sleep hours and whether QS is of higher signifi-
cance than merely sleep duration. Disadvantageous metabolic effects of poor sleep
quality have been reported before (2). Studies investigating the role of sleep archi-
tecture with respect to metabolic parameters indicate that not all sleep stages are
of equal importance. Slow-wave sleep (SWS) has been regarded as the most resto-
rative stage of sleep, and its suppression might have a negative impact on several
metabolic parameters including a decrease in insulin sensitivity in humans (3).
Rapid eye movement sleep (REM) may be of similar interest as SWS since a reduc-
tion in REM sleep during a single night of sleep disturbance led towards decreased
fullness and reduced glucagon like peptide-1 concentrations (4). Therefore, to-
gether SWS and REM sleep seem to be the most important determinants of the QS
(5). Rutters et al. stressed that energy balance parameters are primarily related to
SWS and REM sleep instead of total sleep duration (6). Several studies have studied
the relation between SWS and REM sleep and energy expenditure as well as sub-
strate oxidation (7, 8). A decrease in total energy expenditure (TEE) due to sleep
fragmentation has been suggested as one of the possible causes for weight gain
(9). Previously, however, we observed no difference between non-fragmented and
fragmented sleep with respect to TEE, resting metabolic rate (RMR), sleeping
metabolic rate (SMR) activity-induced energy expenditure corrected for body mass
(AEE/gm) and energy balance (EB). However, activity-induced energy expenditure
(AEE), respiratory quotient (RQ), carbohydrate oxidation (CHOox), fat oxidation
(FATox), physical activity by radar counts (PA), SWS, REM, total sleeping time (TST),
sleep stage 1 (S1), sleep stage 2 (S2) and wake changed significantly during the
fragmented sleep compared with the non-fragmented sleep (13). Other studies
showed similar results for energy expenditure (10-12). However, very little evi-

77



CHAPTER 5

dence exists that decreased TEE may be an explanatory factor for weight gain after
short sleep duration.

On the basis of previous results, we hypothesized that QS may be of higher signifi-
cance than duration of sleep and, therefore, may have a larger effect on TEE and
substrate utilization.

Therefore, the aim of the current study was to examine the relation between en-
ergy expenditure and substrate oxidation measured in a respiratory chamber and
QS assessed by using electroencephalography after disturbed vs. non-disturbed
sleep.

Subjects and methods

Because the within-subjects comparison of the intervention has been published
before (13), the Subjects and Methods section is largely similar to that in a previous
publication. In the current article, we focus on the between-subjects effects, be-
cause differences between subjects appeared to be much larger than differences
induced by interventions.

Subjects

Fifteen healthy male volunteers (BMI: 24.1 + 1.9 kg/mz, age: 23.7 + 3.5 years) were
recruited by advertisements on notice boards at the university. All volunteers par-
ticipated in an initial screening that involved measurements of body weight and
height and included completion of questionnaires related to eating behavior (Three
Factor Eating Questionnaire, TFEQ (14)), health, use of medication, physical ac-
tivity, alcohol consumption, food allergies, smoking behavior and sleeping behav-
ior. Selected subjects were in good health, had a BMI between 20 and 30 kg/mz,
were non-smokers, were not using medication, were at most moderate alcohol
consumers, were unrestrained eaters (as assessed by factor 1 of the TFEQ, cutoff:
<9) (14), and slept 7-8h a night. Baseline characteristics of the subjects are pre-
sented in Table 1. Subject recruitment started in June 2009 and the study was con-
ducted between September 2009 and May 2010. This study was conducted accord-
ing to the guidelines of the Declaration of Helsinki, and all procedures involving
human subjects were approved by the Medical Ethical Committee of Maastricht
University Medical Centre. Written informed consent was obtained from all sub-
jects. The study was registered as follows: ISRCTN, registration number NTR1919.
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Table 1. Subject characteristics.

(Mean values with their standard deviations, n=15)

Characteristic Mean SD
Age (y) 23.7 3.5
Body weight (kg) 80.0 6.8
Height (m) 1.82 0.06
BMI (kg/m2) 24.1 1.9
Body composition

FFM (kg) 63.0 6.5

FM (kg) 17.2 41

BF (%) 21.4 47
Self-reported sleep duration (h/night) 8.4 0.9
Self-reported sleep latency (min) 16.7 8.2

All subjects were male. As reported before in Hursel et al. (13). BF, body
fat; FFM: fat free mass; FM, fat mass

Experimental design

The study had a randomized, single-blind, crossover design. Subjects came to the
university twice with at least two weeks in between sessions. Two days before their
stay in the respiratory chambers subjects were asked to abstain from strenuous
exercise and sleep 8h during nights. During each visit, they stayed for 48h in a res-
piration chamber where energy expenditure, physical activity by radar counts and
substrate oxidation were measured, during a condition with disturbed sleep and a
condition of non-disturbed sleep. Subjects had fixed bedtimes, indicated by lights
that switched off automatically at 23.30h and switched on at 7.30h, which resulted
in 8h time in bed a night. During the daytime, participants were not allowed to
sleep. To ensure this, the researchers addressed them on a regular basis and poly-
graphic recordings were made continuously, with an electroencephalograph
(BrainRT Digital EEG System, OSG bvba). The artificial light intensity in the respira-
tion chamber was always > 400 lux (Energy Saver Tornado E27 900 lumen, Philips
Lightning). Disturbance of sleep was accomplished with approximately hourly
wake-up calls that varied in frequency between 500-2000 Hz and intensity between
40-110 dB; confirmation of waking up was expressed by the subjects because they
had to put off the alarm after two minutes. Subjects were individually fed in EB two
days before their stay in the respiration chamber. This diet had the same macro-
nutrient composition (12%, 55%, and 33% of energy from protein, carbohydrate,
and fat, respectively) as the diet they received during the subsequent stay in the
respiration chamber and consisted of normal, everyday food products.
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Subjects were fed in EB during the first 46 h and the last dinner before the subjects
left the chamber, was ad libitum. For the calculation of EB, the ad libitum meal was
included.

Sleep recordings

Before subjects entered the respiration chamber at 20.00h, electrodes for electro-
encephalography, electrocardiogram, electromyogram and electrooculogram re-
cordings were placed according to appropriate standardized criteria (15). Poly-
graphic recordings were obtained throughout the entire 48h (EEG: BrainRT Digital
EEG System, OSG bvba, Rumst, Belgium). All records were visually scored in 30-s
epochs according to the standardized criteria by a skilled researcher for whom the
conditions were blinded (15). QS was calculated by using the following formula
(SWS+REM)/TST*100% (BrainRT Digital EEG System, OSG bvba, Rumst, Belgium).

Energy intake

Calculations for both the diet at home and in the respiration chamber were based
upon individual average daily energy requirements. The daily energy requirement
for the diet at home was estimated as 1.75 times the RMR (16). The RMR was cal-
culated with the formula of Harris and Benedict (17). The energy requirement in
the respiration chamber was calculated as 1.35 times the measured SMR of the
first night. Daily energy intake (EI) was divided over 3 meals as follows: breakfast,
20%; lunch, 40%; and dinner, 40%. Breakfast was given at 08.30h, lunch at 13.30h
and dinner at 18.30 h.

Energy expenditure, physical activity and substrate oxidation

Subjects stayed in the respiration chambers for 48h, from 20.00h in the evening on
day 1 until 20.00h in the evening of day 3. Energy expenditure, physical activity by
radar counts and substrate oxidation were measured and calculated according to
the similar protocol used in previous studies conducted at the department of Hu-
man Biology, Maastricht University (18-20). Body composition was determined in
between both sessions by using the deuterium-dilution (ZHZO) technique (21, 22).
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Statistical analysis

Linear regression analyses were performed to analyze the relationship between
dependent and independent variables. Multiple regression analyses were con-
ducted to test the mediation model proposed with the most fitting predictors of
EB. Data is presented as means + SEMs, unless otherwise indicated and the level
for establishing significant differences was taken at P<0.05. Data are analyzed using
PASW Statistics 18 (SPSS Inc. Chicago, IL, USA).

Results

The values for the outcome parameters energy expenditure, substrate oxidation,
physical activity and sleep have been published before in Hursel et al. (13). Here we
report the QS calculated as [SWS+REM]/TST*100%. QS did not differ between the
non-disturbed (45.9+1.9 %) and disturbed condition (44.8+1.5 %). Subsequently the
outcome parameters TEE, AEE, AEE/gy, RQ, CHOoOX, FATox, PA have been correlated
with QS, as well as SWS, REM, TST and S2 for each condition. r and P values are
reported in Table 2.

During the non-disturbed condition positive correlations were found for TEE, AEE,
AEE/gw, RQ and CHOox with QS and SWS. AEE was also inversely related with S2.
FATox was inversely related with QS and SWS and positively related with S2. RQ
and CHOox were inversely related with REM and S2. PA was positively related to
QS. TST and S2 were inversely related to AEE/gy and PA (data not shown).

Although disturbed sleep led to reductions in TST, S2, SWS and REM sleep (13)
(P<0.001), QS was preserved. During the disturbed condition positive correlations
were found between TEE, AEE and AEE/gy with QS. No significant correlations were
observed between SMR, RMR and the sleep parameters (QS, SWS, REM, TST and
S2) in the non-disturbed and disturbed condition (data not shown).
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At closer inspection of the data, it appeared that in subjects with the highest per-

centage QS, QS was affected most as a result of the disturbance. The change in QS

was positively associated with QS in the non-disturbed condition and negatively

associated with the QS in the disturbed condition (Figure 1).
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Figure 1. A: Relation between the change in quality sleep (A quality sleep = non-disturbed condition —
disturbed condition) and quality sleep in the non-disturbed condition (r = 0.57, P<0.03) and quality sleep
in the disturbed condition (r = -0.66, P<0.01) with outliers. B: Relation between the change in quality
sleep and quality sleep in the non-disturbed condition (r = 0.89, P<0.001) and quality sleep in the dis-
turbed condition (r = -0.14, NS) without outliers.
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Within subjects, the change in QS led to changes in El and energy expenditure. The
change in El was negatively correlated with the change in QS suggesting that El
increased the most in subjects where QS declined because of the disturbed condi-
tion (Figure 2A). Also, the change in TEE was negatively correlated with the change
in QS indicating that TEE increased the most in subjects in whom QS declined be-
cause of the disturbed condition (Figure 2B). These changes in El and TEE led to a
trend for differences in EB because of changes in QS (Figure 2C). No significant
correlations were found between the changes in SWS, REM, TST as well as S2 and
the changes in El, TEE and EB. r and P values have been reported in Table 3.
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Figure 2. Inverse relation between the change in quality sleep and the change in energy intake (r = -0.56,
P < 0.05) (A), the change in total energy expenditure (r = -0.57, P < 0.03) (B), and the change in energy
balance (r =-0.51, P = 0.05) (C). Linear regression analyses (n=15).

Table 3. Linear regression analyses between the change in sleep parameters and the change in energy
balance parameters (n=15)

AQS ASWS AREM ATST AS2
-0.57 -0.4 -0. -0. .
ATEE (M)/d) r 0.5 0.46 0.50 0.08 0.33
P 0.03 NS NS NS NS
-0. -0. -0.41 . .
AEL(MU/d) r 0.56 0.38 0 0.14 0.45
P 0.05 NS NS NS NS
-0.51 -0.31 -0. . .
AEB (MJ/d) r 0.5 0.3 0.33 0.21 0.46
P 0.05 NS NS NS NS
QS (non-disturbed r 0.57 - - - -
sleep) P 0.03 - - - -
QS (disturbed r -0.66 - - - -
sleep) P 0.01 - - - -

EB, energy balance; El, energy intake; NS, non significant; P, P-value; QS, quality sleep; REM, rapid
eye movement; SWS, slow-wave sleep; S2, sleep stage 2; TEE, total energy expenditure; TST, total
sleeping time; A, difference between non-disturbed and disturbed condition.
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Discussion

In the non-disturbed condition positive relations were found between TEE, AEE and
AEE corrected for body mass, with QS and SWS. Subjects with more QS and SWS
during the night showed a larger TEE and AEE over 24 hrs, which even remained
apparent for AEE after correction for body mass. Positive correlations were also
found for substrate oxidation, namely 24 hr RQ and 24 hr carbohydrate oxidation,
with the duration of QS and SWS. Contrarily, 24 hr fat oxidation was inversely re-
lated to the duration of QS and SWS. RQ and carbohydrate oxidation were inversely
related with the duration of REM-sleep; this is due to the duration of REM sleep
being complementary to the duration of SWS. Another important parameter that is
thought to be affected by sleep, namely PA, was positively correlated with QS (i.e.
subjects who showed a larger QS were more active, or QS increased more in the
active subjects). This also corresponded with the correlation between QS and
AEE/gyv. Both, PA and AEE/gy as well as RQ, were inversely correlated with TST
indicating that subjects with a shorter TST had an increased PA, activity-induced
energy expenditure and RQ, and vice versa. Finally, S2 partly corresponded with
TST as AEE, AEE/gy, RQ, CHOox and activity were all inversely related with S2, while
FATox was positively related with S2.

Comparing the disturbed condition with the non-disturbed condition resulted in
reductions in the sleep parameters SWS, REM sleep, TST and S2. As reported previ-
ously, metabolic parameters AEE, RQ, carbohydrate oxidation, fat oxidation and
physical activity also changed compared to the non-disturbed condition, (13). With
respect to the associations between the sleep and metabolic parameters, shifts
were observed that indicated that sleep disturbance may have an unfavorable
impact on SWS, REM, TST and S2, and which may affect energy metabolism. How-
ever, as our results suggest, the preservation of QS may prevent these disadvanta-
geous effects of sleep disturbance on TEE and AEE/gy. Furthermore, the changes
due to the sleep disturbance also point out that SWS and REM may be important
for the regulation of substrate oxidation.

After the sleep disturbance a reduced range in QS was observed, which can mainly
be attributed to the subjects with the highest percentage of QS as their QS was
affected most. The difference in QS between both conditions was positively associ-
ated with QS in the non-disturbed condition and negatively associated with the QS
in the disturbed condition. The shift in QS within the subjects led to changes in
energy intake and energy expenditure. The change in both, El and TEE was nega-
tively correlated with the change in QS suggesting that El and TEE increased the
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most in subjects where QS declined the most because of sleep disturbance. The
change in TEE after the disturbed condition can most likely be attributed to being
more awake and increased El. Furthermore, the changes in El and TEE also led to a
trend for differences in EB due to changes in QS. This implies that the EB became
more positive in subjects with the largest reduction in QS as a result of the dis-
turbed condition.

Our findings showed that QS is positively related with TEE in both conditions,
indicating that subjects with more QS show a larger TEE or that subjects with a
larger TEE have more QS. QS as well as TEE were preserved in our subjects despite
the sleep disturbance, emphasizing the importance of QS for TEE. This might
explain why hardly any study has demonstrated the unfavorable effect of sleep on
TEE (10). Most studies restricted sleep to 4 hrs while the quality of sleep may still
have been preserved. Our results show that merely decreasing sleep duration
seems to have no effect, as indicated by the absence of a relationship between TEE
and TST in both conditions. Also, between TEE and S2, the predominant sleep stage
that is a derivate of TST (45-55%) and followed by SWS and REM in the sleep cycle,
no significant correlation was observed. It would be interesting to investigate
whether a change in QS would affect TEE.

In contrast, the relation between SWS and TEE was no longer present when the
amount of SWS decreased in our subjects, indicating that SWS has no effect on TEE
or vice versa. Nevertheless, SWS may still have played an important role in energy
metabolism through its effect on substrate oxidation (i.e. RQ and CHOox). The
positive relationships between SWS and RQ as well as CHOox that we observed in
our subjects were no longer present when SWS was decreased and RQ and CHOox
were increased. With QS unchanged, this may suggest a regulatory role of SWS on
CHOox. A role of SWS for glucose and insulin metabolism has been shown before
(2-4, 23-25). Contrarily, de Jonge et al. (26) reported a higher RQ with decreasing
QS suggesting that QS does play a role in substrate oxidation. Unfortunately, in that
study RQ was only measured for 30 min and QS was determined with question-
naires. Corresponding with the study from de Jonge et al., RQ was inversely related
with REM, TST and S2 while CHOox was only inversely related with REM and S2.
Yet, these associations disappeared with sleep disturbance. FATox was inversely
related to QS and SWS and positively related with S2 during the non-disturbed
condition, but not related to REM. Still, this may support the existence of a modu-
lating effect of the sleep architecture on metabolic flexibility. Because no relations
between the sleep parameters and substrate oxidation remained after sleep dis-
turbance metabolic flexibility may have been disrupted (27).
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Physical inactivity may also follow after sleep disturbance as suggested by Schmid
et al. who reported that a short-term sleep loss decreased physical activity under
free-living conditions (28). A positive relation between PA counts and QS was found
indicating that subjects were less sedentary when their quality sleep was pre-
served. Also, inverse relations between TST as well as S2 and the physical activity
counts, as well as AEE/gy, were observed, confirming the increase in AEE due to an
increase in physical activity after sleep disturbance.

The importance of QS is most pronounced in subjects that have the highest per-
centage of QS. QS dropped substantially in these subjects, and the inverse relation-
ship between El and QS being larger than the inverse relationship between TEE and
QS eventually lead to a trend for a positive EB when QS decreases. Effects on El and
EB due to changes in sleep architecture have been shown previously (6, 29), sug-
gesting that a decrease in QS may lead to a positive EB. This corresponds with the
results of subjective studies that have reported on the one hand that a decrease in
QS is related to an increase in BMI (30), and on the other hand that a decrease in
body weight led to an improvement in QS (31). For TEE, a relation between subjec-
tive QS and resting energy expenditure has been published, in which poor QS was
associated with increased energy expenditure at rest (26).

In summary, the positive relationship between TEE as well as AEE/gy and QS in
both conditions implies that QS plays an important role in maintaining TEE and vice
versa. Therefore, a possible effect of sleep on energy expenditure may be assessed
as the effect of QS on TEE and AEE/g\. Furthermore, the positive relation between
RQ and QS as well as SWS, and the inverse relation between RQ and REM sleep
implied a balance between CHOox and FATox related to both components of QS
that pointed towards a role of sleep architecture in metabolic flexibility. Also, des-
pite the correlations between the metabolic parameters and the sleep parameters,
changes in energy metabolism were only associated with changes in QS because of
sleep disturbance, but not with changes in other sleep parameters, which under-
lined the importance of QS in EB. Finally, subjects with the highest percentage of
QS suffered most from the sleep disturbance resulting in increased El and a pos-
sible positive EB.

In conclusion, sleep disturbance did not affect the usual relationships between QS
and TEE and with AEE/gy because of preserved QS. However, relations between
SWS as well as REM and substrate oxidation were unfavorably affected. For sub-
jects with the highest percentage QS, QS was affected most because of the sleep
fragmentation that led to unfavorable shifts in El, TEE and EB.
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CHAPTER 6

Abstract

The increase in obesity, including childhood obesity, has developed over the same
time period as the progressive decrease in self-reported sleep duration. Since epi-
demiological studies showed an inverse relationship between short or disturbed
sleep and obesity, the question arose, how sleep duration and sleep quality are
associated with the development of obesity. In this review, the current literature
on these topics has been evaluated. During puberty, changes in body mass index
(BMI) are inversely correlated to changes in sleep duration. During adulthood, this
relationship remains and at the same time unfavorable metabolic and neuro-
endocrinological changes develop, that promote a positive energy balance, coincid-
ing with sleep disturbance. Furthermore, during excessive weight loss BMI and fat
mass decrease, in parallel, and related with an increase in sleep duration. In order
to shed light on the association between sleep duration, sleep quality and obesity,
until now it only has been shown that diet-induced body-weight loss and successive
body-weight maintenance contribute to sleep improvement. It remains to be dem-
onstrated whether body-weight management and body composition improve dur-
ing an intervention concomitantly with spontaneous sleep improvement compared
with the same intervention without spontaneous sleep improvement.
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Introduction

The increase in obesity, including childhood obesity, has developed over the same
time period as the progressive decrease in self-reported sleep duration (1-3). Since
epidemiological studies showed these phenomena to be inversely related, the
guestion arose, how sleep duration and sleep quality are associated with the de-
velopment of obesity. The current literature on these topics has been evaluated to
give an overview of the relationship between sleep duration and body mass index
(BMI) during puberty; sleep duration, sleep quality and energy balance (EB) in
adults; and sleep duration and body composition in adults. Finally, this review aims
to clarify the nature of relationship between these variables.

Inverse development of sleep duration and BMI during puberty

Several cross-sectional studies reported an inverse relationship between BMI and
sleep duration during childhood (4-8); some reported a curvilinear relationship
between BMI and sleep duration (9, 10). Additionally, short sleep duration in chil-
dren was related to insulin resistance, a larger body fat percentage, a larger waist
circumference, decreased physical activity and increased television watching (11-
15). Longitudinal studies have shown that the risk of young children (prepubertally,
up to age 12 years) to become overweight at a later age increases with fewer hours
of sleep (16-20). Sleep duration during childhood, however, naturally decreases, in
particular during puberty when a reduction of about 2 hours is observed (21, 22).
An important issue in the assessment of sleep duration and quality is the method-
ology used. Polysomnography is currently considered as the ‘golden standard’, it
provides objective measured sleep duration, sleep architecture and sleep quality.
However, sometimes self-reported sleep assessment might be the only tool avail-
able and previous studies have shown that self-reported sleep duration is repre-
sentative for habitual sleep duration (23, 24). Nonetheless, caution is needed when
conclusions are inferred from studies relying solely on self-reported sleep duration.
In a Dutch cohort of children the relationships between sleep duration and BMI
development, as well as associated parameters were assessed during puberty (25-
28). An inverse relationship was observed between the change in BMI and the
change in hours of sleep per night from Tanner stages 1 to 5 (27). With progressive
Tanner stages, BMI increased while sleep duration decreased independent of pos-
sible confounders such as baseline BMI at start of puberty, FTO allele genotype
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(rs9939609), BMI of the father and mother, as well as changes in Baecke scores and
hours television viewing during the progressive Tanner stages (27).

These results illustrate the importance of pubertal stage when assessing the rela-
tionship between BMI and sleep duration. Other longitudinal studies that ad-
dressed this relationship in children also observed a consistent association be-
tween short habitual sleep duration and subsequent overweight and obesity (16-
20). Yet, none of these studies investigated whether changes in BMI were associ-
ated with changes in sleep duration or studied this relationship during the crucial
period of puberty in which sleep duration diverges. However, from these observed
relationships cause and effect cannot be disentangled. On the one hand, a larger
increase in BMI following a larger reduction in sleep duration might be plausible,
which is underlain by the longitudinal study from Snell et al. that showed a rela-
tionship between sleep duration measured at the first time point and BMI meas-
ured five years later (17). On the other hand, if sleep duration were to be reduced
following an increase in BMI then sleep apnea may be a plausible explanation.
Sleep apnea, however, is only present in 1-3% of the children in a normal popula-
tion and strongly related to obesity (29). We therefore considered it an unlikely
explanation for the Dutch cohort, with only 11% of the children being overweight
but not obese and with no known cases of sleep apnea (27). As mentioned before
the association was independent of a number of lifestyle factors, such as television
viewing and physical activity, as well as the genetic factor FTO, parental BMlI’s, and
BMI at the start of puberty (27).

Puberty is a period of rapid physical, emotional and social maturation, which is
initiated through pulsatile release of the gonadotropin-releasing hormone from the
hypothalamus, and activation of the gonadal axis (30-33). As a result, secondary sex
characteristics and behavioral changes, such as a decrease in sleep duration, de-
velop (22). The secondary sex characteristics originate from shared neuronal sys-
tems, with the hypothalamus as integrative structure. The hypothalamus orches-
trates sleep—wake and feeding circuits, which are connected through the hy-
pocretin-1 (orexin A) hormone. Hypocretin-1 regulates feeding and locomotor
activity via the nucleus accumbens, moreover it signals information on the light—
dark cycle to the suprachiasmatic nucleus (34-37). A lack of hypocretin-1, as seen in
children with narcolepsy, leads to obesity and precocious puberty (38).

Sleep duration, sleep quality and EB in adults

In addition to studies during childhood and adolescence, both cross-sectional and
longitudinal studies in adults also report an inverse relationship between sleep
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duration and BMI (2, 39, 40). Those studies show that after sleep disturbance al-
tered metabolic parameters, such as a lower glucose tolerance, distorted levels of
(an)orexigenic hormones, increased activity of the sympathetic nervous system,
changed feelings of hunger and fullness, and altered energy intake and energy
expenditure are present (41-57).

With respect to sleep architecture, altered sleep characteristics appeared after
disturbance, such as the duration of rapid eye movement (REM) sleep and slow-
wave sleep (SWS) resulting in reduced sleep quality (39, 58-60). Variation in SWS
and REM sleep was associated with variation in EB parameters, namely BMI, waist
circumference, hypertension incidence, cortisol concentrations, lean body mass,
growth hormone release, and EB parameters (61-72). Together, these findings
suggest that EB parameters are primarily related to the amount of SWS and REM
sleep, rather than to the total sleep duration. Because SWS and REM sleep duration
are highly variable between subjects, and are subject specific (57, 59, 73-75) it is of
great interest to investigate differences in changes of sleep characteristics in rela-
tion to changes in EB parameters. A study performed in adults investigated inter-
individual relationships between EB parameters and the amount of SWS and REM
sleep during two 48 h stays in the controlled environment of the respiration cham-
ber (75). The subjects were fed in EB during the first day and during the first 22 h of
the second day, after which the last meal was given ad libitum, and ad libitum en-
ergy intake was measured. Subjects appeared to be in EB during the first 24 h; after
being fed in EB during the first 22 h of the second day, the subjects were in con-
siderable positive EB due to the ad libitum dinner during the second day. An in-
verse relationship between EB and the amount of SWS was shown, along with a
positive relationship between EB and the amount of REM sleep. These relationships
were mediated through the glucose/insulin ratio, hunger and fullness scores, STAI
state scores and reward scores as evidenced by an inverse relationship between
the amount of SWS and ghrelin levels as well as the glucose/insulin ratio. In addi-
tion, inverse relationships between SWS and feelings of hunger, measured with a
visual analog scale, as well as cortisol levels and STAI state scores, used to measure
mood, were observed. Other studies showed similar effects, such as the inverse
relationhips of SWS and feelings of hunger (43, 51, 52), ghrelin levels (42, 43, 50)
and increased cortisol levels (56, 64), suggesting that subjects are hungrier and
more stressed when SWS is relatively short. Thus when subjects were fed in EB
during the first day and during the first 22 h of the second day, they had excessive
energy intake, corrected for energy needs, when they had low levels of SWS during
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the previous nights. Then also feelings of fullness were lower, whereas stress, feel-
ings of hunger and motivation for food reward were higher (75).

Energy intake and macronutrient composition also have been shown to influence
sleep characteristics; restricted energy intake through a very-low-calorie diet has
been shown to decrease the amount of SWS (76), while infusions of intravenous
amino acids increased SWS and decreased REM sleep (77). Moreover, intravenous
glucose increased both, SWS and REM sleep (77). Furthermore, hormone levels
also influence sleep characteristics: ghrelin administration increased SWS and de-
creased REM sleep levels, suggesting a negative feedback loop between ghrelin and
the sleep characteristics (78-80). Taken together, this implies an inverse relation-
ship between EB and the amount of SWS and REM sleep, which may form a vicious
cycle.

Reduced sleep quality also has been associated with appetite control. Effects of
sleep fragmentation, independent of sleep duration, on appetite profiles and 24 h
profiles of hormones are involved in EB regulation (81). A single night of frag-
mented sleep, resulting in reduced REM sleep, induced a shift in insulin concentra-
tions, from being lower in the morning and higher in the afternoon, while GLP-1
concentrations and fullness scores were decreased. These results may contribute
to increased food intake and snacking, thus fostering to a positive EB.

Furthermore, physical activity has been shown to influence sleep characteristics; a
6-month moderate aerobic training protocol increased the percentage SWS and
decreased percentage REM sleep (82). Decreases in total energy expenditure and
physical activity have been suggested to be contributing factors to the inverse rela-
tionship between BMI and sleep duration. In addition, assessments of effects of
sleep fragmentation on energy metabolism and EB in healthy men revealed that
fragmented compared with non-fragmented sleep induced reductions in the most
important sleep phases, which coincided with elevated activity-induced energy
expenditure, physical activity, exhaustion, and sleepiness. The respiratory quotient
(RQ) and carbohydrate oxidation increased and fat oxidation decreased, which may
predispose to overweight (83).

Sleep duration and body-weight, respectively body composition in adults

Short sleep duration has been associated with decreased leptin levels, increased
ghrelin levels and increased hunger and appetite (42). These neuro-endocrine
changes linked with sleep curtailment suggest that lack of sufficient sleep may
compromise the efficacy of commonly used dietary interventions in overweight
and obese individuals. Therefore, it is necessary to take sufficient sleep into ac-
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count when applying energy-restriction diets. Energy-restriction induced higher
ghrelin concentrations that may facilitate the retention of fat (84-87), and in-
creased hunger not only due to energy restriction but also to sleep deficiency,
which could compromise adherence to energy restriction. Nedeltcheva et al.,
examined whether experimental sleep restriction may compromise the effect of
reduced-calorie diets on excess adiposity (88). Of the 3 kg body weight lost, 56%
was lost as fat during the 8.5-hour time-in-bed condition, which is expected (89);
however, the combination of energy and sleep restriction in overweight adults
resulted in less loss of fat and considerably increased loss of fat-free body mass
(88). RQ differences between the two treatments suggest that sleep loss was ac-
companied by changes in substrate utilization. This is in agreement with the ob-
served sparing of body fat (88). Serum concentrations of acylated ghrelin also in-
creased during the short-sleep condition, resembling the changes in total ghrelin
associated with energy restriction and acute sleep deprivation (42). Acylated ghre-
lin has been shown to reduce energy expenditure, stimulate hunger and food in-
take, promote retention of fat, and increase hepatic glucose production to support
the availability of fuel to glucose- dependent tissues (84-87). In rodent studies it
also has been established that sleep deprivation can have considerable catabolic
effects that mimic protein malnutrition (90, 91). Also in humans, sleep plays an
important role in the preservation of human fat-free body mass during periods of
reduced energy intake (88). The loss of sleep at times of limited food intake ampli-
fies the pattern of ghrelin-associated changes in human hunger perception, glucose
and fat utilization, and energy metabolism. The increased loss of fat-free body
mass during the short-sleep condition may be due to increased conversion of body
protein into glucose to support the more prolonged metabolic needs of the waking
brain and other glucose-dependent tissues (92). In a broader context, these results
shed new light on the paradoxical association of human obesity with the loss of the
most energy-efficient and sedentary human behavior: sleep (2). Insufficient sleep
may compromise the maintenance of fat-free body mass and promote retention of
fat when people aim to reestablish their usual weight after life events associated
with excessive food intake and increased adiposity. Thus, exposure of overweight
middle-aged adults to 2 weeks of combined energy- and sleep-restriction produced
a catabolic state characterized by reduced loss of body fat and increased loss of fat-
free body mass, accompanied by increased hunger and changes in substrate utiliza-
tion. These results highlight the importance of human sleep for maintenance of fat-
free body mass during periods of reduced energy intake, and suggest that insuffi-
cient sleep may compromise several factors that contribute to the efficacy of and
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adherence to dietary energy-restriction strategies for metabolic risk reduction (88).
The effect on sparing fat-free-mass was confirmed by Verhoef et al. (93), who as-
sessed whether during a weight-loss weight-maintenance program in overweight
subjects, a possible increase in sleep duration would precede the diet-induced
decreases in body-weight. They observed a concomitant inverse correlation be-
tween changes in sleep duration and in body-weight, and respectively fat mass.
Since the weight loss was diet-induced, and sleep duration at least increased in
parallel to weight loss, it is not possible to disentangle cause and effect from this
study.

Discussion

With respect to the development of sleep duration and BMI during puberty an
inverse relationship has been shown (4-8). Children with a shorter sleep duration
and a higher BMI, also encompass insulin resistance, a larger body fat percentage, a
larger waist circumference, decreased physical activity and increased television
watching (11-15); together these features pose a greatly increased risk of becoming
overweight at a later age (16-19). Sleep duration naturally decreases during pu-
berty, from Tanner stages 1 to 5 (21, 22). We showed that increases in BMI and
decreases in sleep duration are related (27). Due to shared neuronal systems, with
the hypothalamus as integrative structure, this relationship may be explained by
changes in hypothalamic functioning, such as altered hypocretin-1 signaling (34-
38).

Since in adults, cross-sectionally as well as longitudinally, a similar inverse relation-
ship between sleep duration and BMI was reported as in children (2, 39, 40), it can
be concluded that this relationship does not only pertain to puberty, but it remains
throughout life. After sleep disturbance in adults, altered metabolic and neuro-
endocrinological parameters, and increased activity of the sympathetic nervous
system, changed feelings of hunger and fullness, and altered energy intake and
energy expenditure are present (41-57), and are correlated with variations in SWS
and REM sleep duration (61-72). This suggests that EB parameters are primarily
related to the amount of SWS and REM sleep, rather than to the total sleep dur-
ation. During long-term weight-loss weight-maintenance studies, the alterations
observed in EB parameters, remain. They do not only underscore diet-induced
weight loss, but also changes in body composition. After it was suggested from
studies in rodents that body composition improves in parallel with a longer sleep-
duration, it was shown in humans, that during weight loss, body composition
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changed more in parallel with a normal sleep duration compared to a short sleep
duration (88).

In conclusion, during puberty, changes in BMI are inversely correlated to changes in
sleep duration. During adulthood, this relationship remains including fluctuations
such as concomitant unfavorable metabolic and neuro-endocrinological changes
promoting a positive EB, coinciding with sleep disturbance. Until now, only experi-
mental sleep restriction has been shown to attenuate the proportion of weight lost
as fat following a reduced-calorie diet (88). It is not possible to improve sleep, in-
cluding sleep quality, experimentally. It remains to be demonstrated whether bo-
dy-weight management and body composition improve during an intervention
concomitantly with spontaneous sleep improvement compared with the same
intervention without spontaneous sleep improvement.
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Abstract

Background: The disruption of the circadian system has been associated with the
development of obesity.

Objective: We examined the effects of circadian misalignment on sleep, energy
expenditure, substrate oxidation, appetite and related hormones.

Design: Thirteen subjects (aged 24.3 + 2.5y, BMI 23.6 + 1.7 kg/mz) completed a
randomized crossover study. For each condition, subjects stayed time blinded in
the respiration chamber during three light-entrained circadian cycles that resulted
in a phase advance (3 x 21 h) and a phase delay (3 x 27 h), compared with during a
24-h cycle. Sleep, energy expenditure, substrate oxidation, and appetite were
quantified. Blood and saliva samples were taken to determine melatonin, glucose,
insulin, ghrelin, leptin, glucagon-like peptide 1 (GLP-1) and cortisol concentrations.
Results: Circadian misalignment, either phase advanced or phase delayed, did not
result in any changes in appetite or energy expenditure, whereas meal-related
blood variables (glucose, insulin, ghrelin, leptin and GLP-1) followed the new meal
patterns. However, phase-advanced misalignment caused flattening of the cortisol-
secretion pattern (P<0.001), increased insulin concentrations (P=0.04), and in-
creased carbohydrate oxidation (P=0.03) and decreased protein oxidation
(P=0.001). Phase-delayed misalignment increased rapid eye movement (REM) sleep
(P<0.001) and sleeping metabolic rate (P=0.02), increased glucose (P=0.02) and
decreased GLP-1 (P=0.02) concentrations, and increased carbohydrate oxidation
(P=0.01) and decreased protein oxidation (P=0.003).

Conclusion: The main effect of circadian misalignment, either phase advanced or
phase delayed, is a concomitant disturbance of the glucose-insulin metabolism and
substrate oxidation, whereas the energy balance or sleep is not largely affected.
Chronically eating and sleeping at unusual circadian times may create a health risk
through a metabolic disturbance.
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Introduction

During the past three decades, the prevalence of obesity has increased worldwide
to epidemic proportions. Obesity is considered to be a major health problem be-
cause it is associated with type 2 diabetes, cardiovascular diseases and certain
forms of cancer (1). The traditional approach for treatment has consisted of energy
restriction and increased physical activity (2, 3). The long-term compliance with
treatments has been poor, and the long-term success rate has been relatively low.
The endogenous circadian timing system coordinates daily patterns of feeding,
energy use, and energy storage across the daily 24-h cycle. The alignment of feed-
ing and activity with the environmental light cycle is critical for the maintenance of
energy homeostasis (4). Many metabollically relevant hormones show circadian
oscillation with different daily patterns. For example, cortisol secretion has a circa-
dian rhythm with the nadir during the early biological night (i.e. a time according to
the original circadian rhythm associated with the start of behavioral inactivity) and
the peak in the biological morning (i.e. a time according to the circadian rhythm
associated with the start of behavioral activity) (5). Furthermore, circadian rhyth-
micity has been shown in glucose and insulin concentrations with peaks that occur
during the late biological night (6, 7). Leptin shows a clear diurnal pattern with
lowest concentrations during the day and highest concentrations during the night
(8,9).

Circadian misalighment occurs when the internal circadian timing system is not
appropriately aligned with the external environment including the dark-light, the
sleep-wake and fasting-feeding cycle (10) (e.g. during shift work, jet lag or certain
circadian rhythm disorders). Studies have suggested that the disruption of the
circadian system may lead to obesity (11) through metabolic and cardiovascular
changes. Hampton et al. (12) showed that a simulated 9-h phase shift significantly
increased postprandial glucose and insulin responses. Scheer et al. (13) showed
that circadian misalignment decreased leptin concentrations, increased glucose
and insulin concentrations, completely reversed the daily cortisol rhythm, and
increased the mean arterial blood pressure. In addition to metabolic and cardio-
vascular consequences, circadian misalighnment may also affect sleep, appetite, and
energy expenditure. Therefore, the aim of the present study was to determine the
different effects of a phase advance and a phase delay, both of which were com-
pared with the daily 24-h cycle, on sleep, energy expenditure, substrate oxidation,
appetite, and related hormones in energy balance.
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Subjects and Methods

Subjects

Thirteen healthy subjects (seven men and six women) with a mean age of 24.3 (SD,
2.5) years and with a mean BMI of 23.6 (SD, 1.7) kg/m2 participated in the present
study. On the basis of the respiration-chamber study by Westerterp-Plantenga et
al. (14), power analysis with the G*Power (version 3.1; Heinrich-Heine-Universitat,
Disseldorf, Germany) showed that with an o = 0.05 and B = 0.10 (power =1—-f =
0.90), =11 subjects were needed. Subjects were recruited by using advertisements
on notice boards at Maastricht University. Subjects underwent an initial screening
that included measurements of body weight and height and completed a question-
naire related to health, the use of medication, smoking behavior, alcohol consump-
tion, physical activity, eating behavior, sleeping behavior, and food allergies. All
subjects were in good health, were nonsmokers, did not use medication, and were
moderate alcohol consumers. Subjects provided written informed consent at the
start of the first test day.

This study was conducted according to guidelines of the Declaration of Helsinki,
and the Medical Ethical Committee of Maastricht University Medical Centre ap-
proved all procedures that involved human subjects. The study was registered in
the International Clinical Trials Registry Platform (registration number NTR2926).
The respiration chambers used in the present study ensured a highly controlled
situation in which subjects are in a stable environment.

Study design

The study had a randomized, single-blinded, crossover design. A total of three con-
ditions (21-, 24-, and 27-h cycles) were compared. After participation in the 24-h
control cycle, 21- and 27-h cycle conditions were followed in random order. Par-
ticipation in each of the three cycle conditions was separated by at least four
weeks. During the 24-h control cycle, subjects slept for 8 hours and were awake
for 16 hours. For the 21- and 27-h conditions, subjects stayed time blinded in the
respiration chamber during three light-entrained circadian cycles (3 x 21-h or 3 x
27-h). The 21-h condition lasted from 2100h to 1200h three days later. The 27-h
condition lasted from 2100h to 0600h four days later. In the 21-h cycle, subjects
slept 7 hours and were awake for 14 hours, whereas in the 27-h cycle, subjects
slept 9 hours and were awake for 18 hours (Figure 1). We measured at Greenwich
Mean Time +1h. With the exception of partaking in strenuous exercise and
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sleeping, subjects were allowed to move freely during wake phases. Two days be-
fore the experiment, subjects were asked to sleep according to their habitual sleep
duration (8.2 + 1.0 h). After subjects’ arrival at the university at 1800h, electrodes
for electroencephalogram, electromyogram and electrooculogram recordings were
applied according to standardized criteria (15). Blood was sampled before and after
each meal for determination of melatonin, glucose, insulin, ghrelin, leptin and glu-
cagon-like peptide 1 (GLP-1). The endogenous melatonin rhythm, which is con-
sidered as a reliable marker of circadian timing, was used to confirm circadian
misalignment (16). Furthermore, saliva samples were collected before and after
each meal to determine cortisol concentrations. Light entrainment was achieved by
using daylight lamps during the waking hours (>400lux, Energy Saver, Tornado E27,
900 lumen; Philips Lighting) and black curtains during sleeping hours.
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Figure 1. Study design. Black bars represent sleep episodes, and white bars represent wake episodes.

Sleep monitoring

To measure wake and sleep phases, polysomnographic recordings were obtained
continuously by using BrainRT digital EEG system (OSG BVBA). All records were
visually scored in 30-s epochs with standardized criteria by the same experienced
person blinded to the experimental condition (15). Daytime naps were not allowed.
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Appetite related blood and saliva parameters

Blood and saliva samples were collected, and melatonin, glucose, insulin, ghrelin,
leptin, GLP-1, and cortisol concentrations were determined according to the similar
protocol used in previous studies conducted at the department of Human Biology,
Maastricht University (17-19).

Questionnaires

Appetite was assessed using visual analogue scale (VAS, in mm) questions on sub-
jective feelings of hunger and fullness. These questionnaires were completed every
hour and before and after each meal.

Energy intake

During their stay and two days before the experiment, subjects were fed in energy
balance. The energy content of the food was tailored individually to the energy
requirements of each subject on the basis of the basic metabolic rate (BMR), which
was calculated with the Harris and Benedict equation (20). To estimate the total
energy requirement at home, the BMR was multiplied by a physical activity level of
1.75 estimated with a computer simulation program (21). The total energy re-
quirement in the respiration chamber was estimated by multiplying the sleeping
metabolic rate (SMR) of the first night by a physical activity level of 1.35. The en-
ergy intake was divided over meals as 20% for breakfast, 40% for lunch, and 40%
for dinner. The macronutrient composition of the diet was 12%, 55%, and 33% of
energy (for protein, carbohydrate, fat, respectively). Meals were served at time
points related to the cycle duration. Participants were required to finish each meal
within 30 minutes and were not allowed to eat additional food. Water was freely
available during the whole experiment.

Energy expenditure and substrate oxidation

Energy expenditure was measured and calculated according to the similar protocol
used in previous studies conducted at the Department of Human Biology, Maa-
stricht University (22-24). Substrate oxidation was calculated from 21-, 27-, and 24-
h urinary nitrogen, oxygen (0O,) consumption, and carbon dioxide (CO,) production.
Depending on the condition, urine was collected for 21, 27, and 24 h, respectively.
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Protein oxidation (P, g/d) was calculated by multiplying the 21-. 27-, and 24-h uri-
nary nitrogen (g/d) by 6.25. Carbohydrate (C) and fat oxidation (F) were calculated
with the following formulas of Carpenter as published by Brouwer (25):

C (g/d) = -2.97x02 (L/d) + 4.17xCO2 (L/d) — 0.39xP (g/d)
F (g/d) = +1.72x02 (L/d) — 1.72xCO2 (L/d) — 0.32xP (g/d)

To adjust for a 21-h day, O, and CO, in milliliters per minute were multiplied by
1.26 (=1260 min in 21 h) to obtain O, and CO, in liters per 21 h. To adjust for a 27-h
day, O, and CO, in milliliters per minute were multiplied by 1.62 (=1620 min in 27
h) to obtain O, and CO, in liters per 27 h.

Statistical Analysis

Data are presented as means + standard error of the means (SEMs), unless other-
wise indicated. Data from energy expenditure, energy balance and macronutrient
balances were expressed in kilojoules per minute. Data were analyzed by compar-
ing the third day of each condition (21 and 27 h) with the 24-h cycle. Analyses were
applied to the sleep variables, appetite-related variables, energy expenditure, and
macronutrient-balance data. Differences between cycles (21 and 27 h and 24 h)
were determined with two-factor repeated-measures ANOVA. One-factor re-
peated-measures ANOVA was used to determine hormonal differences within
cycles. Integrated glucose and insulin responses were examined by using the ho-
meostasis model assessment of insulin resistance (HOMA-IR) index. Bonferroni
corrections for multiple comparisons were applied. All tests were two-sided and
differences at P < 0.05 were considered significant. Data were analyzed using SPSS
18 software (SPSS Inc.).

Results

To confirm circadian misalignment, melatonin concentrations of the 24-h day and
all days of the 21- and 27-h cycles were plotted according to clock time (Figure 2A).
Melatonin concentrations were high during the biological night and low during the
biological day. The maintenance of the 24-h melatonin-secretion pattern, inde-
pendent of the shifts, confirmed circadian misalighment. To assess the effects of
circadian misalignment on study variables, the third day of the 21- and 27-h cycles
was compared with the 24-h cycle.
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represent biological nights from 2330h to 0730h.
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Comparison of sleeping patterns between cycles

The absolute and relative durations of sleep-related variables are shown in Table 1.
The relative amount of time (percentage of sleeping period time) revealed no sig-
nificant differences in sleep-related variables between 21- and 24-h cycles. During
the 27-h cycle, the percentage of stage 2 sleep was significantly lower, and the
percentage of rapid eye movement (REM) sleep was significantly higher, than dur-
ing the 24-h cycle (Table 1).

Table 1. Absolute (min) and relative (percentage) duration of sleep-related variables during the third
night of the 21- and 27-h cycles compared with during the 24-h cycle.
(Mean values with their standard errors, n=13).

Sleep variable 24 h 21 h, night3 27 h, night3
Wake (min) 9.6+3.2 34.3+6.3 18.0£1.9°
(Percentage of SPT) 2.1x0.7 8.6x1.5 3.5+0.4
Total sleep time (min) 438.8+6.0 365.4+10.2" 502.7+3.7"
(Percentage of SPT) 91.4+1.2 87.0+2.4 93.1+0.7
Stage 1 (min) 5.0£1.5 6.5+2.2 6.2+1.8
(Percentage of SPT) 1.1+0.3 1.6+0.5 1.2+0.3
Stage 2 (min) 214.9+10.5 174.4+8.3 220.8+4.4
(Percentage of SPT) 48.0+2.3 43.4+1.6 42.60.9"
SWS (min) 125.8+13.1 108.2+7.6 136.8+9.7
(Percentage of SPT) 27.4+2.9 27.0+1.8 26.2+1.8
REM sleep (min) 93.2+8.2 76.33+4.7 139.0+8.5
(Percentage of SPT) 20.6+1.7 19.3+1.4 26.7+1.6"

*Significant different from the 24-h cycle (ANOVA repeated measures with Bonferroni correction). REM,
rapid eye movement; SPT, percentage sleeping period time; SWS, slow-wave sleep.
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Appetite-related hormones

To assess whether appetite-related variables maintained their 24-h pattern or shift
with the meals, data of the 24-h day, the third day of the 21-h cycle, and the third
day of the 27-h cycle were plotted according to time awake (Figure 3). During the
21-h cycle, the interval of the preprandial and postprandial nadirs and peaks was 4
hours; during the 24-h cycle, the interval was 5 hours; and during the 27-h cycle,
the interval was 6 hours. The dynamic model of the graphs is described by the
intercept, amplitude, and frequency. The significant differences in intercepts and
amplitudes between cycles are depicted in Figure 4. The frequency did not differ
between cycles and was similar to the meal frequency for glucose, insulin, GLP-1,
and ghrelin. Glucose, insulin, and GLP-1 concentrations were consistently low 30
minutes before each meal and peaked immediately after each meal (Figure 3, A-C).
Ghrelin concentrations peaked consistently 30 minutes before each meal and de-
creased immediately after each meal (Figure 3, D-F). Leptin concentrations showed
a similar secretion pattern in all three conditions (Figure 3E). Independent of cycle,
glucose, insulin, GLP-1, ghrelin and leptin concentrations shifted with the meal
pattern rather than with the circadian clock. In contrast, cortisol did not show a
clear meal-related pattern (Figure 3F). To detect a circadian rhythm in the cortisol
secretion, the 24-h day and all days of the 21- and 27-h cycles were plotted accord-
ing to their clock time. As shown in Figure 2B, the circadian clock was the primary
driver of the cortisol pattern with a nadir during the biological night and a peak in
the biological morning.
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Figure 3. To show whether appetite-related variables maintain their 24-h pattern or shift with the
meals, mean (+tSEM) glucose (A), insulin (B), GLP-1 (C), ghrelin (D), leptin (E) and cortisol (F) concentra-
tions during the third day of the 21-h cycle (diamonds), the third day of the 27-h cycle (squares) and the
24-h cycle (triangles) are plotted according to time awake (n=13). Intervals of the usual preprandial and
postprandial nadirs and peaks were different for the three cycles. The dynamic model of these graphs is
described by the intercept, amplitude and frequency. Intercepts and amplitudes differed significantly
between the three cycles for glucose and insulin but not for GLP-1, ghrelin, and leptin (see Figure 4). The
frequency did not differ between the three cycles for glucose, insulin, GLP-1, ghrelin, and leptin. The
cortisol curve of the 21-h cycle was flat and cannot be described by a frequency. Glucose, insulin, GLP-1,
ghrelin, and leptin concentrations shifted together with the timing of the meals. Cortisol did not show a
meal-related pattern. GLP-1, glucagon-like peptide 1.
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To assess the effects of a phase advance, between-cycle analyses were performed
in which the third day of the 21-h cycle and the 24-h cycle were compared. During
the 21-h cycle, mean glucose concentrations did not significantly change compared
with during the 24-h cycle (Figure 4A), but insulin concentrations were significantly
higher (P=0.042, Figure 4B). Furthermore, we showed a significant time x cycle
interaction on the insulin concentrations (P=0.018, Figure 4B). Mean GLP-1, ghrelin,
leptin, and cortisol concentrations did not significantly change during the 21- com-
pared with the 24-h cycle (Figure 4, C-F). A significant time x cycle interaction effect
on cortisol concentrations (P<0.001, Figure 4F) showed a flattened secretion pat-
tern during the 21- compared with the 24-h cycle, because of keeping the original
circadian alignment.

To assess the effects of a phase delay, between-cycle analyses were performed in
which the third day of the 27-h cycle and the 24-h cycle were compared. During the
27-h cycle, glucose concentrations were significantly higher than during the 24-h
cycle (P=0.02), and a significant time x cycle interaction effect appeared (P<0.001).
The increase in glucose concentrations from premeal to postmeal was more pro-
nounced during the 27-h cycle than during the 24-h cycle (Figure 4A). Insulin and
ghrelin concentrations were not different between the 27- and 24-h cycles (Figure
4B and 4D). However, GLP-1 concentrations were significantly lower during the 27-
h cycle than during the 24-h cycle (P=0.024, Figure 4C). Although leptin concentra-
tions tended to be lower during the 27-h cycle (P=0.064, Figure 4E), cortisol con-
centrations were significantly lower than during the 24-h cycle (P<0.001, Figure 4F).
A significant time x cycle interaction on cortisol concentrations was observed
(P<0.001, Figure 4F).

Additional inspection of the data showed a progressive change in glucose and insu-
lin concentrations from days 1 to 3 of the 21-h cycle. The breakfast-stimulated
increase in glucose concentrations was more pronounced at day 3 than at day 1 of
the 21-h cycle [4.940.1 to 6.9+0.2 compared with 5.1+0.1 to 6.6%0.2mmol/L
(P=0.011), respectively, and 4.4+0.1 to 6.5+0.3 compared with 4.8+0.2 to
6.0£0.2mmol/L (P=0.011), respectively]. Lunch- and dinner-stimulated increases in
insulin concentrations were more pronounced at day 3 than at day 1 of the 21-h
cycle [17.4+1.6 to 144.4+15.9 compared with 13.5+0.7 to 84.2+9.7mU/L (P=0.036),
respectively, and 25.1+3.2 to 102.3+x13.6 compared with 28.6x4.4 to
84.9+12.9mU/L (P=0.034), respectively]. The mean HOMA-IR index at day 3 was
significantly higher than at day 1 of the 21-h cycle [17.0+2.0 compared with
14.1+1.5 (mU/L x mmol/L) / 22.5, P=0.03].
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Figure 4. Mean (+SEM) glucose (A), insulin (B), GLP-1 (C), ghrelin (D), leptin (E) and cortisol (F) concen-
trations during the third day of the 21-h cycle (diamonds), the third day of the 27-h cycle (squares) and
the 24-h cycle (triangles) are plotted according to time points of blood sampling (n=13). Clock times of
blood sampling for the 21-h cycle were as follows: before breakfast (0125h), after breakfast (0200h),
before lunch (0525h), after lunch (0600h), before dinner (0925h), and after dinner (1000h). Clock times
of blood sampling for the 27-h cycle were as follows: before breakfast (1525h), after breakfast (1600h),
before lunch (2125h), after lunch (2200h), before dinner (0325h), and after dinner (0400h). Clock times
of blood sampling for the 24-h cycle were as follows: before breakfast (0825h), after breakfast (0900h),
before lunch (1325h), after lunch (1400h), before dinner (1825h), and after dinner (1900h). “The 21-h
cycle was significantly different from the 24-h cycle, P<0.05; “the 27-h cycle was significantly different
from the 24-h cycle, P<0.05 (One-factor repeated-measures ANOVA).
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Appetite and energy expenditure

A phase advance did not result in any differences in hunger and satiety scores
compared with in the 24-h cycle (40.7+3.4 compared with 45.3+2.2mmVAS, respec-
tively, and 50.1+2.9 compared with 46.5+3.0mmVAS, respectively). Furthermore,
energy expenditure and its components were not different compared with in the
24-h cycle (Table 2). The respiratory quotient (RQ) was significantly higher during
the third day of the 21-h cycle than during the 24-h cycle (P=0.03). With respect to
substrate oxidation, the carbohydrate oxidation was significantly higher in the 21-h
cycle than in the 24-h cycle (P=0.03, Table 2), and protein oxidation was signifi-
cantly lower (P=0.001, Table 2).

In addition, a phase delay did not result in any differences in hunger and satiety
(44.0£2.1 compared with 45.3+2.2mmVAS, respectively, and 45.4+2.6 compared
with 46.53.0mmVAS, respectively) and energy expenditure compared with in the
24-h cycle (Table 2). SMR was significantly higher during the third night of the 27-h
cycle compared with during the night of the 24-h cycle (P=0.015), and the RQ
tended to be higher (P=0.06). With respect to substrate oxidation, the carbohyd-
rate oxidation (P=0.01) was significantly higher in the 27-h cycle than in the 24-h
cycle, and protein oxidation was significantly lower (P=0.003, Table 2).

Table 2. Outcome variables of energy expenditure, El, EB, and substrate oxidation during the third day
of the 21- and 27-h cycles compared with during the 24-h cycle. (Mean values with their standard errors,
except for the RQ values, which are mean values with their standard deviations, n=13).

Outcome variable 24 h 21 h, day3 27 h, day3

TEE (kJ/min) 6.19 = 0.16 6.14 = 0.18 6.21+0.18
SMR (kJ/min) 4.41+0.13 4.47 +0.13 4.51+0.13
RMR (kJ/min) 5.04 +0.17 5.04 +0.17 5.08 = 0.15
AEE (kJ/min) 1.15 = 0.05 1.10 = 0.07 1.12 = 0.06
DIT (kJ/min) 0.63 + 0.06 0.57 = 0.04 0.57 = 0.05
RQ 0.91 +0.02 0.92 =0.01" 0.92 +0.01
El (kl/min) 6.49 = 0.22 6.49 = 0.22 6.49 = 0.22
EB (kJ/min) 0.29 +0.11 0.35 +0.12 0.28 = 0.10
Pox (kJ/min) 0.86 = 0.05 0.60 = 0.04" 0.66 = 0.03"
Fox (kJ/min) 1.22 +0.12 1.24 = 0.11 1.21 +0.07
CHOox (kJ/min) 3.88£0.14 4.07 +0.117 4.08+0.12"

*Significant different from the 24h cycle (ANOVA repeated measures with Bonferroni correction). AEE,
activity-induced energy expenditure; CHOox: carbohydrate oxidation; DIT, diet-induced energy expendi-
ture; EB, energy balance; El, energy intake; Fox: fat oxidation; Pox: protein oxidation; RMR, resting
metabolic rate; RQ, respiratory quotient; SMR, sleeping metabolic rate; TEE, total energy expenditure.
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Discussion

In the present study, we showed which appetite-related hormones followed the
meal pattern and which hormones stayed under the control of the circadian clock.
Moreover, the present study showed the possible consequences of circadian misa-
lignment. Thus, this study had an explorative character, but on the basis of the
results of sleep-disturbance studies, we focused on sleep, appetite, appetite-
related hormones, energy expenditure and substrate oxidation. A phase advance
caused a flattening of the cortisol curve; increased insulin concentrations, HOMA-IR
index, RQ, and carbohydrate oxidation; and decreased protein oxidation. A phase
delay of the 24-h cycle resulted in increased REM sleep, glucose concentrations,
SMR, RQ, and carbohydrate oxidation but decreased GLP-1 concentrations and
protein oxidation.

Circadian misalignment was ensured through a maintained 24-h melatonin-
secretion pattern independent of the shifts. Melatonin has a robust circadian
rhythmicity (16), with concentrations high during the biological night and low con-
centrations during the biological day (10, 26, 27), and is least affected by activity,
sleep, timing of meals, or stress. Room light exerts a profound suppressive effect
on melatonin concentrations and shortens the body’s internal representation of
night duration (28).

The main effect of circadian misalignment on sleep was the increased amount of
REM sleep during the 27-h cycle. This result may be explained by the fact that the
preferential distribution of REM sleep toward the latter portion of the night is lin-
ked to a circadian oscillator. In contrast, the preferential distribution of slow-wave
sleep toward the beginning of a sleep episode is mediated not by circadian proces-
ses but by the length of previous wakefulness (29-31). Thus, because sleep onset is
delayed during the 27-h cycle, REM sleep tends to predominate during the night.
Glucose, insulin, GLP-1, ghrelin and leptin concentrations showed the same secre-
tion pattern when the 21- and the 27-h cycles were compared with the 24-h cycle,
which suggested alignment with food intake rather than circadian patterns. How-
ever, a phase advance was clearly associated with a significantly increased insulin
response to food intake compared with in the 24-h cycle. Spiegel et al. (32) showed
a relation in of sleep restriction, increased glucose concentrations, and decreased
insulin sensitivity. The increased insulin concentrations in the present study may
have simply been a response to hyperglycemia associated with a progressing insu-
lin resistance associated with sleep restriction. This hypothesis was also supported
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by the progressively decreasing HOMA-IR index during the three days of phase
advance. Even though the HOMA-IR index has been validated as a measure of insu-
lin resistance only during a fasting state, these results are suggestive of progres-
sively decreasing insulin sensitivity (33). Increased insulin responses may also be
the result of increased sympathetic nervous system activity, which has previously
been observed in sleep disorders (34). Higher insulin responses during the phase
advance coincided with a flattened cortisol curve, which resulted in high remaining
cortisol exposure during the night. Cortisol is associated with insulin resistance on
several different levels (35). Taken together, these results suggest a multitude of
possible pathways through which a phase advance may contribute to metabolic
disturbances and possibly contribute to the development of obesity and type 2
diabetes.

During the third day of the 27-h cycle, glucose concentrations were increased, GLP-
1 concentrations were decreased, and leptin concentrations tended to be de-
creased. Increased glucose concentrations and decreased leptin concentrations
after a phase delay are in agreement with the results of the study of Scheer et al.
(13) and may be associated with increased sympathetic nervous system activity
because of aberrant sleeping habits.

The effects of a phase shift, regardless of an advance or delay, on glucose and insu-
lin secretion indicate a disturbed glucose and insulin metabolism. Higher glucose
concentrations in the absence of changes in insulin concentrations during a phase
delay suggest a reduced effectiveness of insulin-mediated glucose uptake. Our
results are in accordance with other work, showing significant alterations of pan-
creatic B cell responses as well as postprandial glucose and insulin responses be-
cause of simulated phase shifts (7, 12, 36).

Cortisol concentrations did not show a meal-related pattern. However, during the
21-h cycle, the cortisol curve was flattened compared with during the other cycles.
Our findings correspond with the results of Scheer et al. (13) who reported the
circadian alignment of cortisol patterns, despite a phase delay, but also emphasize
the disturbing effect of sleep loss on the cortisol curve. Particularly with sleep loss,
cortisol may exert its deleterious metabolic effects through remaining high night-
time concentrations, which are associated with insulin resistance, suppressed im-
munity and increased inflammation (35, 37).

Appetite ratings on hunger and satiety were not affected by a phase advance or
phase delay, which demonstrated dependency on meals rather than circadian tim-
ing. Larger differences in meal intervals and meal size may be necessary for satiety
to be affected (38).
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Our results showed no effect of phase advance or phase delay on energy expendi-
ture and its components with the exception of SMR, which was significantly higher
during the 27-h cycle. This finding may be explained by longer REM-sleep duration
during the 27-h cycle. Fontvieille et al. (39) showed that part of the variance in SMR
is explained by sleep stages, with SMR being significantly higher in REM sleep.

The RQ was significantly higher during the third day of the 21-h cycle than during
the 24-h cycle. Both a phase advance and phase delay resulted in increased carbo-
hydrate oxidation. A study by Yki-Jarvinen et al. (40) showed that both hyperinsu-
linemia and hyperglycemia could increase carbohydrate oxidation by increasing
glucose availability. Increases in the RQ and carbohydrate oxidation were shown to
be due to sleep fragmentation in healthy men (41, 42). The results were discussed
as the increased need for glucose by the brain in the wake state and other glucose-
dependent tissues, which thereby converted body protein into glucose (43). It ap-
peared that the increased carbohydrate oxidation occurred at the cost of protein
oxidation, whereas fat oxidation remained constant.

In summary, circadian misalignment, either phase advanced or phase delayed, did
not result in any changes in appetite, total energy expenditure, or energy balance,
whereas meal-related blood variables followed meal patterns. However, phase-
advanced misalignment led to increased nighttime cortisol exposure, an increased
HOMA-IR index, increased carbohydrate oxidation, and decreased protein oxida-
tion. Phase-delayed misalighnment increased REM sleep, SMR, glucose concentra-
tions and carbohydrate oxidation and decreased GLP-1 concentrations and protein-
oxidation.

In conclusion, the main effect of circadian misalignment, either phase advanced or
phase delayed, is a concomitant disturbance of the glucose-insulin metabolism and
substrate-oxidation, whereas energy balance or sleep is less affected. Chronically
eating and sleeping at unusual circadian times may create a health risk through a
metabolic disturbance.
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Abstract

Circadian misalignment affects total sleep time, but it may also affect sleep archi-
tecture. The objectives of this study were to examine intra-individual effects of
circadian misalignment on sleep architecture and inter-individual relationships
between sleep stages, cortisol levels and insulin sensitivity. Thirteen subjects (7
men, 6 women, age: 24.31+2.5 y; BMI: 23.6+1.7 kg/mz) stayed in a time blinded
respiration chamber during three light-entrained circadian cycles (3x21h and
3x27h) resulting in a phase advance and a phase delay. Sleep was polysom-
nographically recorded. Blood and salivary samples were collected to determine
glucose, insulin and cortisol concentrations. Intra-individually, a phase advance
decreased rapid eye movement (REM) sleep and slow-wave sleep (SWS), increased
time awake, decreased sleep and REM sleep latency compared to the 24h cycle. A
phase delay increased REM sleep, decreased stage 2 sleep, increased time awake,
decreased sleep and REM sleep latency compared to the 24h cycle. Moreover,
circadian misalignment changed REM sleep distribution with a relatively shorter
REM sleep during the second part of the night. Inter-individually, REM sleep was
inversely associated with cortisol levels and HOMA-IR index. Circadian
misalighnment, both a phase advance and a phase delay, significantly changed sleep
architecture and resulted in a shift in REM sleep. Inter-individually, shorter REM
sleep during the second part of the night was associated with dysregulation of the
HPA-axis and reduced insulin sensitivity.
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Introduction

Homeostatic and circadian processes control the quality of wakefulness and sleep.
A primary role of the circadian clock is to promote wakefulness during the internal
biological day, and to facilitate the consolidation of sleep during the internal bio-
logical night (1-3). Consequently, misalignment between internal circadian time
and wakefulness-sleep schedules leads to impaired wakefulness and sleep disturb-
ance. Circadian misalighment may occur during shift work, jet lag or certain circa-
dian rhythm disorders (4, 5). One of the effects of circadian misalignment is a re-
duction in total sleep time, but circadian misalignment may also affect sleep archi-
tecture. Human sleep is not a homogeneous state, but is composed of rapid eye
movement (REM) sleep and non-REM sleep. The non-REM sleep can be further
divided into 4 stages of progressively deeper sleep. Stages 3 and 4 of non-REM
sleep are also named slow-wave sleep (SWS). The preferential distribution of REM
sleep toward the latter part of the night is thought to be linked to a circadian oscil-
lator. Contrarily, the preferential distribution of SWS in the beginning of a sleep
episode is thought to be mediated by homeostatic processes, i.e. the length of
prior wakefulness (6). Thus, the circadian phase at which sleep occurs may affect
the distribution of sleep stages. Therefore, the first aim of our study was to exam-
ine the different intra-individual effects of a phase advance and a phase delay on
sleep architecture.

Previous studies have suggested that circadian misalignment may lead to adverse
metabolic and cardiovascular consequences, which in turn may result in obesity,
diabetes and cardiovascular disease (7-9). In previous work, we showed that circa-
dian misalignment, both a phase advance and a phase delay, resulted in a concomi-
tant disturbance of the glucose-insulin metabolism and substrate oxidation (10),
supporting this hypothesis. Additionally, we have shown in a study on sleep and
metabolic consequences that inter-individual changes in sleep architecture, rather
than total sleep time, are related to endocine and metabolic parameters (11). The
present study aims to establish if the metabolic consequences of circadian misa-
lignment are connected with the effects of circadian misalignment on sleep
architecture. Therefore, our second aim is to examine the inter-individual relation-
ships between different sleep stages, cortisol levels as indicator of HPA-axis activity
and HOMA-IR index as indicator of insulin sensitivity.
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Subjects and methods
Ethics Statement

All procedures were carried out with adequate understanding and subjects pro-
vided written informed consent at the start of the first test day. The study was
conducted according to guidelines laid down in the Declaration of Helsinki and the
Medical Ethical Committee of Maastricht University Medical Centre approved all
procedures involving human subjects. The protocol described here in this study
deviates from the trial protocol approved by the Medical Ethical Committee of
Maastricht University as it comprises only a part of the approved trial protocol. The
study was registered at the International Clinical Trials Registry Platform (registra-
tion number: NTR2926).

Subjects

Thirteen healthy subjects (seven men, six women) with a mean age of 24.3 years
(SD, 2.5) and with a mean BMI of 23.6 kg/m2 (SD, 1.7) participated in the present
study. They were recruited via advertisements on notice boards at the Maastricht
University. The subjects underwent an initial screening including measurements of
body weight and height and completed a questionnaire related to health, use of
medication, smoking behavior, alcohol consumption, physical activity, eating be-
havior and food allergies. All subjects were in good health, non-smokers, not using
medication, and at most moderate alcohol consumers. Sleep characteristics were
assessed using a questionnaire on habitual sleep duration, time of falling asleep,
times woken up during the night, chronotype preference and the Epworth Sleepi-
ness Scale. In general the subjects had no sleeping difficulties as they slept about
8h per night. Time to fall asleep was relatively short and times woken up during the
night were low. Subject characteristics are presented in Table 1.

On the basis of respiration chamber study by Westerterp-Plantenga et al (12), po-
wer analysis with the G*Power program (version 3.1; Heinrich- Heine-Universitat,
Disseldorf, Germany) showed that with an a = 0.05 and B = 0.10 (power =1-f =
0.90), 211 subjects were needed. The respiration chambers ensure a highly control-
led situation in which subjects are in a stable environment.
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Table 1. Subject characteristics.
(Mean values with their standard deviations, n=13)

Characteristic Mean SD
Age (y) 24.3 2.5
Body weight (kg) 70.4 8.6
Height (cm) 172.5 6.8
Body mass index (kg/m’) 24.3 1.7
Self-reported habitual sleep duration (h/night) 8.2 1.0
Self-reported time to fall asleep 16.7 4.6
Self-reported times woken up during the night 0.6 0.8
Epworth Sleepiness Scale 4.5 2.5
Chronotype preference (O=morning/1=evening) 0.8 0.4
Study design

The study had a randomized, single-blinded, crossover design. For the 21h and 27h
condition, subjects stayed in the respiration chamber during three light-entrained
circadian cycles (3 x 21h or 3 x 27h). The 21h condition lasted from 2100h until
1200h three days later. The 27h condition lasted from 2100h until 0600h four days
later. In the 21h cycle subjects slept 7 hours and were awake for 14 hours, while in
the 27h cycle they slept 9 hours and were awake for 18 hours. Subjects underwent
the 21h and 27h conditions time-blinded in random order, separated by at least
four weeks. Preceding the 21h and 27h cycles, subjects stayed in the respiration
chamber for 24 hours, sleeping for 8 hours and being awake for 16 hours in the
chamber (Figure 1). Subjects were confined in the chambers all the time. With the
exception of partaking in strenuous exercise and sleeping, they were allowed to
move freely during the wake phases. Two days before the experiment, subjects
were asked to sleep according to their habitual sleep duration (8.2+1.0 h, Tablel).
During the stay in the respiration chamber polysomnography was used to monitor
wake and sleep stages. Light entrainment was achieved by using daylight lamps
during the waking hours (>400lux, Energy Saver, Tornado E27, 900 lumen, Philips
Lighting, Eindhoven, Netherlands) and black curtains during the sleeping hours. The
endogenous melatonin rhythm, which is considered as a reliable marker of circa-
dian timing, was used to confirm circadian misalignment. The maintenance of the
24-h melatonin secretion pattern, independent of the shifts, confirmed misa-
lignment. This has been previously published in (10).
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Figure 1. Study design. The black bars represent the sleep episodes and the white bars represent the
wake episodes. Blood sampling times and saliva-sampling times are indicated as respectively B and S.
Jdindicates meal times.

Sleep monitoring

To measure wake and sleep stages, polysomnographic recordings were obtained
continuously by using BrainRT (OSG BVBA, Rumst, Belgium). Before subjects en-
tered the respiration chamber, surface electrodes for electroencephalogram, elec-
tromyogram, and electrooculogram recording were applied according to standardi-
zed criteria (13). All records were visually scored in 30-s epochs with standardized
criteria by the same experienced person blind to the experimental condition (13).
The following sleep parameters were obtained for each subject: total sleeping time
(TST, consisting of all NREM+REM sleep), wake after sleep onset (WASO, min),
sleep period time (defined as TST plus WASQ), absolute and relative (% of sleep
period time) amount of all sleep stages (sleep stage 1, sleep stage 2, SWS and REM
sleep), sleep efficiency (%, defined as TST divided by time in bed), sleep latency
(min, defined as the time to fall asleep) and REM sleep latency (min, defined as the
time from sleep onset to the beginning of REM sleep). Daytime naps were not
allowed. The sleep parameters were collected for the 24h condition and for each
night of the misaligned conditions of 21h and 27h.
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Blood and saliva parameters

Every day before breakfast, fasting blood samples were collected for determination
of fasting glucose and insulin concentrations (Figure 2). Furthermore, saliva sam-
ples were taken before and after each meal to determine cortisol levels (6 sam-
ples/day, Figure 2). Glucose, insulin and cortisol concentrations were determined
according to a similar protocol used in previous studies conducted at the depart-
ment of Human Biology, Maastricht University (14-16). The homeostasis model
assessment of insulin resistance (HOMA-IR) was calculated as follows (17):
HOMA-IR = [fasting insulin (mU/L) x fasting glucose (mmol/L)]/22.5

Energy intake

Two days before the experiment and during their stay in the respiration chamber
subjects were fed in energy balance. The energy content of the diet was tailored
individually to the energy requirements of each subject based on basic metabolic
rate (BMR) calculated with the Harris and Benedict equation (18). To estimate the
total energy requirement at home, BMR was multiplied with a physical activity
index (PAL) of 1.75 estimated by means of a computer simulation program (19).
The total energy requirement in the respiration chamber was estimated by multi-
plying the sleeping metabolic rate (SMR) of the first night with a PAL of 1.35. En-
ergy intake was divided over the meals as 20% for breakfast, 40% for lunch, and
40% for dinner. The macronutrient composition of the diet was 12/55/33 En%
(protein/carbohydrate/fat). Meals were served at time-points related to cycle dur-
ation. Participants were required to finish each meal within half an hour and were
not allowed to eat additional food. Water was freely available during the whole
experiment.

Statistical Analysis

Data are presented as means * standard error of the mean (SEM), unless otherwise
indicated. The area under the curve (AUC) across the day for cortisol was calculated
using the trapezoidal method. ANOVA repeated measures were carried out to
compare sleep parameters between the control night (24h cycle) and all nights of
the 21h/27h cycle, as well as to compare sleep parameters between different
nights of the 21h/27h cycle. Bonferroni corrections for multiple comparisons were
applied. Linear regression analyses were completed to analyze the inter-individual
relationship between different sleep stages and blood/saliva parameters. All tests
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were two-sided and differences at P < 0.05 were considered significant. Data were
analyzed using SPSS version 18.0 for Macintosh OS X (SPSS Inc. Chicago, IL, USA).

Results
Effects of sleep curtailment/extension

The control night (24h cycle), the first night of the 21h cycle and the first night of
the 27h cycle started at 23h30 and differed only in the duration of sleep oppor-
tunity. As a consequence of this design, the effect of sleep duration on sleep archi-
tecture, independent of the circadian rhythm, could be determined by comparing
the first night of the 21h and 27h cycle to the control night. Subjects slept on aver-
age 375.528.9min during the 21h cycle and 490.2+7.0min during the 27h cycle
compared to 438.8+6.0min during the 24h cycle. Shorter sleep duration, independ-
ent of a circadian shift, resulted in a significant decrease of REM sleep, a significant
decrease of stage 2 sleep and preservation of SWS. Longer sleep duration, inde-
pendent of a circadian shift, resulted in a significant increase of REM sleep, stage 2
sleep and SWS (Table 2).

Intra-individual effects of shifted sleep on sleep architecture

A phase advance resulted in a significantly increased time awake (WASO) during
the third night compared to the second night. Moreover, during the third night of
the phase advance sleep latency was significantly decreased compared to the first
and second night. Stage 2 sleep stayed significantly decreased during all three
nights compared to the control night. SWS decreased significantly during the sec-
ond night and stayed decreased during the third night compared to the first night.
Although REM sleep during the first night was significantly decreased compared to
the control night, REM sleep showed a rebound during the second and third night
(Table 2).
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A phase delay resulted in a significant increased time awake (WASO) during the
third night compared to the control night. Moreover, during the third night of the
phase delay sleep latency was significantly decreased compared to the first and
second night. Stage 2 sleep significantly decreased again during the third night.
Although SWS during the first night was significantly increased compared to the
control night, there was no significant difference in SWS between the three nights
of the 27h cycle. REM sleep further increased significantly during the second and
third night (Table 2).

A different role of REM sleep in the first part of the night compared to the latter
part of the night has been observed previously (20). Therefore, we further investi-
gated the distribution of REM sleep over the night in relation to circadian misa-
lignment (Table 2). Subjects’ time in bed was respectively 7, 8 or 9 hours, so REM
sleep during the first part of the night is calculated as REM sleep during the first
respectively 3.5, 4 or 4.5 hours of time in bed. A phase advance resulted in a signi-
ficant decrease in REM sleep in the second part of the night (calculated as REM
sleep during the last 3.5 hours of time in bed) compared to the control night. The
REM rebound in the second night is observed as a significantly increased REM sleep
in the first part of the night. Consequently, a phase advance resulted in significantly
decreased REM sleep latency.

A phase delay resulted in a significant increase in REM sleep in the first part of the
night compared to the control night. The further increase in REM sleep in the sec-
ond and third night is observed as a significantly increased REM sleep in the first
part of the night. Consequently, a phase delay resulted in significantly decreased
REM sleep latency. Thus, a phase advance as well as a phase delay resulted in a
change in distribution of REM sleep over the night (Table 2).

Inter-individual relationships between sleep architecture, cortisol levels and HOMA-
IR index

Possible changes in cortisol concentrations, as an indicator of HPA-axis activity
were observed as follows. Linear regression analyses showed that during phase
delay cortisol concentrations across the day were inversely related to the amount
of REM sleep (R’=0.328, P=0.041). More specifically, the cortisol concentrations in
response to lunch were inversely related to the total amount of REM sleep
(R?=0.542, P=0.004) and to the amount of REM sleep during the second part of the
night (R’=0.334, P=0.021, Figure 2A). This suggests that subjects with less total REM
sleep during the second part of the night had higher cortisol concentrations.
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Possible changes in fasting insulin concentrations and HOMA-IR index, as indicators
of insulin sensitivity, were observed as follows. During phase delay, shorter TST was
associated with higher fasting insulin levels (R*=0.575, P=0.003) and a higher HO-
MA-IR index (R’=0.49, P=0.008). In addition, shorter REM sleep was associated with
higher fasting insulin levels (R*=0.375, P=0.026) and a higher HOMA-IR index
(R’=0.363, P=0.029). Particularly the amount of REM sleep during the second part
of the night was inversely related to fasting insulin levels (R°=0.374, P=0.026, Figure
2B) and to the HOMA-IR index (R’=0.382, P=0.024, Figure 2C). This suggests that
subjects with less total REM sleep during the second part of the night had higher
fasting insulin levels and a higher HOMA-IR index.

In the control and the phase-advanced condition, no relations were found for corti-
sol, fasting insulin concentrations and HOMA-IR index with sleep parameters.
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Figure 2. Relationship between REM sleep during the second part of the night and cortisol concentra-
tions in response to lunch (nmol/L) during phase delay. R°=0.334, P<0.05, n=13 (A). Relationship be-
tween REM sleep during the second part of the night and fasting insulin concentrations (mU/L) during
phase delay. R’=0.374, P<0.05, n=13 (B). Relationship between REM sleep during the second part of the
night and HOMA-IR index (mU/L x mmol/L) during phase delay. R’=0.382, P<0.05, n=13 (C).
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Discussion

In the present study, the intra-individual effects of circadian misalignment on sleep
architecture were examined. Moreover, inter-individual relationships between
different sleep stages and cortisol concentrations, as an indicator of HPA-axis ac-
tivity, and the fasted HOMA-IR index, as an indicator of insulin sensitivity, were
investigated.

Intra-individual analyses showed that circadian misalignment, both a phase ad-
vance and a phase delay of the sleep period, resulted in disruption of the normal
phase distribution between SWS and REM sleep in that REM sleep was relatively
phase advanced to SWS and sleep onset. This abnormal circadian sequencing re-
sults in shortening of REM sleep latency. This short latency to REM sleep is typical
of narcoleptic and depressive patients (21). In addition to the change in distribution
of REM sleep over the night, a phase advance resulted in increased time awake
after sleep onset, which is in agreement with the study of Wyatt et al, showing a
significant effect of circadian phase on time awake after sleep onset (22). Conse-
quently, phase advancing the time to go to bed results in diminished sleep conti-
nuity. In addition, a phase advance resulted in decreased SWS, which is consistent
with the dominant homeostatic modulation of SWS found by Wyatt et al. (22).
During the 21h cycle, subjects are awake for 14h compared to 16h during a 24h
day. It may be that during this 14h less homeostatic sleep pressure is built up be-
fore sleep, which may explain the reduced amount of SWS during the phase ad-
vance. Furthermore, advancing the sleep period phase resulted in a REM sleep
rebound since REM sleep was decreased due to decreased time in bed (comparison
7h vs. 8h time in bed). During the second night of the phase advance shift REM
sleep latency significantly decreased. This decrease in REM sleep latency may be
caused by the REM sleep rebound following REM sleep deprivation (23). Similarly
to the phase advance, the phase delay resulted in increased time awake during the
night resulting in decreased sleep continuity. Moreover, phase delaying the time to
go to bed significantly increased REM sleep with a decreased REM sleep latency,
which is consistent with the pronounced circadian modulation of REM sleep found
by Dijk et al. (24). REM sleep is normally concentrated in the second half of the
night due to a circadian disposition for REM sleep to occur at this particular time of
the day (25). Consequently, delaying the phase of full-length sleep period results in
a higher percentage of REM sleep compared to advancing the phase of a full-length
sleep period.
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Inter-individual analyses showed that subjects with relatively less REM sleep, par-
ticularly during the second part of the night, showed higher cortisol concentrations
and a higher HOMA-IR index. In concordance with a study by Knutson et al. who
found that shorter sleep duration measured using wrist actigraphy was associated
with higher fasting insulin levels and a higher HOMA-IR index (26), our study indi-
cates a negative correlation between total sleeping time and fasting insulin concen-
trations and between total sleeping time and the HOMA-IR index. In addition,
shorter REM sleep especially during the second part of the night was associated
with higher fasting insulin concentrations and higher HOMA-IR index. Koren et al.
found positive associations between SWS duration and insulin secretory measures
in obese adolescents (27), while in the present study no correlations between SWS
and the HOMA-IR index were observed. Koren et al. studied individuals with a me-
an age of 14.4 years, while in the present study the mean age was 24.3 years, this
may explain the discrepancy. Moreover, the discrepancy may be explained by the
differences in sleep architecture between obese and non-obese subjects. Obese
adolescents show an abnormal sleep pattern with above average SWS but below
normal REM sleep percentage (28). The association between REM sleep and cort-
isol levels is in accordance with the results described by Van Cauter et al.,, who
observed an inverse relationship between nadir cortisol levels and REM sleep (29).
It is striking that especially REM sleep during the second part of the night was nega-
tively associated with cortisol levels. Wu et al. already showed that sleep at the
03:00-06:00 period, during the circadian nadir, is important in protecting normal
physiological rhythms and function of the HPA-axis (30).

The circadian system, however, does not only causes circadian modulation of sleep
stages in particular REM sleep, but in parallel it also causes modulation of fasting
glucose, insulin and cortisol concentrations (10). In previous work, phase advancing
the sleep period resulted in an increased insulin response to food intake and glu-
cose secretion increased when the sleep period was delayed (10). Moreover,
circadian misalignment caused flattening of the cortisol-secretion pattern (10).
Therefore, the reported inter-individual correlations may also be explained by
parallel changes in the circadian phases of REM sleep, fasting insulin and cortisol
concentrations, which are all under circadian control.

Finally, the present study showed the effects of sleep duration on sleep architec-
ture. Shortening sleep duration to 7h of time in bed decreased the amount of stage
2 and REM sleep, while SWS was preserved compared to the control night of 8h of
sleep. These findings correspond with other studies investigating sleep restriction
to only 4h or 5.5h time in bed (31-34). When the total time in bed is reduced, the
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sleep system responds by primarily decreasing stage 2 sleep and REM sleep while
SWS does not seem to be affected. The preservation of SWS during sleep restric-
tion supports the presumption that SWS is the most restorative part of sleep (25).
With respect to our results on longer sleep duration, the absolute amount of stage
2 sleep, SWS and REM sleep was increased but the percentage of the sleep period
spent in these stages remained constant.

Important to note is that all significant findings in this study were observed when
considering the absolute values. Despite the difference in time in bed between
conditions, it is crucial to compare the absolute duration of sleep stages and not
the relative duration; in that case percentages of sleep stages would seem higher
as the denominator is reduced sleep time, while absolutely it has not increased at
all.

In the present study, subjects are submitted to a sudden advance or delay in their
dark-light, rest-activity, sleep-wake cycle, similar to what occurs in jet lag or shift
work rotations. Such a protocol allows for the effects of circadian modulation to be
observed in the absence of sleep and for the effects of sleep to be observed at an
unusual circadian time. In contrast to a forced desynchrony protocol, we were not
able to distinguish between the independent effects of the circadian system and
behavioral cycles. Possible limitations of the present study are the lack of an adap-
tation night and that the 24h condition each time took place before the 21h and
27h conditions. However, there were no significant differences in sleep efficiency
between different nights diminishing the possible sequence effect (Table2).

Taken together, intra-individually we found a REM sleep rebound during the phase
advance and increased REM sleep during the phase delay moreover REM sleep
distribution over the night changed with a relatively shorter REM sleep duration
during the second part of the night. Inter-individually we found that shorter REM
sleep duration during the second part of the night was correlated with higher corti-
sol concentrations and a higher HOMA-IR index. This may also explain why not all
people are sensitive for circadian misalignment and its negative metabolic conse-
qguences.

In conclusion, circadian misalignment, both a phase advance and a phase delay,
resulted in a significant change in sleep architecture, especially a shift in REM sleep.
Inter-individually, shorter REM sleep during the second part of the night was asso-
ciated with dysregulation of the HPA-axis, as indicated by increased cortisol con-
centrations, and reduced insulin sensitivity. Dysregulation of the HPA-axis and
insulin resistance are hallmarks of several metabolic diseases such as type-2 diabe-
tes and obesity, which are known to be associated with circadian misalignment.
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CHAPTER 9

Abstract

Energy- and food-reward homeostasis are the essential components for maintain-
ing energy balance and its disruption may lead to metabolic disorders, including
obesity and diabetes. Circadian alignment, quality sleep and sleep architecture, in
relation to energy- and food-reward homeostasis is crucial. A reduced sleep dur-
ation, quality sleep and rapid eye movement (REM) sleep affect substrate oxida-
tion, leptin and ghrelin concentrations, sleeping metabolic rate (SMR), appetite,
food reward, hypothalamic-pituitary-adrenal (HPA)-axis activity, gut-peptide con-
centrations, enhancing a positive energy balance. Circadian misalignment affects
sleep architecture and the glucose-insulin metabolism, substrate oxidation, ho-
meostasis model assessment of insulin resistance (HOMA-IR) index, leptin concen-
trations, and HPA-axis activity. Mood disorders such as depression occur; reduced
dopaminergic neuronal signaling shows decreased food-reward.

A good sleep hygiene, together with circadian alignment of food intake, a regular
meal frequency and attention for protein intake or diets, contributes in curing
sleep abnormalities and overweight/obesity features by preventing overeating;
normalizing substrate oxidation, stress, insulin and glucose metabolism including
HOMA-IR index, and leptin, glucagon-like peptide 1 (GLP-1) concentrations, lipid
metabolism, appetite, energy expenditure and substrate oxidation; and normaliz-
ing food reward.

Synchrony between circadian and metabolic processes including meal patterns
plays an important role in the regulation of energy balance and body-weight con-
trol.

Additive effects of circadian alignment including meal patterns, sleep restoration,
and protein diets in the treatment of overweight and obesity are suggested.

142



CIRCADIAN MISALIGNMENT AND METABOLIC DISORDERS

Introduction

Energy- and food-reward homeostasis are the essential components for maintain-
ing energy balance, respectively body weight and body composition. Disruption of
energy- and food-reward homeostasis may lead to metabolic disorders, including
obesity, diabetes and cancer (1-3). An essential component of energy homeostasis
lies in an organism's ability to coordinate daily patterns in activity, feeding, energy
utilization and energy storage across the daily 24-h cycle (4-6). These coordinated
daily patterns are supported by a synchronized pattern of release of the relevant
endocrine components. Under normal circumstances, behavioral and physiological
rhythms are orchestrated and synchronized by the suprachiasmatic nucleus (SCN)
of the hypothalamus, considered to be the master circadian clock. Most tissues of
the body contain the molecular clock machinery required for circadian oscillation
and rhythmic gene expression (7, 8). However, metabolic processes are easily de-
coupled from the primarily light-driven SCN when food intake is desynchronized
from normal diurnal patterns of activity (4, 5, 9). Then the food intake pattern is
dissociated from SCN-based timing, resulting in internal changes in energy availab-
ility and metabolic status (1, 2, 7, 10-13). In the longer term, when feeding be-
comes the dominant entraining stimulus, adaptation to the changed food intake
patterns may occur, facilitated by an anatomically distinct and autonomous food-
entrainable oscillator (FEQO) that can govern behavioural rhythms (2, 5, 7, 8, 11, 12).
It is also suggested that core circadian clock genes are involved in reciprocal tran-
scriptional feedback with genetic regulators of metabolism, and that these are
directly responsive to cellular energy supply (7, 8). Although the SCN clock is mainly
entrained by light/dark cycles, by contrast, peripheral oscillators can be strongly
affected by daily feeding cycles, thereby affecting the phase of the SCN. Especially
when feeding schedules are challenged, e.g. when these become irregular, or
change with changing light entrainment, or are coupled with a caloric restriction,
behavioural and physiological circadian rhythms and gene expression in the SCN
are shifted, and/or entrained to mealtime (2, 7, 12). Moreover, the reward and
motivational value of food can be a potent synchronizer for the SCN clock (14). This
suggests that energy metabolism and motivational properties of food can influence
the clock mechanism of the SCN. Food-related cues may entrain clock genes of the
SCN directly or indirectly, and play an integral role as a FEO, responsible for antici-
pation of mealtime (8). This close interaction is likely to be critical for normal circa-
dian regulation of metabolism, and may underlie the disruption of proper
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metabolic rhythms observed in metabolic disorders, such as obesity and type 2
diabetes (4, 10, 15-19).

This review deals with effects of circadian misalignment on quality sleep and sleep
architecture, on energy- and food-reward homeostasis, and on endocrinological
factors.

Sleep

The awareness of circadian alignment has been coupled with sleep, hunger, satiety,
food cravings and caloric intake in adolescents (20). Studies have shown that total
amount of sleep is inversely associated with body mass index (BMI), and have dis-
covered an unexpected association between increased daytime sleep and eating
behaviors that potentially lead to obesity (20). Evidence has been shown that
obesity and sleep abnormalities in adolescents can be attenuated using, for exam-
ple, a high-protein, low-fat and low-carbohydrate (i.e. ketogenic) diet, and rapid
weight loss has been achieved in adolescents with morbid obesity (21). Loss in lean
body mass was blunted, blood chemistries remained normal, and sleep abnormali-
ties significantly decreased with weight loss (21, 22).

Sleep and metabolism

Sleep and circadian rhythms are key components in the regulation of energy me-
tabolism (5). They have direct impacts on energy metabolism, and represent im-
portant mechanisms underlying the major health epidemics of obesity and diabetes
(3, 5). An increased food intake and an increased intake of calories from snacks
with a higher carbohydrate or fat content after partial sleep deprivation has been
shown indeed (23-27). Furthermore, an increased respiratory quotient (RQ), imply-
ing an increase in carbohydrate oxidation was observed in short sleepers (28).
Food-intake-related endocrine changes such as lower leptin and higher ghrelin
concentrations during the day have shown that sleep deprivation may affect en-
ergy balance through such hormone changes (29-32). However, this has not been
universally observed (24, 33-35).

In addition to reduced sleep, reduced quality sleep is also associated with meta-
bolic disorders. Reduced quality-sleep is based upon reduced rapid eye movement
(REM) sleep and/or reduced slow-wave sleep (SWS) (36-38). Several observational
studies suggest that REM sleep may have a role in metabolism and obesity (39-41).
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A population-based study found an association between reduced amount of REM
sleep and central obesity in women (39), while a cross-sectional study indicated
that reduced REM sleep time was associated with elevated BMI in children and
adolescents (41). The significant inverse association between REM sleep duration
and body weight suggests that REM sleep loss may alter the balance of energy
intake and energy expenditure. It has been shown that sleeping metabolic rate
(SMR) is significantly higher in REM sleep (42) and diminished sleeping metabolic
rate is again associated with elevated BMI (43). Related to a higher BMI, REM sleep
restriction appeared to increase appetite for calorie-dense nutrients with high
carbohydrate content, including sweets, salty snacks and starchy foods (44). Aside
from the homeostatic system, the hedonic system also plays a role in food intake
regulation. Recently, two studies, using functional magnetic resonance imaging,
have shown that both restricted sleep and total sleep deprivation are associated
with increased activity in brain areas related to reward-seeking behavior in re-
sponse to food stimuli (45, 46). These results may indicate greater motivation to
seek foods as reward in individuals who are not getting enough sleep. In contrast,
animal studies showed that REM sleep deprivation produced a decline in motiva-
tion for food reward (47). An explanation for this result may be a decrease in the
reward values of foods following REM sleep deprivation, which in turn could shift
food choice towards foods with higher reward values, thereby contributing to obe-
sity. Furthermore, Van Cauter et al. observed an inverse relationship between nadir
cortisol levels and REM sleep, showing that changes in REM sleep may affect the
hypothalamic-pituitary-adrenal (HPA)-axis functioning (48). Raised cortisol concen-
trations in the evening are thought to reflect an impairment of the negative-
feedback control of the HPA axis that has been related to obesity (49).

Even reduced quality sleep alone, due to reduced REM sleep without altering total
sleeping time, for instance, obtained by a single night of fragmented sleep, induced
a shift in insulin concentrations, from being lower in the morning and higher in the
afternoon, while glucagon-like peptide 1 (GLP-1) concentrations and fullness scores
were decreased. The decreased GLP-1 concentrations and fullness scores in the
afternoon were synchronously related with reduced Visual Analogue Scale (VAS)
fullness scores, and increased VAS desire to eat scores after dinner. This may lead
to increased food intake and snacking, thus contributing to a positive energy bal-
ance (50). Furthermore, an increased RQ was observed when sleep was frag-
mented (51). Reduced quality sleep alone affects several neuroendocrine signals
involved in the control of substrate utilization, including cortisol concentrations.
The sharp morning rise and the steep fall to low evening levels are modulated by
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even a single night of reduced sleep (31, 32). After a single night of reduced quality
sleep alone, cortisol levels were significantly reduced after awakening and were
elevated in the evening (31, 32, 50). Taken together, a reduced sleep duration,
quality sleep and REM sleep affect substrate oxidation, leptin and ghrelin concen-
trations, SMR, appetite, food reward, HPA-axis activity, and gut-peptide concentra-
tions, as such that a positive energy balance is enhanced.

Circadian misalignment and sleep architecture

Homeostatic and circadian processes control the quality of wakefulness and of
sleep. Homeostatic sleep drive builds up with increasing time awake and declines
during sleep. A primary role of the circadian clock is to promote wakefulness during
the internal biological day and to facilitate the consolidation of sleep during the
internal biological night (52-54). Consequently, misalignment between internal
circadian time and the required wakefulness-sleep schedules leads to impaired
wakefulness and sleep disturbance. Circadian misalignment may occur during shift
work, jet lag or certain circadian rhythm disorders (55-58) and has been shown to
be sensitive to seasonality (59-61). Seasonal variations were found in the timing of
sleep, the mean body temperature, the phases of circadian temperature and mela-
tonin rhythms, and the phase relation between sleep and the rectal temperature
rhythm (59).

Dependence on seasonality relates to a change in photic sensitivity for circadian
response to light, which varies with photoperiod. This modulation of light sensi-
tivity by photoperiod means that considerably less light is necessary to elicit a
circadian response under the relatively shorter days of winter, extending upon the
known seasonal changes in sensitivity of sensory systems (60).

Dependence on seasonality also has been shown as changes in biological rhythms
during residence in polar regions (61). With regard to general health, abnormalities
in various physiological processes occur, with the largest concern being the numer-
ous reports of sleep problems. The circadian system is delayed in winter, and in-
creasing the intensity of ambient light exposure throughout the day advanced
circadian phase and was associated with benefits for sleep.

Despite these adaptations to seasonality, seasonality has been suggested to acti-
vate so called thrifty genes. Changes in metabolism seen in response to changes in
sleep duration might be reflective of the seasonal expression of thrifty genes. The
thrifty genotype is theorized to have evolved to be expressed during seasons of
high food availability (summer and early fall) to adaptively result in insulin
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resistance to facilitate fat deposition for seasons of low food availability (winter).
The length of the daily photoperiod is a reliable environmental cue for SCN to rec-
ognize the season. During the summer photoperiods are longer, which could imply
shorter sleep duration. Therefore, one could speculate that short sleep duration
contributes to the expression of the thrifty genotype resulting in increased food
intake, especially carbohydrates and fat (62). Moreover, Pijl et al. speculated that
diminished dopaminergic tone in hypothalamic nuclei contributes to the thrifty
genotype (63), which may suggest a link between seasonality, sleep duration and
reward.

Circadian misalignment may reduce total sleep time, but mainly affects sleep archi-
tecture. The circadian phase at which sleep occurs affects the distribution of sleep
stages. The preferential distribution of REM sleep toward the latter part of the
night is linked to a circadian oscillator, while the preferential distribution of SWS
towards the beginning of a sleep episode is mediated by homeostatic processes,
i.e. the length of prior wakefulness (64). Circadian misalignment, both a phase
advance and a phase delay, resulted in disruption of the normal phase relationship
between SWS and REM sleep, so that REM sleep is relatively phase advanced to
SWS (HKJ Gonnissen et al., unpublished data). This abnormal circadian sequencing
results in shortening of REM sleep latency and increasing of REM sleep duration in
a phase-advanced stage. This short latency to REM sleep is typical of narcoleptic
and depressive patients (65). Mood disorders, especially unipolar depression and
seasonal affective disorder, have been linked to circadian rhythm abnormalities
(66). One of the indications of the relationship between circadian rhythm and de-
pressive disorders includes polysomnographic changes (67). Decreased time to the
onset of REM sleep or reduced REM sleep latency mostly occurs in conjunction
with major depression (68). Dys-regulation in the HPA axis, implying an overall
increased cortisol secretion with a phase advance of the cortisol circadian rhythm,
is extremely frequent in individuals with depression (48, 66). Misalighment be-
tween timing of the clock and the timing of sleep, in either direction, has been
associated with depression in vulnerable individuals (67).

Increased REM sleep during both a phase advance and a phase delay is not favour-
able (24, 28, 69-74), because this results in a relatively shorter REM sleep duration
during the second part of the night, associated with higher cortisol concentrations,
higher fasting insulin concentrations and a higher homeostasis model assessment
of insulin resistance (HOMA-IR) index (48, 50, 75, 76). Also obese adolescents, who
in general show an abnormal sleep pattern with above average SWS but below
normal REM sleep percentage, appeared to have higher insulin and cortisol levels
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(21, 77). Sleep during the 03:00-06:00 AM period of time, i.e. during the circadian
nadir, is important in protecting normal physiological rhythms and function of the
HPA axis (76). Circadian misalignment, both a phase advance and a phase delay,
results in dys-regulation of the HPA axis. All in all, circadian misalignment appears
to affect sleep architecture, namely the distribution of sleep stages. REM sleep
then becomes phase advanced to SWS with reduced REM sleep latency. REM sleep
duration increases during phase advance, and during phase delay, resulting in a
shorter REM sleep duration during the second part of the night.

Circadian misalignment, endocrinology, and energy homeostasis

The endogenous circadian timing system coordinates daily patterns of feeding,
energy utilization, and energy storage across the daily 24-h cycle. Normal align-
ment of feeding and activity with the environmental light cycle is critical for the
maintenance of energy homeostasis (78). Many metabolically relevant hormones
show circadian oscillation with different daily patterns. For example, cortisol secre-
tion has a circadian rhythm with the nadir during the early biological night (i.e. a
time according to the original circadian rhythm associated with the start of behavi-
oral inactivity) and the peak in the biological morning (i.e. a time according to the
circadian rhythm associated with the start of behavioral activity) (79). Furthermore,
a circadian rhythm has been shown in glucose and insulin levels with peaks
occurring during the late biological night (80, 81). The hormone leptin, which sup-
presses appetite and is produced primarily in adipocytes, is secreted in a circadian
manner (82-85). In humans, nighttime plasma leptin levels are high when appetite
decreases, favouring fasting and nocturnal rest, and low during the day, when hun-
ger increases. Leptin is also expressed in non-adipose tissues such as the stomach
(86, 87). Gastric leptin levels oscillate in a circadian manner where leptin levels are
high at night but low during the day (88).

Ghrelin, which is produced in the stomach, pancreas and hypothalamus (89, 90), is
involved in stimulating appetite via its action on neuropeptide Y in the lateral hypo-
thalamus (91, 92) and can also alter clock function in the SCN in vitro (93, 94).
Ghrelin oscillates with feeding (95), making this peptide a putative candidate for
food-related entraining signals. In addition, elevated levels of ghrelin were found
during the early part of the night in sleeping subjects, decreasing in the morning
before awakening (95). Sleep deprivation can increase circulating ghrelin levels and
this is accompanied by heightened hunger sensation (33). Thus, ghrelin may be a
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signal involved in the crosstalk between the peripheral and central circadian clock
system.

In parallel to the circadian changes in neuropeptide levels and humoral signals from
peripheral tissues, there also exists a circadian rhythm in macronutrient selection.
It has been shown in rats that at the beginning of their active phase at night when
their glycogen reserves are low, their preference for carbohydrate increases with
parallel increases in neuropeptide Y levels in the paraventricular nucleus of the
hypothalamus (96, 97). By the end of their activity phase early in the morning,
preference shifts to fat over protein and carbohydrates, which release energy more
slowly over the resting phase (98). Similarly in humans, a carbohydrate-rich diet is
favoured during breakfast and high-fat diets are preferred during evening meals
(99). Carbohydrates are metabolised better during breakfast because, also in rela-
tion to the glucostatic theory, the body metabolically responds more readily to a
glucose stimulus, since the fasting glucose level then is relatively stable, and very
clearly indicates the first transient glucose decline (100).

Disruption of the circadian system may affect metabolic and cardiovascular chan-
ges, by affecting sleep, appetite, energy expenditure and substrate oxidation, all
possible determinants of obesity (2, 42, 49, 54, 57, 101-104). A phase advance or a
phase delay may have different effects. A phase advance caused flattening of the
cortisol curve; increase of insulin concentrations, HOMA-IR index, RQ and carbo-
hydrate oxidation; and decrease of protein oxidation (101). A phase delay resulted
in an increase of REM sleep, glucose concentrations, SMR, RQ, and carbohydrate
oxidation, and a decrease of GLP-1 concentrations and protein oxidation (101).
Here, effects on appetite and energy expenditure are relatively small, demonstrat-
ing dependency on meals rather than circadian timing. Only SMR was significantly
higher during a phase delay, probably due to a longer REM sleep duration as SMR is
significantly higher during REM sleep (42). In relation to appetite, release of some
endocrine products shifts with meal patterns, such as glucose, insulin, GLP-1, ghre-
lin and leptin concentrations. Independently, a phase advance was associated with
a significantly increased insulin response (101), possibly related to hyperglycemia
associated with a progressing insulin resistance associated with sleep restriction,
and to increased sympathetic nervous system activity (102). The effects of a phase
shift, regardless of advance or delay, on glucose and insulin secretion indicate a
disturbed glucose and insulin metabolism (57, 81, 101, 103).

Cortisol levels do not show a meal-related pattern during misalignment. During a
phase advance as well as during phase delay, the cortisol curve is flattened com-
pared to 24-h cycles (11, 101). In addition, with sleep loss, cortisol may exert its
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deleterious metabolic effects through remaining high nighttime concentrations,
which are associated with insulin resistance, suppressed immunity and increased
inflammation (49, 104).

Surprisingly, both, phase advance and phase delay result in increased carbohydrate
oxidation (101), probably due to both hyperinsulinemia and hyperglycemia (28, 51,
105), and the increased need for glucose by the brain in the wake state and for
other glucose-dependent tissues, thereby converting body protein into glucose (28,
51, 106). Often the increased carbohydrate oxidation occurs at the cost of protein
oxidation, while fat oxidation remains constant (101).

Allin all, circadian misalignment, either phase advanced or phase delayed, does not
result in any changes in appetite, total energy expenditure or energy balance, while
meal related blood parameters follow the meal patterns. However, phase-
advanced misalighment leads to increased nighttime cortisol exposure, increased
HOMA-IR index, increased carbohydrate and decreased protein oxidation. Phase-
delayed misalignment increases REM sleep, SMR, glucose concentrations and car-
bohydrate oxidation, and decreased GLP-1 concentrations and protein oxidation
(101). Therefore, the main effect of circadian misalignment, either phase advanced
or phase delayed, is a concomitant disturbance of the glucose-insulin metabolism
and substrate oxidation. Chronically eating and sleeping at unusual circadian times
may create a health risk through metabolic disturbance (101) (Figure 1).

Circadian alignment and the rewarding value of food

Not only interaction of circadian alignment and metabolism occurs, but also circa-
dian alignment interferes with the rewarding value of food. In that respect, Kok et
al. tested whether short-term treatment with bromocriptine improves impaired
circadian growth hormone (GH) secretion in obese premenopausal women, and
found that activation of dopamine D2Rs by bromocriptine favourably affects im-
paired nyctohemeral GH secretion in obese women. Such a reduced dopaminergic
neuronal signaling might be involved in the pathogenesis of obesity-associated
hyposomatotropism (14). Recently, Hasler et al. provided evidence that circadian
misalighment may play an important role in the reward-related behavior during
adolescents. They showed that greater shifts between weekend and weekday sleep
timing were associated with diminished activity in reward-related brain areas,
which could reflect reduced reward sensitivity (107). Subjects with lower reward
sensitivity are thought to increase the frequency and intensity of the rewarding
activity, such as eating, to sustain their reward balance (108).
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Figure 1. Circadian alignment (a) and circadian misalignment (b).

(a) The interaction of the external factors that entrain circadian alignment, namely light/dark, and
timing physical activity and of food intake, and the factors that affect circadian alignment, namely social
contacts, and the central pacemakers and peripheral oscillators, namely metabolic processes, is de-
picted. The output of the central pacemakers and peripheral oscillators, namely sleep architecture,
energy expenditure, cortisol, glucose/insulin, leptin, anorexigenic and orexigenic hormone concentra-
tions, and meal pattern, diet and energy intake are depicted in an integrated way.

(b) Desynchronisation due to circadian misalignment leads to disturbed output variables, such as dis-
turbed REM sleep, reduced quality sleep, altered energy expenditure, disturbed cortisol, glucose/insulin,
leptin, anorexigenic and orexigenic hormone concentrations, and a desynchronisized meal pattern, and
unbalanced diet and overeating, which are depicted in an integrated way. This is primarily caused by
hypoglycaemia, and desynchronisation of behavior and physiological processes. Restoration of circadian
misalignment is indicated as circadian realignment, including aligned, regular meal patterns, and a diet
with attention for an adequate protein intake. (Partly after Garaulet et al., 2010)
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Relationship between circadian patterns and meal patterns

The relationship between circadian alignment and energy homeostasis appears in
that daily patterns in activity, feeding, energy utilization and energy storage are
strongly synchronized by the SCN (4, 5). Thus, the SCN clock is entrained by
light/dark cycles as well as by daily feeding cycles, thereby affecting the phase of
the SCN. This close interaction is critical for circadian regulation of metabolism, and
partly underlies the disruption of proper metabolic rhythms observed in metabolic
disorders, such as obesity and type 2 diabetes (4, 10).

Aligning meals in a circadian way requires timing of food intake, including regularity
of meals, i.e. of meal frequency and meal intervals (9, 10, 78). This may have a
strong impact on metabolic efficacy, thereby magnifying metabolic effects of pro-
teins, carbohydrates and fats. Beneficial metabolic effects of regular meal fre-
quency on dietary thermogenesis, insulin sensitivity and fasting lipid profiles in
healthy obese women have been shown before, and these observations appear to
align very well with effects of regular circadian patterns. A brief overview of previ-
ous observations with respect to meal patterns shows that regular eating was asso-
ciated with lower energy intake, greater postprandial thermogenesis, and lower
fasting total and low-density lipoprotein (LDL) cholesterol. Fasting glucose and
insulin values were not affected by meal pattern, but peak insulin concentrations
and area under the curve of insulin responses to the test meal were lower after the
regular than after the irregular meal pattern (109). Regular meal frequency creates
more appropriate insulin sensitivity and lipid profiles compared with irregular meal
frequency in healthy lean women (110), and irregular meal frequency led to a
lower postprandial energy expenditure compared with the regular meal frequency,
while the mean energy intake was not significantly different between the two. The
reduced diet-induced thermogenesis with the irregular meal frequency may lead to
weight gain in the long term (111). With a regular meal frequency glucose excur-
sions are blunted, net insulin production is reduced, and LDL cholesterol concentra-
tions tend to be lowered, mainly due to gastric emptying slowing down and insulin
production being reduced (112-120). The net result is that lipid oxidation is fa-
voured at the expense of glucose oxidation and lipid storage, and cholesterol syn-
thesis is reduced. This may reduce adiposity and the level of circulating fatty acids,
thereby leading to systematic, adaptive changes in both lipid and carbohydrate
metabolism. Furthermore, examples of long-term responses to a sustained regular
meal frequency such as improved glucose tolerance, and moderately reduced fast-
ing plasma total and LDL cholesterol, are observed in normolipidemic free-living
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subjects as well as in type 2 diabetes patients (112-120). The physiological effects
suggest that slowing carbohydrate absorption, thus avoiding peaks in blood glucose
concentrations, potentially is a useful therapeutic modality (113, 114). Modifying
the rate of absorption has been proposed as a therapeutic principle of specific
relevance to diabetes(114-116); for instance, a reduced glycemic response can be
explained by slow absorption (116-118). With respect to cholesterol concentra-
tions, free-living subjects had lower plasma cholesterol concentrations and a higher
high-density lipoprotein/low-density lipoprotein cholesterol ratio when eating
more frequently and regularly (119). In addition, for cholesterol synthesis, meal
frequency-dependent control of cholesterogenesis appeared to be mediated via
hormonal mechanisms (103).

Furthermore, circadian alignment including careful and fixed timing of food intake
and meal frequency plays a role in substrate utilization and in energy expenditure.
For instance, Verboeket-van de Venne et al. showed large metabolic fluctuations in
carbohydrate and fat oxidation in a gorging food intake pattern, while in the nib-
bling pattern, carbohydrate and fat oxidation remained relatively constant during
the active hours of the day (121). Furthermore, the diet-induced thermogenic re-
sponse was related to meal frequency (122). In a series of experimental studies,
variation in energy intake was primarily explained by habitual meal frequency,
macronutrient composition and number of blood glucose declines (123). The vari-
ation in habitual meal frequency was explained by percentage energy from carbo-
hydrate or from fat in the diet, while the protein in the diet attenuates the meta-
bolic amplitudes (124, 125). Moreover the effect of protein intake on satiety is
partly due to the optimal timing of protein intake (124, 125). In healthy young men,
habitual meal frequency appeared to be of greater significance in energy intake
regulation than forced meal frequency (126-129). Furthermore, Chapelot et al.
revealed that adiposity may increase when young lean male subjects switch from a
four- to a three-meal pattern by removing their usual afternoon meal, partly medi-
ated by a change in the macronutrient composition of the diet (130). This was fol-
lowed by a study by Smeets et al. assessing the effect of omitting or adding the
third meal, revealing that eating three meals compared with two meals had no
effects on 24-h energy expenditure, diet-induced thermogenesis, activity-induced
energy expenditure and SMR. However, eating the same amount of energy divided
over three meals compared with over two meals did increase satiety, particularly
during the day, and did increase fat oxidation, particularly during the night in heal-
thy, normal-weight women (131).
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The studies cited above showed the need of a fixed and regular food intake pattern
with a meal frequency of 3-4 meals per day, already before the awareness of cou-
pling this to circadian alignment. At present, with paying more attention to circa-
dian alighment of food intake, they appear to fit well in that perspective. For in-
stance, Chaput et al. observed lower glucose concentrations at the end of the oral
glucose tolerance test in short sleepers, and state that according to the glucostatic
theory of appetite control, this represents a stimulus that can trigger episodes of
hunger and spontaneous food intake (127-129), which may explain at least in part
the greater risk of overweight displayed by short sleepers (132). A few studies did
place diets in a circadian perspective. For instance, evidence has been shown that
obesity and sleep abnormalities in adolescents can be cured using, for example, a
high-protein, low-fat, low-carbohydrate (i.e. ketogenic) diet, and rapid weight loss
has been achieved in adolescents with morbid obesity (21). Loss in lean body mass
was blunted, blood chemistries remained normal, and sleep abnormalities signifi-
cantly decreased with weight loss (21, 22). In addition, with respect to circadian
alignment and macronutrient intake, Guesdon et al. found a possible interaction
between sleep quality and the anabolic and catabolic processes of peripheral fat
and protein deposition (133, 134). Nedeltcheva et al. showed that sleep restriction
to 5.5 hours of sleep compared to 8.5 hours of sleep compromised the efficacy of a
dietary intervention for weight loss. The combination of energy and sleep restric-
tion in overweight adults resulted in decreased loss of fat and considerably in-
creased loss of fat-free body mass. These results suggest that sleep plays a role in
the preservation of human fat-free body mass during periods of reduced caloric
intake (24, 28). The effect on sparing fat-free-mass was confirmed by Verhoef et al.,
who assessed whether during a weight-loss weight-maintenance program in over-
weight subjects, a possible increase in sleep duration would precede the diet-
induced decreases in body weight. They observed a concomitant inverse correla-
tion between changes in sleep duration and in body-weight, and respectively fat
mass (SPM Verhoef et al., unpublished data). In addition, Chaput et al. observed
that short-duration sleepers who maintained their short sleep duration habits ex-
perienced a greater increase in BMI and fat mass over a 6-year follow-up period
compared to short-duration sleepers who increased their sleep duration, suggest-
ing that shifting sleep duration from a short length to a healthier length is associ-
ated with lower adiposity gain (135). Moreover, they showed that both sleep dur-
ation and sleep quality were significantly related to fat mass loss during dietary
interventions in overweight and obese adults (136). Despite these significant corre-
lations, it is not possible to determine any direction of causation. Minet-Ringuet et
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al. showed that sleep recovery, in particular slow-wave sleep, was improved in rats
re-fed with alpha-lactalbumin confirming the close relationship between feeding
and sleep and suggesting that alpha-lactabumin could be used to improve sleep in
adults submitted to nutritional disturbances such as food restriction, shift work,
and Ramadan (137). Combinations of restoring sleep and circadian alignment by
fixed food intake patterns with protein diets are partly supported by longer term
studies with protein diets, showing favourable effects on treatment of overweight
and obesity (124, 125, 138, 139).

Discussion

This review deals with effects of circadian misalignment on quality sleep and sleep
architecture, on energy- and food-reward homeostasis, and on endocrinological
factors. The state of the art is summarized as follows.

Circadian misalignment, both a phase advance and a phase delay results in dys-
regulation of the HPA axis. Circadian misalighnment appears to affect sleep architec-
ture in that REM sleep becomes phase advanced to SWS with reduced REM sleep
latency. REM sleep duration increases during phase delay, resulting in a shorter
REM sleep duration during the second part of the night. A reduced sleep duration,
quality sleep and REM sleep affect substrate oxidation, leptin and ghrelin concen-
trations, SMR, appetite, food reward, HPA-axis activity, gut-peptide concentrations,
as such that a positive energy balance is enhanced. Phase advanced misalignment
leads to increased nighttime cortisol exposure, increased HOMA-IR index, in-
creased carbohydrate and decreased protein oxidation, as well as food-reward
deficiency (101, 107). Phase-delayed misalignment increases REM sleep, SMR,
glucose concentrations and carbohydrate oxidation, and decreased GLP-1 concen-
trations and protein oxidation (101). The main effect of circadian misalignment,
either phase advanced or phase delayed, is a concomitant disturbance of the glu-
cose-insulin metabolism and substrate oxidation. Chronically eating and sleeping at
unusual circadian times may create a health risk through metabolic disturbance
(101).

As the relationship between circadian alignment and energy homeostasis appears
in that daily patterns in activity, feeding, energy utilization and energy storage are
strongly synchronized by the SCN (4, 5), and as the SCN clock is entrained by
light/dark cycles as well as by daily feeding cycles, this close interaction is critical
for circadian regulation of metabolism, and partly underlies the disruption of
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proper metabolic rhythms observed in metabolic disorders, such as obesity and
type 2 diabetes (4, 10).

After reviewing the factors that contribute to deleterious effects of circadian misa-
lignment on metabolic disorders, it remains to be shown how this interaction bet-
ween light/dark entrainment as well as entrainment by daily feeding cycles can be
used to attenuate, or even cure these metabolic disorders. The question remains
for instance, how circadian alignment and a particular diet may be able to attenua-
te obesity, and sleep abnormalities. For restoring sleep and aligning eating behavi-
or in a circadian way, the following components are necessary.

First, restoring sleep hygiene is necessary: individuals should practice a fixed bed-
time and a fixed time to get up, thereby allowing themselves six to eight hours of
potential sleep (140). They should sleep in a dark, well-ventilated room with a com-
fortable and not too high room temperature. Listening to music, reading or televi-
sion watching, and eating or drinking while in bed should be avoided (141). Second,
aligning meals in a circadian way requires timing of food intake, including regularity
of meals, i.e. of meal frequency and meal intervals (9, 10, 78). Third, with respect
to the combination of diet and regularity of circadian and of meal patterns, evi-
dence points into the direction of a protein diet and circadian alignment. Evidence
has been shown for obesity and sleep abnormalities in adolescents being attenu-
ated using, for example, a high-protein, low-fat, low-carbohydrate (i.e. ketogenic)
diet (21, 22). The combination of energy and sleep restriction in overweight adults
resulted in decreased loss of fat and considerably increased loss of fat-free body
mass (24, 28). Moreover, a concomitant inverse correlation between changes in
sleep duration and in body weight, and respectively fat mass, was shown during
weight maintenance, showing a concomitant improvement of body composition
and sleep duration (126, 127, 137, 138, 140, 141).

Combinations of restoring sleep and circadian alignment including fixed food intake
patterns and protein diets are supported by longer term studies with protein diets,
showing favourable effects on treatment of overweight and obesity (124, 125, 138,
139). The factors that are relatively better controlled in a protein diet are energy
intake, supported by its satiety-stimulating effect, and preservation of fat-free body
mass, the main determinant of energy expenditure, and therefore sustained energy
expenditure despite a negative energy balance (125, 142). In addition, circadian
alignment contributes to control of energy balance parameters and preservation of
fat-free body mass. The mechanism of the latter, however, is still in the dark. Circa-
dian alignment may affect macronutrient balance, including a larger fat oxidation
and a positive protein balance.
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In conclusion, we suggest that a good sleep hygiene, together with circadian align-
ment of food intake, a regular meal frequency, as well as attention for protein
intake or diets, contributes to cure sleep abnormalities and overweight/obesity
features by preventing overeating; normalizing substrate oxidation, stress, insulin
and glucose metabolism including HOMA-IR index, as well as leptin and GLP-1 con-
centrations, lipid metabolism, blood pressure, appetite, energy expenditure and
substrate oxidation; and normalizing the experience of food-reward.

Synchrony between circadian and metabolic processes plays an important role in
the regulation of energy balance and body-weight control.

Future studies are necessary to investigate the mechanisms involved more accu-
rately including a clear study-related design.
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CHAPTER 10

Abstract

Background: Epidemiological studies have shown an interaction between diet,
sleep and body-weight (BW) control, however they are inconclusive.

Objective: Examine the interaction between diet, sleep and BW control in energy
balance as short-term and long-term effects of diets differing in protein and carbo-
hydrate content, on body composition, sleep, and appetite.

Design: A 12-weeks randomized parallel study was performed in 12 men and 14
women (meanzSD age: 24.0+4.8y; BMI: 23.012.2kg/m2) who followed either a high
protein-low carbohydrate (HPLC) or a high carbohydrate-low protein (HCLP) ener-
gy-balanced diet (30/35/35% or 5/60/35% energy from protein/carbohydrate/fat).
Body composition was determined at baseline and after 12 weeks of diet. Sleep
and appetite were determined at baseline, after 1 week and after 12 weeks of diet.
Compliance to the protein diet was checked by urinary nitrogen.

Results: Both diet groups were weight stable during 12 weeks. Body composition
did not change after 12-weeks of dietary intervention. However, within the HCLP
group there was a gender x time interaction (P<0.05) showing increased BW, BMI
and FM in women vs. men after 12 weeks. In all subjects following HCLP diet, slow-
wave sleep (SWS) decreased after 1-week (P<0.05) with a trend for treatment x
time interaction (P=0.06). After 1 week of dietary intervention, satiety feelings
increased in subjects following HPLC diet and decreased in subjects following HCLP
diet (treatment x time interaction, P<0.05). The dietary effect on SWS and satiety
was transient and disappeared after 12 weeks.

Conclusions: A HCLP, but not a HPLC, energy-balanced diet caused acute but transi-
ent decreases in SWS and satiety, and long-term increases in BW, BMI and FM in

women vs. men.
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Introduction

A possible interaction between diet, sleep and body-weight (BW) control seems to
be present (1-8), although until now epidemiological studies are inconclusive (9-
20).

Epidemiological studies showed an inverse relationship between sleep duration
and body weight (9, 10). Moreover, duration of SWS has been inversely related to
BMI and waist circumference (11, 12). In addition, loss of BW and body-fat were
associated with increased sleep duration in experimental studies (1, 2), suggesting
an interaction between sleep duration and body composition during energy restric-
tion.

Dietary protein has been shown to contribute to the treatment of obesity due to its
role in crucial mechanisms involving weight loss and weight maintenance (21). An
energy-restricted protein-diet has shown to result in greater loss of fat mass (FM)
and less loss of FFM (3, 4). However, a higher intake of protein was not found to be
associated with lower weight or waist gain in several epidemiological studies (13-
16).

On the one hand, increased food intake and increased intake of calories from
snacks with a higher carbohydrate or fat content following sleep disturbance have
been shown (5-8). On the other hand, consumption of specific foods may have a
significant influence on sleep. One such an example is milk, containing a-
lactalbumin, one of the primary milk proteins that is a good source of tryptophan.
Tryptophan is a precursor of the neurotransmitter serontonin and the neurosecre-
tory hormone melatonin; both are linked to sleep and alertness (22). To date, only
a few epidemiological studies have examined the association between sleep dur-
ation and dietary behaviour. The most consistent finding is a negative association
between sleep duration (self-reported or assessed with actigraphy) and fat intake
(17-19). Furthermore, protein and carbohydrate intakes in the daily diet have been
associated with insomnia symptoms (20).

Taken together, there seems to be an interaction between diet, sleep and body-
weight control, which has been shown for sleep and body-weight control, diet and
body-weight control, and for sleep and diet separately. We assessed these factors
for body-weight control in energy balance, in order to find a concept concerning
the interaction between diet, sleep and body-weight control, for prevention of
overweight. The current study examined the effects of diets differing in protein,
including a-lactalbumin, and carbohydrate content on body composition, sleep,
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and appetite in energy balance. In addition, both short-term (1 week) and long-
term (12 weeks) effects were examined to determine whether effects were transi-

ent or permanent.

Subjects and Methods

Subjects

Twenty-six healthy subjects (12 men and 14 women) with a mean (+ SD) age of
24.0 £ 4.8 y and a mean (+ SD) BMI of 23.0 + 2.2 kg/m2 participated in the current
study. Subjects were recruited via advertisements in local newspapers and on no-
tice boards at the university. Subjects underwent a screening and all were in good
health, non-smokers, not using medication (except for oral contraception) and
moderate alcohol users. None of them had sleep problems, a food allergy, gained
or lost more than 3 kg in six months prior to the study, or were cognitive dietary
restrained (F1>9) as assessed by a validated Dutch translation of the Three Factor
Eating Questionnaire (TFEQ) (23). The validated Dutch translation of the Baecke
Activity Questionnaire was used to measure habitual physical activity (24). This
study was conducted according to guidelines laid down in the Declaration of Hel-
sinki and the Medical Ethical Committee of Maastricht University Medical Centre
approved all procedures involving human subjects. All subjects provided written
informed consent. The study was registered at the International Clinical Trials Reg-
istry Platform as NCT01551238.

Study design

The study had a parallel design and consisted of a short-term (1 week) and long-
term (12 weeks) dietary intervention. Baseline measurements were performed
while subjects followed an adequate protein diet (15/50/35% of energy from pro-
tein/carbohydrate/fat). After the baseline measurement, subjects were randomly
divided in two groups. The two groups received either a high protein-low carbo-
hydrate (HPLC, 30/35/35% of energy from protein/carbohydrate/fat) or a high
carbohydrate-low protein diet (HCLP, 5/60/35% of energy from protein/ carbohyd-
rate/fat). At baseline, after 1 week and after 12 weeks of dietary intervention,
subjects came to the university at 1900h and electrodes for polysomnographic
recordings were applied according to standardized criteria (25). At 2000h subjects
entered the respiration chamber where they stayed for 48 hours. Subjects had

168



INTERACTION BETWEEN DIET, SLEEP AND BODY WEIGHT

fixed bedtimes, lights were switched off at 2330h and switched on at 0730h, resul-
ting in 8 h of sleep opportunity. During the day subjects completed visual analogue
scales (VAS) for appetite-related feelings. Artificial light intensity during the day
was above 400 lux (Energy Saver, Tornado E27, 900 lumen; Philips Lighting).

Energy intake

During their stay in the respiration chamber subjects were fed in energy balance.
The energy content of the diet was tailored individually to the energy requirements
of each subject based on basic metabolic rate (BMR) calculated with the Harris and
Benedict equation (26). To estimate the total energy requirement in the respiration
chamber the sleeping metabolic rate (SMR) of the first night was multiplied with a
physical activity index (PAL) of 1.35. Breakfast was given at 0830h and accounted
for 20% of total energy, lunch and one supplemental shake was given at 1330h and
accounted for 30%, dinner was given at 1830h and accounted for 40%. The remain-
ing 10% was given as a shake at 1600h. Participants were required to finish each
meal within half an hour and were not allowed to eat additional food. Water was
freely available during the whole experiment.

Baseline measurement in the respiration chamber was performed while subjects
followed an adequate protein diet. After the baseline measurement, subjects were
divided in two groups; HPLC (30/35/35% of energy from protein/carbohydrate/fat)
group and HCLP (5/60/35% of energy from protein/ carbohydrate/fat) group. In the
respiration chamber subjects received meals with identical ingredients, energy
density and temperature, independent of the condition they were in. Breakfast was
composed of breakfast cereals (Kellogg’s Nederland) moistened with orange juice
(not milk). Lunch consisted of bread with cucumber salad, and dinner was com-
posed of pasta with tomato sauce.

Dietary intervention

In order to continue their diet at home, all subjects received a booklet containing
individual guidelines with permitted and non-permitted foods and their corres-
ponding portions, as well as three example menus. The example menus consisted
of commercially available food products and were tailored to the energy require-
ments of each subject based on BMR multiplied with a PAL of 1.7 estimated by
means of a computer simulation program (27). Subjects on the HPLC diet (30% of
energy from protein) had to drink two protein shakes each day during 12 weeks.
The supplemental protein was whey protein with a-lactalbumin (Hiprotal Whey
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Protein Alpha and Domo; FrieslandCampina), which has been shown to increase
plasma tryptophan levels, an essential amino acid. Subjects on the HCLP diet (60%
of energy from carbohydrate) had to drink two carbohydrate shakes each day dur-
ing 12 weeks. The supplemental carbohydrate was maltodextrin (Fantomalt, Nes-
tle). The fat content between conditions was maintained at a constant proportion
(35% of energy from fat). Subjects were instructed to keep their weight stable dur-
ing the 12 weeks.

Biomarker of protein intake

Nitrogen excretion was used as biomarker for protein intake. Subjects collected
their 24-h urine during their stay in the respiration chamber. Additionally, they also
collected urine after 5 weeks and 9 weeks of dietary intervention to determine
compliance when subjects were at home. Collection started after the first voiding
in the morning at 0800h and lasted until the next day at 0800h including the first
voiding. The total volume of the 24-h urine was recorded. Urine was collected in 2-
L urine bottles with 10ml of diluted hydrochloric acid (4 mmol/L) added to prevent
nitrogen loss through evaporation. Urine was gently mixed, and samples were
taken and stored at -20° C until analysis. Nitrogen concentrations were measured
with a nitrogen analyzer (CHO-O-Rapid; Hereaus).

Anthropometry and body composition

Height was measured by using a wall-mounted stadiometer and body weight was
measured with subjects wearing underwear after an overnight fast by using a cali-
brated scale of the Bodpod (Life measurement, Concord, CA, USA). BMI was calcu-
lated as body weight (kg) divided by height squared (m?). Waist and hip circumfer-
ences were determined in the standing position by using a tape measure. Body
composition was calculated from body volume, measured by means of the Bodpod
(28). Body density was calculated as body weight divided by body volume. The Siri
equation was used to calculate FM, FFM and percentage body fat (% BF) from the
body density (29). Subjects wore tightly fitting underwear and a swim cap during
the Bodpod measurements.

170



INTERACTION BETWEEN DIET, SLEEP AND BODY WEIGHT

Appetite profile

Appetite was measured using VAS consisting of 100-mm lines anchored with “not

III

at all” at one end and “extremely” at the other end. Subjects had to indicate by a
cross-line their perceived amount of hunger, satiety, fullness and desire to eat.

These questionnaires were completed every hour and before and after each meal.
Sleep monitoring

To measure wake and sleep stages, polysomnographic recordings were obtained
continuously by using BrainRT (OSG BVBA, Rumst, Belgium). Before subjects en-
tered the respiration chamber, surface electrodes for electroencephalogram (EEG),
electromyogram (EMG), and electrooculogram (EOG) recording were applied ac-
cording to standardized criteria. All records were visually scored in 30-s epochs
with standardized criteria by the same experienced person blind to the experi-
mental condition (25). The following sleep parameters were obtained for each
subject: total sleeping time (TST, consisting of all NREM+REM sleep), wake after
sleep onset (WASO, min), sleep period time (defined as TST plus WASO), sleep
stages (Stage 1 sleep, Stage 2 sleep, SWS and REM sleep), sleep efficiency (%, de-
fined as TST divided by time in bed) and sleep latency (min, defined as the time to
fall asleep). Daytime naps were not allowed.

Statistical analysis

SPSS version 20 for Macintosh OS X (SPSS Inc) was used to perform statistical ana-
lyses. Data are presented as means + SEMs unless stated otherwise. Differences in
subject characteristics between the diet groups were evaluated using factorial
ANOVA. The area under the curve (AUC) over the day was calculated for VAS for
hunger, fullness, satiety and desire to eat by using the trapezoidal method. Fac-
torial ANOVA with repeated measures were used to test changes over time within
the diet groups and whether changes differed between diet groups. Bonferroni
correction for multiple comparisons and post hoc analyses were applied with all
ANOVA tests. Differences were regarded as significant if P<0.05.
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Results

Subject characteristics

Subject characteristics are summarized in Table 1. No significant differences were
observed between the HPLC and the HCLP group at baseline with regard to anthro-
pometric measurements, physical activity, eating and sleeping behavior.

Table 1. Subject characteristics in the HPLC and HCLP groups.
(Mean values with their standard deviations, n=26)

HPLC group HCLP group

No. of subjects (M/F) 13 (6/7) 13 (6/7)
Age (y) 24.1+4.6 24.0+5.1
Height (cm) 168.5+11.3 172.2£10.1
BW (kg) 64.4 +10.1 67.2+10.6
BMI (kg/m”) 226+2.1 22.6+2.4
FFM (kg) 493+11.6 53.0+12.1
FM (kg) 15.1+4.6 14.2+5.4
BF (%) 24.1+8.2 21.7+9.0
WHR 0.81+0.05 0.82 £ 0.06
Baecke total score 8.8+1.0 8.4+1.1
TFEQ dietary restraint score 5.6+4.8 5.8+3.7
TFEQ disinhibition score 3.8+19 39+13
TFEQ hunger score 42+2.7 3.6+1.7
Self-reported sleep duration (h/night) 8.3+0.7 8.4+0.9
Self-reported time to fall asleep 17.7+11.1 24.2+17.0
ESS 5.8+3.6 6.2+2.8
Chronotype preference (O=morning/l=evening) 0.7+0.5 0.7+0.4

There were no significant differences between the groups at baseline (factorial ANOVA).
HPLC, high protein-low carbohydrate; HCLP, high carbohydrate-low protein; BW, body
weight; FFM, fat-free mass; FM, fat mass; BF, body fat; WHR, waist-to-hip ratio; TFEQ,
Three-Factor Eating Questionnaire; ESS, Epworth Sleepiness Scale.

Biomarker of protein

At baseline, nitrogen excretion did not differ significantly between the HPLC (10.6 +
0.9 g/d) and HCLP (11.5 + 0.9 g/d) groups, indicating a comparable protein intake
corresponding to 1.6 + 0.02 g - kg/BW/d in both groups at baseline. Nitrogen excre-
tion significantly increased in the HPLC group at week 1 (18.8 + 1.3 g/d), week 5
(14.1 + 1.6 g/d), week 9 (14.2 + 1.7 g/d) and week 12 (17.8 + 1.4 g/d) of dietary
intervention compared with baseline (P<0.001). In the HCLP group nitrogen excre-
tion significantly decreased at week 1 (6.5 + 0.5 g/d), week 5 (7.4 £ 0.9 g/d), week 9
(7.7 £ 0.8 g/d) and week 12 (5.6 * 0.5 g/d) of dietary intervention compared with
baseline (P<0.001). Nitrogen excretion differed significantly between the groups at

172



INTERACTION BETWEEN DIET, SLEEP AND BODY WEIGHT

all timepoints (P<0.001), thereby confirming significant differences in protein in-
take between groups. Daily protein intake increased in the HPLC group (+1.56 +
0.09 g/kg BW/d, P<0.001) and decreased in the HCLP group (-1.03 = 0.08 g/kg
BW/d, P<0.001) compared with baseline.

BW and body composition

Baseline values of BW, BMI, FFM, FM and % BF did not differ between groups
(Table 1). BW, BMI, FFM, FM and %BF did not change over time in either diet group
(Table 2). Within the HCLP group, there was a significant gender x time interaction
(P<0.05) showing increased BW and BMI in women vs. men after 12-weeks HCLP
diet (Table 2). Furthermore, in women consuming a HCLP diet for 12 weeks FM
significantly increased (P<0.05) and %BF tended to increase (P=0.06, Table 2).

Table 2. Body composition in the HPLC and HCLP group at baseline and after 12 weeks of dietary inter-
vention. (Mean values with their standard deviations, n=26).

HPLC group HCLP group

Baseline Week 12 Baseline Week 12
No. of subjects (M/F) 13 (6/7) 13 (6/7)
BW (kg) 64.4 +10.1 63.8+9.7 67.2+10.6 66.9+9.6
M 71.4+3.1 71.7+3.2 73.2+3.7 72.0+35
F 57.5+2.6 58.2+2.7 62.0+3.5 62.6+3.3
BMI (kg/m’) 226+2.1 228425 22.6+2.4 226+23"
M 232410 233+1.1 224+1.0 220+1.0
F 22.1+0.9 224+1.0 22.8+0.9 23.0+0.9
FFM (kg) 493+116 48.0+10.8 53.0+12.1 52.4+11.0
M 59.0+2.7 58.6+2.5 62.9+3.1 61.9 +2.6
F 403+23 40.5+2.2 444+29 442+2.4
FM (kg) 15.1+4.6 15.8+5.9 14.2+5.4 145+6.3
M 12.4+20 13.0+25 103+16 10.1+2.0
F 17.2+16 17.8+2.1 175415 183+1.8
BF (%) 24.1+82 25.1+838 21.7+9.0 22.0+9.9
M 175425 18.3+3.0 13.9+2.1 13.5+2.4
F 29.7+2.1 30.0+2.6 28.3+2.0 29.3+22"

Hsignificant gender x time interaction within HCLP group in that BW and BMI decreased in men, while
BW and BMI increased in women (repeated-measures factorial ANOVA, P<0.05). *significantly different
compared with baseline within HCLP group (repeated-measures factorial ANOVA, P<0.05). *trend com-
pared with baseline within HCLP group (repeated-measures factorial ANOVA, P=0.06). There were no
significant differences over time in both diet groups and there was no significant treatment effect.

HPLC, high protein-low carbohydrate; HCLP, high carbohydrate-low protein; BW, body weight; FFM, fat-
free mass; FM, fat mass; BF, body fat.
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Appetite profile

No different effects for men or women were observed, so these data were ana-
lysed together. At baseline, VAS for hunger, satiety, fullness and desire to eat were
not significantly different between HPLC and HCLP group. A treatment x time inter-
action for satiety feelings after 1 week of dietary intervention was observed show-
ing increased VAS for satiety in the HPLC group vs. decreased VAS for satiety in the
HCLP group (Figure 1, treatment x time interaction, P<0.05). After 12 weeks of
dietary intervention, no significant differences in VAS for hunger, satiety, fullness
and desire to eat were observed between groups.
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Figure 1. Satiety feelings (in mmVAS.min) in HCLP (black bars) and HPLC (grey bars) group at baseline,
after 1 week and after 12 weeks of dietary intervention. *Significant treatment x time interaction (re-
peated-measures factorial ANOVA, P<0.05) after 1 week of dietary intervention. #Significant decrease in
satiety feelings after 1 week HCLP diet (repeated-measures factorial ANOVA, P=0.01). n=13. HCLP, high
carbohydrate-low protein; HPLC, high protein-low carbohydrate; VAS, visual analogue scale.

Sleep

No different effects for men or women were observed, so these data were ana-
lysed together. At baseline, sleep characteristics were not significantly different
between HPLC and HCLP group (Table 3). Slow-wave sleep significantly decreased
after 1 week HCLP diet (Table 3, P<0.05) with a trend for treatment x time interac-
tion (Table 3, P=0.06). This short-term decrease of SWS was transient and not sig-
nificant after 12-weeks HCLP diet.
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CHAPTER 10

Taken together, a long-term effect of an energy-balanced HCLP diet on body com-
position, i.e. increased BW and FM, was observed in women vs. men. This effect
was not present with the HPLC diet. In addition, a short-term effect on SWS and
satiety was observed after 1 week HCLP diet vs. HPLC diet, in both men and wo-
men.

Discussion

Based on epidemiological studies an interaction between diet, sleep and body-
weight control seems to be present (10-12, 17-20, 30). After examining the effects
of energy-balanced diets differing in protein, including a-lactalbumin, and carbo-
hydrate content on body composition, sleep and appetite, the results from the
current study show that consuming an energy-balanced HPLC diet for 12 weeks did
not affect body composition nor sleep characteristics. In contrast, consuming an
energy-balanced HCLP diet for 12 weeks increased BW, BMI and FM in women
compared to men, preceded by decreased SWS and satiety after 1 week HCLP diet.
Together, these results show an acute diet-sleep interaction in energy balance and
suggest an interaction between diet, sleep and body composition in the long-term.

Previous studies suggested that sleeping habits influence the success of dietary
interventions for weight loss (1, 2, 31). Verhoef et al. (1) found that successful
weight loss, loss of body fat, and 3-months weight maintenance in short and aver-
age sleepers were underscored by an increase in sleep duration or vice versa. Fur-
thermore, the combination of energy- and sleeprestriction in overweight adults has
been shown to result in a modified state of negative energy balance characterised
by decreased loss of fat and increased loss of fat-free mass (2). Chaput et al. (31)
observed that both sleep time and quality predicted fat mass loss during dietary
interventions in overweight and obese adults. The current study hypothesized a
possible interaction between diet, body composition and sleep in energy balance,
which may play a role in prevention of overweight/obesity. Body composition
changed in women vs. men on an energy-balanced HCLP diet in that BW, BMI and
FM increased. Previously, we have shown that a normal protein diet of 0.8g/kg
BW/d is recommended for BW management (32). The HCLP diet in the current
study contained 0.5g protein/kg BW/d; it may be that women slightly overate in
the HCLP group because of the relatively low protein intake, although subjects
were instructed with energy-balanced diets. In addition to the long-term effect of
an energy-balanced HCLP diet on body composition, a short-term effect on SWS
and satiety feelings was observed. In accordance with others (33, 34) who found
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less SWS after consuming 4 days a high carbohydrate/low fat isocaloric diet than
after consuming a normal balanced diet or a low-carbohydrate/high fat diet, our
results showed decreased SWS after 1 week HCLP diet. Furthermore, Shechter et
al. (35) found an inverse relationship between SWS and carbohydrate intake. Al-
though the decrease in SWS and satiety feelings did not persist after 12 weeks of
HCLP diet, one may speculate that decreased SWS and satiety feelings are a trigger
for overeating leading to an increased BW in the long-term. Rutters et al. (36) pre-
viously showed that a positive energy balance due to overeating was explained by a
lower amount of SWS mediated by hunger and satiety feelings.

Dietary protein has been shown to play a role in body-weight control, partly due to
its effect on body composition (21, 32). Soenen et al. (37) observed an increase of
FFM and a decrease of FM after a 3-months HPLC diet in energy balance. In the
current study this observation was not confirmed, possibly because of the larger
proportion of women among the subjects. Nevertheless, the women only showed
an increase in FM over time on the HCLP diet, but not on the HPLC diet. It has been
suggested that BW loss after a HPLC diet appears to be greater under conditions of
ad libitum intake than under conditions of isocaloric diets (38, 39). Weigle et al.
(39) showed no change in BW and FM in subjects on an isocaloric HPLC diet (30%
protein) compared to subjects on an isocaloric normal-protein diet (15% protein),
but only after spontaneously decreased energy intake on the HPLC diet during the
ad libitum period. In line with this, body composition in the current study did not
change after an energy-balanced HPLC diet for 12 weeks.

The supplemental protein used was whey protein, which is a constituent of milk
protein and consists of 20-25% of a-lactalbumin. a-lactaloumin is a good source of
tryptophan, which on its turn is a precursor for the neurotransmitter serotonin,
known to suppress food intake (22). Bellissimo et al. (40) showed that after con-
sumption of glucose and whey-protein drinks, food intake was suppressed more by
whey protein than by glucose or control drinks. In accordance, our results showed
increased VAS for satiety in the HPLC group, including a-lactalbumin, compared
with decreased VAS for satiety in the HCLP group after 1 week of dietary interven-
tion. In addition to food intake suppression, serotonin is also known to regulate
sleep directly or indirectly via the production of melatonin (22). Sleep recovery,
during re-feeding after caloric restriction, was improved in rats when re-fed with a-
lactalbumin (41). In addition, tryptophan enrichment of milk improves sleep hours,
sleep efficiency and sleep latency, measured with actigraphy, in infants (42, 43).
Moreover, tryptophan supplementation resulted in significant improvement of
subjective and objective measures of insomnia (44). In contrast, no effect of a HPLC
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diet with a-lactaloumin on sleep characteristics was found in the current study.
One explanation may be that sleep-promoting effects of tryptophan are stronger in
subjects with sleep complaints. Tryptophan may have only a minimal effect on
sleep latency in healthy subjects, as they already fall asleep easily, and a larger
effect on circadian rhythm (45).

The strengths of the current study include the standardised protocol with detailed
sleep scoring using polysomnography. Subjects were fed in energy balance during
their stay in the respiration chamber. Furthermore, nitrogen excretion was used as
biomarker for protein intake and body composition was calculated from body vol-
ume, measured by means of the Bodpod. A possible limitation of the study is the
number of subjects. Therefore, similar larger studies should be performed testing
the concept of diet/sleep/body-weight control interaction. Despite a stable BW,
body-weight control may be improved via body composition being the intermedi-
ate parameter between diet, sleep and body-weight control. Because it is not pos-
sible to improve sleep via instructions, the role of a sleep-promoting diet might be
beneficial, and should be further examined.

In summary, an energy-balanced HCLP diet showed an acute but transient diet-
sleep interaction in that SWS and satiety feelings differentially changed. Further-
more, an energy-balanced HCLP diet caused long-term increases in BW, BMI and
FM in women vs. men. These phenomena were not shown with a HPLC diet. The
results suggest a long-term interaction between diet, sleep and body composition,
highlighting the importance of a macronutrient-balanced diet in the prevention of
overweight.
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CHAPTER 1

The research presented in this thesis focused on how a broken cycle of sleep may
affect energy balance. More specifically, the effects of sleep fragmentation (i.e.
inadequate sleep) and circadian misalignment (i.e. mistimed sleep) on energy me-
tabolism, appetite and appetite-related hormones were investigated (1, 2). In addi-
tion to within-subject effects the present thesis also emphasizes between-subject
effects, considering normal-weight participants (3-5). The thesis provides evidence
that, besides sleep duration, sleep architecture and quality sleep play a role in the
association between sleep disturbance and increased risk for obesity due to posi-
tive energy balance (1, 3, 4, 6, 7). Furthermore, the close relationship between
sleep, circadian alignment and energy metabolism is addressed (5, 8). Finally, re-
sults regarding the interaction between diet, sleep and body-weight control are
discussed (9).

The first effects of a broken cycle of sleep occurred during a single night of frag-
mented sleep, resulting in reduced REM sleep, without changing time in bed. A
vulnerable condition appeared in the afternoon following sleep fragmentation
when postprandial insulin concentrations were increased, while GLP-1 concentra-
tions and fullness scores were decreased. These results may support increased
food intake and snacking, contributing to a positive energy balance. With this study
we emphasized the importance of changes in sleep architecture, independent of a
change in sleep duration (1). Therefore, it was hypothesized that energy balance
parameters are primarily related to the duration of SWS and REM sleep, rather
than to total sleep duration. Indeed, we observed that energy balance was ex-
plained by both the duration of REM sleep and the duration of SWS, with the con-
tribution of SWS being relatively stronger (3). Moreover, energy expenditure did
not vary according to sleep stages overnight, except for higher energy expenditure
during wake episodes (7). Changed sleep architecture can result in decreased quali-
ty of sleep. Quality sleep is defined as the sum of SWS and REM sleep divided by
total sleep time (objectively measured by polysomnography). Our research indica-
tes that subjects with the highest percentage of quality sleep suffered most from
sleep fragmentation resulting in increased energy intake and a trend towards posi-
tive energy balance (4).

Besides the effects of inadequate sleep, our research focused on the effects of
mistimed sleep due to circadian misalignment. The secretion pattern of appetite-
related blood variables, such as glucose, insulin, GLP-1, ghrelin and leptin, was not
affected by circadian misalignment suggesting alignment with food intake. Cortisol,
however, did not show this meal-related secretion pattern. Moreover, circadian
misalignment resulted in a concomitant disturbance of the glucose-insulin metabo-
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lism and substrate oxidation (2). Circadian misalignment also resulted in a shift in
REM sleep, which was associated with elevated cortisol concentrations and a hig-
her HOMA-IR index (5).

Furthermore, our research showed an acute diet-sleep interaction with long-term
effects on body composition following an energy-balanced high carbohydrate diet.
These interactions were not present after a high protein diet (9).

Sleep fragmentation and quality sleep

Previous studies elucidating the relation between sleep and obesity have mainly
focused on sleep duration defined as the hours slept per night (10-18). Sleep dur-
ation is a broad measure and other sleep measures may provide more precise in-
formation to better explain the relation between sleep and obesity. Sleep disturb-
ance can refer to sleep restriction (i.e. shorter sleep durations) but also to sleep
fragmentation and decreased quality of sleep.

Sleep fragmentation is characterized by recurrent nocturnal awakenings that alter
sleep architecture, reducing restorative SWS and REM sleep and thus reducing
quality sleep. Frequent sleep complaints related to initiating and maintaining con-
tinuous sleep, are associated with greater BMI and future weight gain, independent
of sleep duration (19, 20). Moreover, obstructive sleep apnea, a sleep disorder
characterized by fragmented sleep, has been associated with unfavorable meta-
bolic consequences despite normal sleep duration (21). In addition, sleep fragmen-
tation in healthy subjects led to a decrease in insulin sensitivity and glucose effec-
tiveness supporting the hypothesis that sleep fragmentation can alter glucose ho-
meostasis independent of sleep duration (22). We added further insight by showing
that sleep fragmentation modulates the secretion of appetite-related hormones
resulting in reduced feelings of fullness. Moreover, fragmented sleep also induces
increases in RQ and carbohydrate oxidation and a decrease in fat oxidation, which
may support hypoglycemia (23), eventually leading to increased food intake and
the development of obesity. Besides increased energy intake, a positive energy
balance may also result from decreased energy expenditure. However, higher AEE
was found during fragmented sleep (23). Furthermore, energy expenditure did not
differ according to different sleep stages overnight, except for higher energy ex-
penditure during wake episodes (7). Thus, sleep fragmentation may result in in-
creased energy expenditure at night because of more wakefulness. Our observa-
tions indicate that increased energy intake overrules increased energy expenditure
following sleep fragmentation, eventually leading to a positive energy balance.
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Recently, Shechter et al. (24) reported that alternations in sleep architecture due to
experimental sleep restriction were associated with signs of positive energy bal-
ance. In addition, a positive energy balance due to overeating was explained by the
duration of SWS and REM sleep (3). Furthermore, several studies reported that a
decrease in subjective sleep quality is related to an increase in BMI (25, 26). A dis-
advantageous shift in energy balance after a decline in objectively measured sleep
quality was primarily expressed in high-quality sleepers (4).

Taken together, following these observations the relationship between sleep dur-
ation and obesity may be refined by the observation that sleep duration changes
sleep architecture and thus quality sleep. Our results implicate that sleep architec-
ture and quality sleep may be of higher importance than sleep duration, especially
in high-quality sleepers, when investigating the sleep-obesity link.

Sleep timing and meal timing

Sleep is not only characterized by duration and quality but also by timing. The
sleep—wake cycle is a major output rhythm of the circadian clock, because the
regulation of most behaviors and physiological activities depend on whether the
organism is asleep or awake (27).

Despite a similar sleep duration, a later bedtime-later wake up time combination
has been associated with a higher risk for obesity compared with an early bedtime-
early wake up time pattern (28). In accordance with this, another study showed a
positive association between “morningness” and dietary restraint and negative
correlations between “morningness” and disinhibition and perceived hunger (29).
Several studies revealed an association between chronotype and eating behaviour,
suggesting a healthier lifestyle in morning-oriented adolescents. Later bed and
wake up times were associated with the tendency to drink caffeinated drinks and
eat fast food and to consume less dairy products (30). Moreover, children and
adolescents who went to bed late had a poorer diet quality, independent of sleep
duration. They also consumed more energy-dense and nutrient-poor foods while
those who went to bed early consumed more fruit and vegetables (31).

A direct consequence of altered sleep timing is a change in meal timing. Timing of
food intake across the day may influence total daily energy intake (32). Adults who
consume more energy late in the day are more likely to be overweight (32, 33).
Therefore, timing of food intake may influence the success of weight-loss therapy.
Recently, Garaulet et al. (34) showed that late lunch eaters lost less weight and
displayed a slower weight-loss rate during 20 weeks of treatment compared with
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early eaters. The mechanisms linking mealtime and weight loss are still unknown.
However, these late eaters were more evening people and they skipped breakfast
more frequently than early eaters. Moreover, HOMA-IR index was significantly
higher and protein intake during lunch was lower in late eaters (34).

Sleep timing and meal timing may be different aspects of the same obesogenic
behavioural pattern. Unusual timing of sleep and food intake can produce disrup-
tion of the circadian system by inducing internal desynchronisation through de-
coupling of peripheral oscillators from the central clock, the SCN (35). Although
photic input is the main SCN entraining signal, feeding time can also entrain the
circadian system. When food is abundant, the light-entrainable oscillator in the SCN
becomes responsible for driving circadian rhythms, but when food is scarce or only
available at certain times, the food-entrainable oscillator takes charge of a subset
of rhythms, improving food access without influencing other rhythmic processes,
which continue to be governed by the light-entrained SCN (36). If the central circa-
dian pacemaker and peripheral pacemakers are out of phase, then the normally
coordinated response to a meal may be dysfunctional and lead to abnormal physio-
logical responses to food intake (37, 38).

Acute misalignment (3 days) of the normal circadian phases at which sleep and
meals occur, caused disruption of the glucose-insulin metabolism and shifted sub-
strate oxidation towards carbohydrate oxidation. The secretion pattern of appetite-
related blood variables shifted in accordance with meal timing. However, the
amount of secreted blood variables changed differently due to a phase advance
and a phase delay (2). Despite circadian misalignment, the basic pattern of eating
three meals per day was used and subjects were fed in energy balance. In a real life
situation, abandonment of this regular eating pattern due to increased demand
imposed by modern 24-h societies may disrupt nutritional and metabolic processes
and can have profound effects on long-term health and well being (36). One un-
healthy dietary habit, strongly associated with increased prevalence of weight gain,
is breakfast skipping (39-41). Adolescents who skip breakfast typically snack on
more desserts, high-fat salty foods, and sodas compared with breakfast consumers
(42, 43). Regarding the effect of reduced eating frequency, the elimination of 1
meal from the daily diet has been shown to result in increased adiposity, decreased
satiety and decreased fat oxidation (44, 45). Moreover, regular meal frequency has
beneficial effects on insulin sensitivity and dietary thermogenesis (46). All these
studies considered a fixed and regular food intake pattern as a hallmark to main-
tain energy balance, already before the awareness of coupling this to circadian
alignment. When considering this from the perspective of circadian alignment, all
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previously observed effects appear to be part of a reduced temporal coordination
between central circadian pacemaker and peripheral tissues such as the pancreas
that responds to changes in meal timing independent of the central circadian clock.
In line with this, the night eating syndrome also has been described as a dysfunc-
tion of circadian rhythm with dissociation between eating and sleeping (47). The
pattern of cumulative energy intake of the night eaters suggests a phase delay in
energy consumption relative to sleep-wake cycle (48).

To conclude, synchrony between circadian and metabolic processes, including
synchrony between central and peripheral circadian processes, plays an important
role in the regulation of energy balance and body-weight control.

Risk for metabolic syndrome

Health problems associated with sleep fragmentation, reduced quality sleep and
circadian misalignment are diverse and encompass cardiovascular disease and
metabolic syndrome. Metabolic syndrome, a clustering of cardiometabolic risk
factors, including central obesity, insulin resistance, hyperglycemia, elevated blood
pressure, and dyslipidemia, remains a critical public health problem because of its
increasing prevalence rate and the fact that it increases the risk of type 2 diabetes,
cardiovascular disease and all-cause mortality (49).

Sleep disturbance and circadian misalignment result in similar adverse effects on
the glucose-insulin metabolism suggesting reduced insulin sensitivity, coupled with
an inability of the pancreas to sufficiently increase insulin secretion (1, 2, 22, 50).
Additionally to this disturbed glucose-insulin metabolism, elevated evening cortisol
concentrations occur after fragmented sleep and circadian misalignment (1, 2). We
are beginning to understand to what extent sleep disturbance and circadian
misalignment impair the glucose-insulin metabolism. An important question, how-
ever, is whether deregulated cortisol secretion is causally related to changes in
glucose and insulin secretion or whether these simply coincide. Cortisol is known to
counteract the insulin activation of glucogen synthase in the muscle, the insulin
inhibition of hepatic glucose production and the insulin inhibition of lipolysis in
adipose tissue (51). Due to the interference of cortisol at several levels of insulin
action, high cortisol secretions have been shown to induce insulin resistance (52).
The human cortisol rhythm is characterized by a peak in the biological morning and
a nadir during the biological night. During circadian misalignment glucose and insu-
lin secretion follow the meal pattern (2). In contrast, the circadian clock remains
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the primary driver of the cortisol pattern during misalignment, resulting in lower
levels in the morning and higher levels in the evening (2, 50).

Besides its association with insulin resistance, cortisol secretion has been associ-
ated with other hallmarks of the metabolic syndrome, including elevated blood
pressure (53). Together with a complete inverse pattern of cortisol secretion,
Scheer et al. (50) found an increased blood pressure following circadian misalign-
ment.

Taken together, all these data point towards cortisol as a gate-keeper in the etiol-
ogy of metabolic syndrome. Therefore, several characteristics of the metabolic
syndrome, including insulin resistance, hyperglycemia and elevated blood pressure,
could be directly caused by a change in the cortisol secretion pattern due to desyn-
chronisation following sleep disturbance or circadian misalignment.

Diet, sleep and body-weight control

Several characteristics of the metabolic syndrome, including obesity, can be re-
versed by weight loss. Weight loss through negative energy balance is most com-
monly achieved by dieting. Several studies imply that sleeping habits influence the
success of dietary interventions for weight loss (54-56). Moreover, there are indica-
tions that sleep and diet interact (57). These results suggest an interaction between
diet, sleep and body-weight control during energy restriction. By comparing the
effects of a high protein with a high carbohydrate diet during energy balance, in-
cluding assessment of sleep duration and quality, it appeared that a high protein
diet had no favorable or unfavorable effects during energy balance, while the high
carbohydrate diet had unfavorable effects during energy balance. An energy-
balanced high carbohydrate diet showed an acute but transient diet-sleep interac-
tion in that SWS and satiety feelings differentially changed. Furthermore, an en-
ergy-balanced high carbohydrate diet caused long-term increases in body weight,
BMI and fat mass in women but not in men. These phenomena were not shown
with a high protein diet (9). Favorable effects of a high protein diet are ascribed to
energy-restricted protein diets (58, 59), thus in negative energy balance. We hy-
pothesized that despite energy balance, with a stable body weight, body-weight
control may be improved via body composition being an intermediate parameter
between diet, sleep and body-weight control. However, in this first study on diet,
sleep and body-weight control interaction during energy balance, we did not find a
clear effect on body composition. This however had been shown before with a high
protein diet in the same setting (60). We did observe an interaction between sleep
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and diet, and between diet and body composition, but not between sleep and body
composition, probably due to the modest effects of sleep and body composition in
energy balance. More research is necessary to delineate the proposed concept.
These first results however, highlight the importance of a macronutrient-balanced
diet and preservation of quality sleep in the prevention of obesity being part of the
metabolic syndrome.

Conclusions

The different studies described in this thesis have separately led to the following

conclusions:

* A broken cycle of sleep due to sleep fragmentation modulates the secretion of
appetite-related blood variables, resulting in reduced feelings of fullness

* Energy balance parameters are primarily related to the amount of SWS and
REM sleep, rather than to total sleep duration

* Energy expenditure does not vary according to sleep stages overnight

* Subjects with the highest percentage of quality sleep suffer the most from sleep
fragmentation

* The inverse relationship between changes in sleep duration and changes in BMI
does not only pertain to puberty but remains throughout life

* Appetite-related blood variables show a meal-related secretion pattern, while
cortisol secretion stays under the control of the circadian clock

* A broken cycle of sleep due to circadian misalignment disturbs the glucose-
insulin metabolism and shifts substrate oxidation towards carbohydrate oxida-
tion, which may eventually lead to the development of insulin insensitivity

* Sleeping at an unusual circadian time changes sleep architecture resulting in a
shift in REM sleep

¢ Shorter REM sleep during the second part of the night is associated with dys-
regulation of the HPA-axis and reduced insulin sensitivity

* To maintain energy balance and control body weight, circadian and metabolic
processes need to be synchronized

* A high carbohydrate energy-balanced diet results in an acute but transient diet-
sleep interaction and long-term changes in body composition; these observa-
tions do not apply to a high protein diet in energy balance.

Taken together, in modern life humans tend to sleep and eat at unusual circadian
times because they align their sleep and wake times with social obligations, such as
work schedules. Desynchronisation between the internal circadian clock and the
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external environment, including desynchronisation between light-entrainment and
food-entrainment, appears to result in sleep disturbance and reduced insulin sensi-
tivity, unfavorably affecting energy balance.

Future perspectives

Combinations of sleep improvement and circadian alighment of sleep, food intake,
and physical activity are warranted to prevent overweight, obesity and the meta-
bolic syndrome. Because it is difficult to improve sleep via instructions, the role of a
sleep-promoting diet and of physical activity, being positively related with quality
sleep, might be beneficial, and should be further examined.

In the current thesis, evidence is provided for an interaction between diet, sleep
and body-weight control. Future research could focus on an interaction between
diet, circadian rhythm and body-weight control including sleep as a circadian func-
tion. Some dietary components of foods possess biological capacities, which can
support the entrainment of circadian rhythm. Tryptophan is such an example; it is
the precursor of serotonin and melatonin and participates in the regulation of
circadian rhythms (61, 62). Not only the content of food, but also the time of inges-
tion contributes to the natural functioning of the circadian system. Breakfast con-
taining a good balance of nutrition might be a strong zeitgeber for circadian oscilla-
tors (63). These ideas can be subsumed under the concept of chrononutrition,
defined as a field of chronobiology that establishes the principle of consuming food
at times of the day when they are physiologically most useful (62). Then the central
pacemaker synchronizes with peripheral oscillators, which means that procession
and metabolism of food takes place in concert with the optimal response of the
relevant organs.

The investigation of objectively measured sleep, including sleep architecture and
quality sleep, in children, and especially relevant in overweight versus normal-
weight children is still undeveloped and deserves more attention. Tackling the
relationship between changes in sleep characteristics during puberty and changes
in BMI and insulin sensitivity, will substantially improve our ability for early inter-
vention if not prevention of the development of obesity, type 2 diabetes and car-
diovascular disease.

Another interesting addition to the current literature could be investigating the
association between physical activity and its hypothesized sleep-promoting effects.
Although sleep and exercise may seem to be mediated by completely different
physiological mechanisms, there is growing evidence for clinically important rela-
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tionships between these two behaviors (64), since they seem to stimulate each
other (4).
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SUMMARY

The observation of a reduction in sleep duration in parallel to the increased preva-
lence of obesity over the past 50 years has drawn attention to sleep as a contribu-
tor to positive energy balance. This thesis addresses the role of inadequate sleep
and mistimed sleep in the regulation of energy balance and body-weight control.
The effects of sleep fragmentation on appetite and related hormone concentra-
tions were investigated. A single night of fragmented sleep resulted in reduced
REM sleep without a change in total sleep duration. Insulin concentrations were
increased while GLP-1 concentrations and fullness scores were decreased in the
afternoon following fragmented sleep. These results may support an increased
food intake and snacking, contributing to a positive energy balance. In addition, a
positive energy balance due to overeating was explained by SWS and REM sleep
emphasizing the importance of sleep architecture. To further elucidate the relation
between sleep architecture and energy balance, the effects of sleep stages on en-
ergy expenditure were determined. Energy expenditure did not vary according to
sleep stages overnight. During wake episodes after sleep onset energy expenditure
was higher than during SWS and REM sleep. Changed sleep architecture can de-
crease quality of sleep, defined as the sum of SWS and REM sleep divided by total
sleep time. Therefore, the relation between quality sleep and energy expenditure
was assessed. A disadvantageous shift in energy balance was primarily expressed in
subjects with a higher percentage of quality sleep.

Furthermore, the effects of circadian misalignment, resulting in mistimed sleep and
meal consumption, on energy metabolism, appetite and related hormone concen-
trations were investigated. Acute circadian misalignment resulted in disturbance of
the glucose-insulin metabolism and a shift in substrate oxidation towards carbo-
hydrate oxidation. The secretion pattern of meal-related blood variables (glucose,
insulin, ghrelin, leptin, and GLP-1) followed the new meal patterns, while the circa-
dian clock remained the primary driver of cortisol secretion. The circadian phase at
which sleep occurs also affected the distribution of sleep stages, more specifically
REM sleep distribution over the night changed with a relatively shorter REM sleep
duration during the second part of the night. To establish if the metabolic conse-
quences of circadian misalignment were connected with the effects of circadian
misalighment on sleep architecture, the relations between REM sleep, cortisol
levels and HOMA-IR index were examined. Shorter REM sleep during the second
part of the night was associated with elevated cortisol concentrations and a higher
HOMA-IR index. These studies indicate that synchrony between circadian and me-
tabolic processes is crucial in the regulation of energy balance.
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Moreover, the effects of energy-balanced diets differing in protein and carbohyd-
rate content on body composition, sleep architecture and appetite were investi-
gated to elucidate the interaction between diet, sleep and body-weight control in
energy balance. An energy-balanced high carbohydrate diet caused an acute de-
crease in SWS and in women long-term increases in body weight and fat mass,
pointing at a diet-sleep interaction and a diet-body composition interaction. These
phenomena were not shown with a high protein diet. No interaction was observed
between sleep and body composition in energy-balanced conditions, which de-
serves more attention in future studies. Additionally, future research might focus
on the interaction between diet, circadian rhythm and body-weight control.

In conclusion, the studies described in this thesis highlight the importance of pres-
ervation of quality sleep and circadian alignment, including synchrony between
central and peripheral circadian processes, related to a macronutrient-balanced
diet in the regulation of energy balance and body-weight control.

197






SAMENVATTING

199



SAMENVATTING

Zoals bekend is de laatste 50 jaar de prevalentie van overgwicht en obesitas sterk
toegenomen; minder bekend is echter dat het aantal uren dat men slaapt is afge-
nomen. Mogelijk is er een verband tussen deze twee verschijnselen, met name
tussen een positieve energie balans en minder en slechter slapen. Dit proefschrift
richt zich op de rol van de duur, kwaliteit en timing van slaap bij de regulatie van de
energiebalans en de beheersing van het lichaamsgewicht.

Het effect van gefragmenteerde slaap op eetlust en relevante hormoon-
concentraties werd onderzocht. Een nacht slaap-fragmentatie bleek al te resulte-
ren in een daling van de REM slaap zonder dat er sprake was van een verandering
van de totale slaapduur. Daarbij bleken de insuline concentraties te zijn toegeno-
men terwijl de GLP-1 concentraties en verzadigingsgevoelens waren afgenomen.
Deze bevindingen kunnen leiden tot een toename van de voedselinname, voorna-
melijk in de vorm van snacken, wat dan weer kan leiden tot een positieve energie-
balans. Zo’n positieve energiebalans bleek tevens gerelateerd te zijn aan een ver-
andering van de slaaparchitectuur, met name van de SWS (slow-wave sleep) en
REM (rapid eye movement) slaap. Om deze relatie tussen slaaparchitectuur en
energiebalans nader te onderzoeken, werd het energiegebruik tijdens de verschil-
lende slaapstadia gemeten. Het energiegebruik tijdens de verschillende slaapsta-
dia, te weten lichte slaap, diepe slaap (SWS) en droomslaap (REM), bleek niet ver-
schillend te zijn; het energiegebruik was alleen toegenomen wanneer men kort
wakker werd tijdens de nacht. Wanneer slaaparchitectuur verandert, kan de kwali-
teit van slaap afnemen. De kwaliteit van slaap wordt berekend door de som van
SWS en REM slaap te delen door de totale slaapduur. Alszodanig werd de relatie
tussen kwaliteit van de slaap en het energiegebruik onderzocht. Nu bleek dat voor-
al personen met een hoge slaapkwaliteit lijden onder slaapverstoring, en dienten-
gevolge een positieve energiebalans ontwikkelen.

Niet alleen dag en nacht, of te wel licht en donker bepalen de circadiane ritmiek;
ook het eetpatroon doet dat. Het ligt dus voor de hand het slaap- en eetpatroon in
het kader van de circadiane ritmiek te onderzoeken. Het effect van een acute ver-
schuiving van de normale tijdstippen waarop slaap en voedselinname plaatsvinden
op het energiemetabolisme, en de eetlust en relevante hormoon-concentraties
werd onderzocht. Deze acute verschuiving van dag- en nachtritme resulteerde in
een verstoring van het glucose-insuline metabolisme en veroorzaakte een toename
in de koolhydraat-oxidatie. De secretie van maaltijd-gerelateerde factoren in het
bloed (glucose, insuline, greline, leptine en GLP-1) bleek het nieuwe maaltijdpa-
troon te volgen, in tegenstelling tot de cortisol secretie die zijn oorspronkelijk cir-
cadiaan ritme bleef volgen. Ook de verdeling van de slaapstadia over de nacht werd
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bepaald door de circadiane timing van slaap; met name was de duur van de REM
slaap tijdens het tweede deel van de nacht korter. Deze kortere REM slaap bleek
gecorreleerd te zijn met hogere cortisol concentraties en een hogere HOMA-IR
index. Alszodanig zijn de metabole gevolgen van een verschuiving van het dag- en
nachtritme gekoppeld aan de effecten van die verschuiving op de slaap architec-
tuur. Deze studies tonen aan dat synchronisatie tussen circadiane en metabole
processen van cruciaal belang is bij de regulatie van het glucose-insuline metabo-
lisme en de energiebalans.

Tenslotte werd het verband tussen de macronutrienten verhouding in de voeding,
slaap en beheersing van het lichaamsgewicht in energiebalans onderzocht met
behulp van iso-energetische dieten die verschilden in eiwit- en kooldydraatgehalte.
Een hoger koolhydraatgehalte had in het algemeen een acute daling in SWS tot
gevolg, terwijl op de lange termijn bij vrouwen het lichaamsgewicht en de vetmas-
sa bleek te zijn toegenomen. Dit werd niet bij een hoger eiwitgehalte in de voeding
gezien. Deze waarnemingen duiden op een verband tussen de macronutrienten
verhouding van de dagelijkse voeding en de lichaamssamenstelling; voor een even-
tueel verband tussen slaap en lichaamssamenstelling was deze studie te klein. Deze
hypothese vraagt om nader onderzoek in de toekomst. Een vervolg daarop zouden
langere termijn onderzoeken over het verband tussen dieet, circadiane ritmiek en
beheersing van het lichaamsgewicht kunnen zijn.

Uit de resultaten van de studies beschreven in dit proefschrift wordt geconclu-
deerd dat de synchronisatie van het slaap- en eetpatroon in het kader van de nor-
male circadiane ritmiek van cruciaal belang is bij een gezond metabolisme, en bij
de regulatie van de energiebalans. Voor slaap ligt hierbij de nadruk op het handha-
ven van de kwaliteit van slaap, met name de duur en de timing van de SWS en REM
slaap; voor het eetpatroon op regelmaat binnen hetzelfde circadiane patroon en
op een gunstige macronutrienten verhouding van de voeding.
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