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THESIS ABSTRACT

The main objective of this thesis was to examine the independent effects of sleep duration
and timing on appetite, food reward and energy balance. Study 1 investigated the associations
between satiety quotient (SQ) with habitual, self-reported sleep duration, quality and timing. No
significant associations were noted between SQ and sleep parameters. Short-duration sleepers
had a lower mean SQ vs. those with >7h sleep/night (P=0.04). Study 2 evaluated associations
between changes in sleep duration, efficiency and timing with changes in next day food reward.
Greater sleep duration and earlier wake-times were associated with greater food reward
(P=0.001). However, these associations were no longer significant after controlling for elapsed
time between awakening and completion of the food reward task. Study 3 examined the effects
of 50% sleep restriction (SR) anchored during the first (delayed bedtime) or second (advanced
wake-time) half of the night on appetite, SQ, food reward, energy intake (EI) and energy
expenditure (EE). Greater appetite ratings and explicit high-fat food reward were noted
following SR with an advanced wake-time vs. control and SR with a delayed bedtime (P=0.03-
0.01). No difference in SQ was noted between sessions. Energy and carbohydrate intakes were
greater on day 2 and over 36h in the delayed bedtime vs. control session (P=0.03). Activity EE
and moderate-intensity physical activity (PA) time were greater following delayed bedtime vs.
control and advanced wake-time on day 1, whereas vigorous-intensity PA time was greater
following advanced wake-time vs. delayed bedtime on day 1 (P=0.01-0.04). Greater sleep quality
and slow-wave sleep duration between SR sessions were associated with lower EI and increased
vigorous-intensity PA time, respectively (P=0.01-0.04). Collectively, these findings suggest that
appetite, SQ and food reward are influenced by sleep parameters, but these changes may not alter
El These findings also suggest that individuals with greater sleep quality in response to SR had

greater vigorous-intensity activity time and lower EI.
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LIST OF DEFINITIONS

1) Ad libitum: This latin term signifies "at liberty" or "without restraint". In feeding studies, it
signifies that a relatively large quantity of food (often 2-3 portions of each item) is available to
the participant and they may eat "as much or as little as they want", which does not restrain the
quantity and frequency of their food intake.

2) Behavioral Choice Task to assess the relative-reinforcing value of a preferred food: This
task is described in more detail in Temple et al. “D_This task is a measure of food wanting, by
assessing the amount of work a participant is willing to do in order to obtain a preferred food
item.

3) Circadian rhythm (Process '"C''): The circadian rhythms represents an ~24-hour clock that
is self-sustained by an endogenous circadian oscillator, but it can be entrained to external stimuli
such as light, food or activity. Sleep is facilitated when exposure to a preferential environment to
sleeping (e.g. reduced light exposure, fasting and reduced activity participation) that is centrally
driven by an endogenous circadian oscillator occurs.

4) Dopamine: A neurotransmitter in the brain that plays a key role in reward-motivated
behaviors. More specifically, dopamine is released following a rewarding experience (e.g.
ingesting a novel food item) and acts on the forebrain to provide an index of the rewarding value
of this experience (e.g. the nutritional value of the consumed food item). The release of
dopamine then acts as a learning signal that associates this experience (consumption of a food
item) with its reward (its nutrients). Once this association has been strengthened over repeated
experiences, anticipatory dopamine activity occurs when exposure to external cues linked with
the experience of receiving this reward (e.g. the sight and smell of the food item often leads to
the consumption of this item) takes place. At this time, dopamine activity acts as a motivational
drive to receive a reward (e.g. seek and consume the food item) in addition to being a learning
signal.

5) Epworth sleepiness scale: This questionnaire, created and validated by Dr Murray Johns ©*,
determines the degree of daytime sleepiness when faced with different situations (e.g. sitting and
reading, watching television). A score >10 indicates excessive amounts of daytime sleepiness.
Participants with scores >10 were excluded from further participation in Study #3.

6) Food liking: Incorporates the sensory properties of a food item and forms hedonic or aversive
behavioral reactions to this item. This affective reaction is assessed the moment food is ingested,

thus reflecting the acute hedonic impact of consuming this food item.
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7) Food reward: The rewarding value associated with consuming a food item, which is based on
the taste and nutritional/caloric content of the food (i.e. a rewarding value is associated with
consuming food to encourage food seeking behavior and avoid starvation).

8) Food wanting: The objective, and sometimes implicit, drive to seek and consume a targeted
food item. This component of food reward reflects the changes in the propensity to consume a
food item and can be influenced by physiological need and/or desire to eat. However, food
wanting may also be modulated by higher cognitive processes (e.g. choosing not to consume a
certain food due to high cognitive dietary restraint).

9) Homeostatic sleep drive (Process ''S''): The homeostatic sleep drive builds up with
increasing time spent awake and declines during sleep. Hence, prolonged wakefulness promotes
sleep onset.

10) Leeds Food Preference Questionnaire: This task is described in more detail in Finlayson et
al. ®. This task measures food wanting and liking, by asking the participants to rate 16
randomized visual food cues in turn on a 100-mm visual analogue scale (anchored by Not at all-
Extremely), based on the following questions: “how much do you want some of this food now?”
and “How pleasant would it be to experience a mouthful of this food now”, respectively. These
16 visual food cues are divided into 4 different categories, based on fat content and taste (high-
fat savory, low-fat savory, high-fat sweet and low-fat sweet).

11) Morning-Eveningness Questionnaire: This questionnaire, created and validated by Drs.
James Horne and Olov Ostberg (1976) O provides an indication of an individual's circadian
rhythm chronotype (e.g. early riser or night owl). Scores below 30 and above 70 indicate extreme
morning and evening types; participants with these scores were excluded from participating in
Study #3.

12) Non-rapid eye movement sleep: In humans, non-rapid eye movement sleep contains 3
distinct stages of sleep: stage 1 and 2 (termed light sleep), as well as stage 3 (termed slow-wave
sleep). During these sleep stages, brain wave activity becomes larger in amplitude and decreases
in frequency when compared to a waking state. Contrary to rapid eye movement sleep, there is
little to no eye movement during these sleep stages. Many theories suggest that non-rapid eye
movement sleep plays a critical role in energy conservation and nervous system/cellular recovery
through the removal of deleterious byproducts (e.g. reduced oxidative stress) and/or the

restoration of essential metabolites (e.g. protein synthesis).
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13) Partial sleep restriction: Having a sleep duration that is less than what is usually
received/needed, without exceeding a total wake time of 24 hours. For instance, only sleeping 4
hours in 1 night when you usually require at least 8 hours of sleep per night in order to not feel
drowsy or tired the following day (among other factors/potential consequences).

14) Physical activity time (via accelerometry): The biaxial accelerometer used in Studies #2
and 3 (SenseWear Pro 3 Armbands©, HealthWear Bodymedia, Pittsburgh, PA) provides
information on total daily energy expenditure (kcal) and active energy expenditure (kcal; >3
METs). It also provides information on the amount of sedentary time (minutes; <3 METs), as
well as the amount of time spent performing moderate (minutes; 3-6 METs) and vigorous
(minutes; >6 METs) intensity physical activity.

15) Polysomnography: This measurement offers a comprehensive reading of the
biophysiological changes the occur during sleep. This measurement monitors many body
functions, such as brain wave activity (via electroencephalogram), muscle activity (via
electromyogram) and retina activity and eye movement (via electrooculogram) during sleep. The
results from these different measurements can be used to evaluate many sleep parameters, such
as the absolute and relative time spent in different sleep stages, total sleep duration, sleep
efficiency, sleep latencies and the number and duration of awakenings throughout the night.
These different measurements also allow for the identification of certain sleep-related disorders,
such as sleep apnea (with added nasal and oral airflow monitoring) and restless leg syndrome.
16) Rapid eye movement sleep: During this sleep stage, high-frequency and low-amplitude
activity (=4-12 Hertz-alpha and theta waves), which resembles the desynchronized pattern of
stage 1 sleep or wakefulness, dominates the EEG tracing. However, contrasting a state of
wakefulness, there is increased and desynchronized rapid eye movement, coupled with greatly
reduced (or even non-existent) skeletal muscle activity. Many theories suggest that rapid eye
movement sleep plays a crucial role in localized recuperative/development processes within the
brain, memory consolidation and emotion regulation.

17) Satiety efficiency: The extent to which a food item or meal can reduce subjective appetite
sensations per unit of intake (kilocalories).

18) Satiety quotient: A calculation that can be used as a valid marker of the satiety efficiency
(Afasting and post-meal appetite sensations divided by energy content of the food item or meal

consumed).
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19) Sleep: A natural recurring state characterized by reduced sensory and brain wave activity, a
decrease in voluntary motor activity and a slower response to stimulation/greater arousal
threshold. Although the functions of sleep in humans remain unclear, many theories propose that
sleep plays a critical role in energy conservation, nervous system/cellular recovery, brain
development/recovery and/or memory consolidation.

20) Sleep architecture: Encompasses the different sleep stages which compose a sleep cycle.
21) Sleep duration: The total amount of time spent sleeping over a 24-hour period.

22) Sleep efficiency: Determined as: (total sleep duration/time lying down in bed) X 100.

23) Sleep onset latency: The amount of time required to fall asleep, or reach a certain sleep
stage (maintain stage 1 sleep for 10 minutes or any other sleep stage for 20 seconds).

24) Sleep quality: Generally speaking, sleep quality can be measured by the question: "How
well did you sleep?". The quality of sleep can be affected by many factors, such as the time spent
in slow-wave sleep, sleep duration, sleep efficiency, sleep onset latency, sleep disturbances (e.g.
loud noises outside your room at night) and the use of sleeping aids or consuming other products
before bed (e.g. alcohol, caffeine). A poor sleep quality may also lead to daytime dysfunction the
following day (e.g. feeling drowsy or tired, having lower psychomotor vigilance).

25) Sleep timing: A combination of bedtime and wake-time, independently of sleep duration.
The sleep timing midpoint (wake up time - 1/2 total sleep duration) can also be used as an
indicator of sleep timing.

26) Stage 1 sleep: During this sleep stage, conscious awareness of the external environment
gradually decreases. Brain wave activity slows, with activity ranging from ~4-7 Hertz (termed
theta waves). The disappearance of alpha waves (= 8-12 Hz) also mark the beginning of this
sleep stage.

27) Stage 2 sleep: During this sleep stage, complete loss of conscious awareness occurs. Theta
waves predominant the EEG tracing, coupled with "sleep spindles" and "K-complexes". There
may also be some delta waves present (1-3 Hertz).

28) Stage 3 (or slow-wave) sleep: Can also be referred to as "deep sleep". During this sleep
stage, at least 20% of the tracing illustrates delta waves (1-3 Hertz; low-frequency, high-
amplitude activity).

29) Suprachiasmatic nucleus (SCN): The SCN is located in the anterior hypothalamus and acts

as the "pacemaker" for a number endocrine (e.g. HPA axis activity and cortisol release),
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physiological (e.g. core temperature, heart rate) and behavioral parameters (e.g. activity and
eating patterns) that vary according to an = 24-hour clock.

30) Total sleep deprivation: Remaining awake for 24+ hours.

31) Wake after sleep onset: The amount of wake-time following sleep onset.

32) Wakefulness: The cortical EEG typically contains desynchronized high-frequency, low-
amplitude waves within the 14-30 Hertz range (termed beta waves). This activity presumably
reflects cognitive processing, motor and perceptual function activities. When resting with eyes
closed (but remaining awake), the EEG activity ranges from =8-12 Hertz (termed alpha waves).
33) Visual analogue scale: A measurement that can be used to quantify subjective
characteristics or attitudes, such as appetite (e.g. feelings of fullness). When responding to an
item on a visual analogue scale, participants are asked to answer the question asked by indicating
a vertical line on a continuous horizontal line denoted by 2 extremes (e.g. Not full at all-Very full

when asked about their feelings of fullness).
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CHAPTER 1: INTRODUCTION

The decision to initiate feeding, the amount of food consumed and when to terminate it
involve both homeostatic and non-homeostatic factors, such as learned and motivated behaviors,
social context, as well as external and internal sensory cues . Feeding is also driven by the
willingness to expend effort and work towards obtaining a food item @ However, in a modern
environment where food is plentiful, not only is the energy or amount of work required to obtain
food greatly diminished, but the abundance of readily available food and its associative cues (e.g.
sight, smell) may trigger a desire to initiate feeding, even when satiated .

The conditions of modern living have also shaped a society that promotes sleep
curtailment in many individuals in order to accomplish different work-related tasks, social and/or
family demands @ Certain individuals may also have short sleep duration and/or poor sleep
quality due to mental distress (e.g. depression, anxiety) ©. Sleep clearly serves an important
daily function in mammals, as it was conserved by evolution over time, and a lack of sleep leads
to severe physical and cognitive discomfort/consequences, followed by a strong "rebound" in
sleep recovery ® Simply put, sleep can be described as a natural state of reduced voluntary
motor activity, lower response to stimulation/greater arousal threshold, as well as a stereotypical
posture allocation of lying down . The functions of sleep in humans remain unclear, however
many theories have been proposed to partially explain the daily need in sleep ®. Most theories
suggest that non-rapid eye movement (NREM) sleep plays a critical role in energy conservation
and nervous system/cellular recovery through the removal of deleterious byproducts (e.g.
reduced oxidative stress) and/or the restoration of essential metabolites (e.g. protein synthesis).
Conversely, rapid eye movement (REM) sleep plays a crucial role in localized
recuperative/development processes within the brain, memory consolidation and emotional

regulation through high brain wave activity ®



Sleep is also traditionally said to be regulated by 2 overlapping processes: the
homeostatic process (or process "S") and the circadian rhythm (or process "C") . Briefly,
homeostatic sleep drive builds up with increasing time spent awake and declines during sleep "),
whereas the circadian rhythm represents a = 24-hour clock that is self-sustained by an
endogenous circadian oscillator but can be entrained to external stimuli such as light, food or
activity '". Hence, sleep is facilitated following prolonged wakefulness, combined with
exposure to a preferential environment to sleeping (e.g. reduced light exposure, fasting and
reduced activity participation) that is centrally driven by an endogenous circadian oscillator 12
These processes may affect total sleep time, but they primarily affect sleep architecture . More
specifically, the homeostatic sleep drive increases the propensity of slow-wave sleep (SWS), the
deepest sleep stage when whole-body oxygen consumption is at its lowest ), during the first
part of the night as the occurrence of this sleep stage is greatly influenced by the length of prior
wakefulness '¥. On the other hand, REM sleep 1s mainly influenced by the circadian oscillator
and 1s more common during the second part of the night, a time during which hypothalamic-
pituitary-adrenal (HPA) axis activity and cortisol release are greater )

A number of experimental studies evaluated the effects of an imposed sleep restriction (=

4-6 hours in bed/night vs. = 8-12 hours in bed/night in a control session) on energy intake (EI)

(16-23) ) (16-21, 23, 24)

, components of energy expenditure (EE and food reward “*”. However, these
protocols often differ in the timing of the imposed sleep restriction period, even though the
degree of sleep restriction is relatively similar (= 4-6 hours in bed/night); some studies impose a
later bedtime coupled with an earlier wake-time, whereas others induce a later bedtime only.
Considering that the homeostatic drive to sleep and the circadian rhythm influence sleep

(10, 28)

architecture , 1t 1s possible that changing the timing of the sleep restriction protocol will

alter sleep architecture, which may then affect food reward and components of the energy



@9 previously demonstrated that habitually lower amounts of

balance differently. Rutters et al.
SWS, independently of sleep duration, were associated with a higher wanting for food and
greater ad libitum EI. Additionally, Shechter ez al. ®” noted negative associations between the
amount of REM and stage 2 sleep with hunger ratings and ad libitum EI, respectively, as well as
a negative association between the quantity of SWS and REM sleep with fat and carbohydrate
intakes, when assessed under experimental sleep restriction and habitual sleep conditions.

Although these associations cannot draw cause-and-effect relations, it can be hypothesized that

differing sleep architecture may exert an effect on energy balance and food preference.

1.1 Rationale and statement of the problem

Under conditions of sleep restriction, sleep efficiency is said to increase, as the quantity
of SWS is expected to be preserved, whereas light sleep (stages 1 and 2 sleep) and REM sleep
may be proportionally reduced G132 However, REM sleep duration increases during early
morning hours, a time when the circadian rhythm promotes greater HPA-axis activity 9 Hence,
altering bed- or wake-time, in addition to reducing sleep duration, is expected to affect sleep

architecture. More specifically, sleep restriction protocols @31,32)

comparing differences in sleep
architecture when anchoring the sleep period during the first or second half of the night reported
no differences in SWS between sleep restriction protocols, whereas REM sleep duration was
greater during sleep held in the second half of the night. Stage 2 sleep duration was consequently
reduced during the second half of the night as a result of maintained SWS and increased REM
sleep durations during this time.

Considering the combined effects of altered sleep timing (combined bedtime and wake-

(31, 32)

time) and sleep restriction on sleep architecture , as well as the previous associations

reported between the time spent in different sleep stages with EI and food reward @939 the



effects of imposed sleep restriction coupled with altered sleep timing on measures of food
reward, satiety efficiency and the energy balance require further investigation.

The studies outlined below are designed to evaluate (i) whether measures of satiety
efficiency and food reward vary in response to self-reported and objectively-measured sleep
duration, sleep efficiency and sleep timing assessed under free-living conditions, (ii) whether
anchoring a sleep restriction period at the beginning or later in the night affects food reward,
satiety efficiency, EI and EE the following day, and (iii) whether changes in sleep architecture
related to reductions in sleep duration coupled with alterations in sleep timing are associated with

changes in food reward, satiety efficiency, EI and EE.

1.2 Objectives

This thesis aims to answer the following questions:
1) Does the satiety quotient (SQ) in response to a standard meal vary according to habitual, self-
reported sleep duration, sleep quality and sleep timing? Do individuals with habitual short sleep
duration (< 7 hours of sleep/night), poor sleep quality (score > 5 on the Pittsburgh Sleep Quality
Index; PSQI) and a later bedtime (sleep timing midpoint > 2h30) have a lower SQ and,
consequently, greater EI?
These research questions will be answered with a cross-sectional design employed in Study 1.
2) Are variations in sleep duration, sleep efficiency and sleep timing related to changes in next
day food reward?
This research question will be answered with a randomized, counterbalanced crossover design

employed in Study 2.



3) Does a 50% sleep restriction anchored during the first or second half of the night alter appetite
sensations, satiety efficiency, food reward and energy balance (EI and EE) differently? Are
changes in these outcomes related to changes in sleep architecture between sessions?

These research questions will be answered with a randomized, counterbalanced crossover

design employed in Study 3.

1.3 Hypotheses

1) The SQ will be associated with sleep duration, sleep quality and sleep timing. Additionally,
individuals with short sleep duration (< 7 hours of sleep/night), poor sleep quality (score > 5 on
the PSQI) and a later bedtime (sleep timing midpoint > 2h30) will have a lower SQ and greater
EI during an ad libitum lunch (Study 1).

2) Changes in sleep duration, sleep efficiency and sleep timing will be associated with changes in
next day food reward (Study 2).

3) A 50% sleep episode anchored during the first half of the night (i.e. habitual bedtime and
advanced wake-time) will lead to greater EI and lower activity EE and moderate-to-vigorous PA.
These changes in EI and EE will be associated with changes in REM sleep between the control
and sleep restriction with an advanced wake-time sessions (Study 3).

4) A 50% sleep episode anchored during the first half of the night (i.e. habitual bedtime and
advanced wake-time) will lead to greater appetite sensations and food reward. These changes in
appetite sensations and food reward will be associated with changes in REM sleep between the

control and sleep restriction with an advanced wake-time sessions (Study 3).



1.4 Implications

These studies will allow us to determine whether alterations in sleep timing, independently of
sleep duration, may be associated with changes in appetite, satiety efficiency, food reward and
energy balance (EI and EE). Furthermore, these studies will help determine whether satiety
efficiency and food reward may be relevant factors in explaining potential variations in EI in
response to habitual or imposed sleep protocols. Lastly, the correlations between changes in
crude sleep parameters (sleep duration, efficiency/quality and timing) and sleep architecture with
changes in appetite, satiety efficiency, food reward and energy balance (EI and EE) between
sessions will allow us to determine whether variations in sleep parameters are associated with

changes in appetite, food reward and energy balance parameters the following days.

1.5 Limitations and delimitations

The findings from Studies #2 and #3 are limited to a relatively small sample size of healthy men
and women (i.e. 14 and 18 men and women in Studies #2 and #3, respectively), which limits
generalizability to other populations; especially individuals with sleep complaints or disorders.
The cross-sectional design employed in Study #1 and the correlations drawn in Studies #2 and #3
cannot infer causality. There are inherent limitations with the use of self-reported sleep
measurements in Study #1. Similar limitations exist with the use of accelerometry to estimate
sleep-wake activities and EE. The assessment of sleep and all outcome variables in Studies #2
and #3 were only conducted for 1 night and = 36 h post-intervention in each condition, which
does not account for day-to-day variations in these variables, nor can they be compared to studies
imposing prolonged sleep restriction protocols. Differences in a homeostatic need for sleep
between the sleep restriction protocols in Study #3 (i.e. no degree of sleep restriction had

occurred when wake-time was advanced vs. when bedtime was delayed) may influence the sleep

6



architecture results. Likewise, meal and appetite measurement times were fixed for each
participant across sessions, meaning that the time spent awake was much greater in the sleep

restriction with an advanced wake-time protocol.



CHAPTER 2: REVIEW OF THE LITERATURE

This literature review will summarize research evaluating the associations between sleep
duration and sleep timing with food reward, satiety efficiency and components of the energy
balance (EI and EE). The concepts of food reward, satiety efficiency and sleep regulation will
first be discussed, followed by the effects of reduced sleep duration and sleep timing on sleep
architecture, appetite, food reward and/or the energy balance. Accordingly, the studies presented
in this thesis will investigate the independent effects of sleep duration and sleep timing on satiety
efficiency, food reward and energy balance components (EI and EE). Many terms found

throughout this document are defined on Page xii.

2.1 "Eating to live or living to eat?". The "wanting" and "liking" components of food reward

Affect and motivation, or liking and wanting, can be seen as major forces in directing
human feeding behavior G More specifically, food "liking" is a process that incorporates the
sensory properties of a food item and forms hedonic and aversive behavioral reactions to this
item “®*. Food "liking" is the affective reaction that is assessed the moment food is ingested, thus
reflecting the acute hedonic impact of consuming this food item G5 On the other hand, food
"wanting" can be defined as the objective, and sometimes implicit, drive to seek and consume a
targeted food G The "wanting" component of food seeking behavior reflects the changes in the
propensity to consume a food item, independently of liking, and can be influenced by
physiological need and/or desire to eat G4 However, food "wanting" is not entirely dependent on
physiological or caloric needs (termed food "needing") due to its ability to be modulated by
higher cognitive processes (e.g. seeking and eating food when satiated or choosing not to
consume a certain food due to high cognitive dietary restraint). It has been previously

hypothesized that food "wanting" may be influenced by the active process of assigning



perceptual value to events, sensory or cognitive inputs (e.g. the sight and smell of a preferred
food, eating lunch because it is 12h00), which then become cues linked to the consumption of a
food through operant conditioning .

Following the ingestion of a novel food item, dopamine is released and acts on the
forebrain, which provides an index of the nutritional (or reward) value of the food item, and acts
as a learning signal that associates this food item with its nutrients (i.e. reward value of the food)
6 Once this association has been strengthened, anticipatory dopamine activity occurs when
exposure to external food cues (e.g. sight and smell) linked to the consumption of this food item
takes place, thus acting as a motivational drive to obtain and consume that food in addition to
being a learning signal ”. This notion is supported by studies that noted decreases in EI to a
significantly lesser degree during a palatable vs. bland test-meal ®”, as well as greater desire to

eat ratings 88 portion size selection and intake @)

of a palatable food item following the
exposure to the sight and smell of this item. These results thus suggest that internal sensory

signals (i.e. satiety signals) may be overridden when palatable foods are available, or when

exposed to previously associated food cues (e.g. sight and smell).

2.2 Is there a clear dissociation between food "wanting" and food "liking"?

Although it may be difficult to clearly dissociate wanting and liking responses to food
(e.g. I may choose to consume a food because it has a pleasant taste, or my perception of the
pleasant taste may increase because I really want this item), Salamone e? al. “0 demonstrated that
low-to-moderate doses of dopamine antagonist administration in rats led to a lower number of
lever presses in order to obtain a preferred food item. However, the intake of a less preferred
food item (lab chow), which was concurrently available in the chamber, was greater in these rats.

Hence, even though the “wanting” (or amount of work willing to put forth to obtain a preferred



food item) was lower in these rats following low-to-moderate doses of dopamine antagonist
administration, no differences in total food intake, or preference for the well-liked pellets
compared to the lab chow, was noted “0 Based on these results, it may be hypothesized that a
lower wanting of a food item does not necessarily imply that the taste of this food item will be
less pleasurable. These results are further supported by recent studies conducted in humans “"
2 More specifically, a study that assessed the liking and wanting of chocolate following the
consumption of individual pieces noted a faster and greater decrease in the wanting for chocolate
vs. liking ratings with greater chocolate consumption “D The daily consumption of chocolate for
15 consecutive days in a different study “* led to a decrease in the reported liking for chocolate,
whereas ad libitum chocolate intake significantly increased over time, which once again suggests
that the pleasantness rating (liking) and intake (wanting) are distinct entities. Despite these
results, there is some overlap in the wanting and liking components, where the palatability of a

44)

food item may directly affect the desire to consume this item @34 o1 its intake @77 %) The

repeated intake of a food item may also decrease the hedonic rating of this item 6,47

Taken together, food wanting and liking seem to play an integral role in directing human
feeding behavior, and this especially in a modern environment where food is plentiful and
readily accessible. More studies are needed to assess potential changes in food wanting and

liking in response to common external stressors, such as sleep restriction, to better comprehend

the influence that these factors may have on human feeding behavior.

2.3 The satiety efficiency and its link with energy intake
The satiety efficiency was first proposed as a measure of the effectiveness of a meal at
decreasing appetite per unit of EI (i.e. slope between EI in kilocalories and the changes in

appetite ratings across time following meal consumption) “® The SQ, a derivative of the
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changes in subjective appetite sensations in relation to the energy content of a meal “9 was later
introduced as a valid marker of satiety efficiency in response to a standardized meal ®”.
Consequently, a lower SQ, or a smaller change between pre- and post-meal appetite scores (i.e.
desire to eat, fullness, hunger and prospective food consumption ratings (PFC)) in relation to the
energy content of the meal consumed, is associated with a lower satiety efficiency “*.
Conversely, a higher SQ is associated with greater satiety efficiency in response to a
standardized meal. A lower fullness SQ, or smaller changes in subjective fullness ratings in
response to a standardized meal, has been associated with higher EI in normal-weight, obese and
weight-reduced individuals “**". Furthermore, individuals characterized with a low satiety
phenotype (i.e. individuals with a mean SQ < 8mm/100kcal) had lower cortisol responses to a

standardized meal ©*, which was previously associated with higher EI and potential weight gain

. 53,54) 1,
over time ) Tt 1S,

however, unknown whether the SQ may differ according to different sleep
parameters, such as duration, timing and quality. Hence, future studies are needed to assess
whether the SQ varies according to these different sleep parameters, and whether it is related to

EI and food reward under these conditions.

2.4 "The rewards of shut-eye...or consequences due to lack of". The roles of the homeostatic
process and the circadian rhythm in sleep regulation

As briefly mentioned, sleep is said to be regulated by 2 overlapping processes: the
homeostatic process (or process "S") and the circadian rhythm (or process "C") ® Figure 1
illustrates the variations in these 2 processes over an entire sleep-wake cycle; a model that was

first introduced by Borbély in 1982 @ and reproduced by Waterhouse et al. G,
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Sleep Wake Sleep Wake

Upper C

Lower C

Figure 1. The sleep-wake cycle model initially proposed by Borbély in 1982 @ This Figure is
presented by Waterhouse ez al. ®> (BioMed Central Open Access). The homeostatic sleep drive
(process "S") is represented by a dotted line. The circadian rhythm (process "C") is represented

by 2 components: Upper C drive and Lower C drive.

This model suggests that the sleep drive (process "S") increases exponentially during waking, but
then decreases exponentially during sleep; its variations in line with the need for sleep. The
circadian rhythm (process "C") varies according to a = 24-hour period that is mainly controlled
by the circadian oscillator (or "pacemaker") located in the suprachiasmatic nucleus (SCN) in the

anterior hypothalamus. The SCN orchestrates the = 24-hour variations of a number of endocrine
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(e.g. HPA axis activity and cortisol release), physiological (e.g. core temperature, heart rate) and
behavioral (e.g. activity and eating patterns) parameters “®. These variations (e.g. reduced
sympathetic nervous system activity, reduced core temperature and greater melatonin release)

. . . . e e . . 55
create an environment that is said to be conducive to sleep initiation and maintenance 69,

Waterhouse et al. ®>

suggested that sleep onset occurs when the rising value of the "S" function
intercepts with the upper "C" function, which normally occurs during the rapid decline of the
upper "C" function but before it reaches its nadir. During sleep, the "S" function decreases until
it intercepts with the lower "C" function, at which time waking occurs (Figure 1).

Inter- and intra-variations in the sleep-wake cycle do occur ©9_ For instance, it is
common for individuals to delay their bedtime over the weekend because of increased social
activity participation. Although it is often difficult to determine whether the need for sleep, and
the timing of the sleep period are mainly driven by internal or external cues, individuals with a
delayed sleep onset and/or need for a smaller amount of sleep will experience an increase in the
"S" function that is less rapid (smaller slope), whereas individuals who have a rapidly increasing
"S" function may require more sleep and/or have an earlier bedtime (greater slope) ©% Even
though the circadian rhythm is self-sustained by the SCN, a number of external stimuli (e.g. light
exposure, physical activity and eating patterns) may influence its variations. These variations are
often present in shift workers, who may experience circadian misalignment when their internal
circadian rhythm functions according to a = 24-hour pattern that is different than their behavioral
or external pattern (i.e. staying awake and eating during a phase of the circadian rhythm that is
suited for sleeping and fasting) 1, Although the internal circadian rhythm will promote habitual
variations in physiological parameters during the correct circadian phase, a circadian
misalignment induced by exposure to external stimuli (e.g. exposure to light during the night)

will induce a certain degree (or lack of) variation in these physiological parameters (e.g. smaller
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melatonin release, greater cortisol and glucose release) '". An imposed 28-h environmental
cycle, aimed at disrupting the circadian rhythm, coupled with a reduction in sleep duration (5.6 h
in bed/night), for 3 weeks led to a reduction in insulin secretion in response to a standard meal,
as well as a reduction in resting energy expenditure (REE) ©”. A different study also reported a
reduction in total daily EE following 3 days of imposed night-shift work, which corroborates
these results ©®. Taken together, these imposed circadian misalignments often cause a certain
degree of mental or physical discomfort (e.g. gastro-intestinal complaints, reduced cognitive
performance) in the short-term, and can also lead to cardio-metabolic complications if sustained
over time (e.g. insulin resistance) (11, 59-6)

The interaction between these 2 processes also influence sleep architecture. More
specifically, the homeostatic sleep drive (process "S") promotes the occurrence SWS during the
first part of the night as the amount of this sleep stage is greatly influenced by the length of prior
wakefulness '¥. On the other hand, REM sleep is mainly influenced by the circadian rhythm
(process "C") and is more common during the second part of the night when core temperature is
reduced and HPA axis activity and cortisol release are greater (9 NREM sleep, which includes
light sleep (stage 1 and 2 sleep) and SWS, occurs when the cells in the preoptic and basal
forebrain regions are maximally stimulated ® As for REM sleep, this sleep stage is generated by
the activation of neurons located in the pons and midbrain region, which are located in the
brainstem ® . Additionally, the activation of these neurons decreases muscle tone activity within
the postural muscles of the body by simultaneously inhibiting the stimulation of motoneurons.
NREM sleep is characterized by a decrease in neocortical and brainstem neurons activation ®
which is more pronounced during SWS, and creates low frequency, high amplitude brain wave

a