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ABSTRACT

Background: Previous research on the impact of acute exercise on sleep patterns has
generated conflicting findings, and most of these studies have focused on individuals with a
lean body composition. Additionally, few studies have explored changes in appetite
following a single bout of exercise. Consequently, the specific influence of aerobic acute
exercise on sleep parameters in overweight or obese young adults remains uncertain.
Therefore, this study aimed to examine how a single session of acrobic exercise affects sleep

architecture in healthy young adults with overweight or obesity.

Methods: Eighteen participants (50% female; mean age 21 + 1 years) without self-reported
sleep disorders or chronic health conditions were enrolled in the study. The Balke-Ware
procedure (a treadmill-graded test) was utilized to determine peak oxygen consumption
(VOn2peax) at exhaustion. The intervention involved three conditions: no exercise, moderate
exercise, and intense exercise. Heart rates corresponding to 50% and 75% of VOapeak Were
used to establish exercise intensity for the moderate and intense conditions, respectively.
Polysomnography was employed to measure sleep parameters throughout the night
following each intervention. Additionally, participants completed appetite visual analogue

scales before each meal on the exercise day and the following day.

Results: Univariate analyses did not reveal significant associations between the independent
variables (condition, order, and sex) and sleep parameters. However, the intense exercise
condition, when normalized to the moderate condition, showed a positive correlation with
the number of arousals during the subsequent night. Multivariate analysis did not yield
significant effects. Furthermore, there was no overall impact of order (p=0.651), sex
(p=0.628), or appetite timing (p=0.400) on sleep characteristics, and individual sleep
variables did not influence the Hunger and Fullness scales. Nevertheless, the proportion of
stage N2 sleep had a positive association with the Quantity scale, while both the amount and
percentage of time spent in REM sleep had a negative association with the Quantity scale,

though these associations did not reach significance in multivariate analyses.

Conclusion: Acute aerobic exercise, whether intense or moderate, does not appear to have

a significant impact, either positive or negative, on sleep quality and quantity in young adults



with overweight or obesity. Subjective appetite may be related to REM and stage 2 sleep

independent of exercise.
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CHAPTER 1 INTRODUCTION




CHAPTER 1 INTRODUCTION
In the introduction section of this dissertation, I will first provide a brief overview of the

epidemiological aspects of overweight/obesity and sleep disorders, expanding on the
reciprocal relationship between sleep architecture and weight gain. Second, I will discuss
sleep in more detail, focussing on the role of key sleep parameters. Third, I will discuss the
bidirectional relationship between sleep and exercise, focusing on the effect of acute
exercise (a single bout) on key sleep parameters. Fourth, I will discuss the impact of
changes in sleep parameters on appetite, both objective and subjective, focusing on several
proposed theories through which sleep changes affect appetite. Finally, I will conclude the

Introduction section with a rationale for the current study and the study objectives.




CHAPTER 1 INTRODUCTION

1.1 BACKGROUND AND SCOPE

1.1.1 What is sleep and why we sleep?

The concept of sleep, as a multi-dimensional physiological process, lacks a single definition
that fully encapsulates its diverse aspects. However, a widely shared perspective among
researchers is that sleep constitutes a physiological state wherein individuals are
unresponsive to their environment and the brain undergoes a state of ‘rest’ (Krueger et al.,
1999; Hirshkowitz, 2004). According to Fordham’s definition, sleep is fundamentally a
physiological process in which the brain undergoes a state of rest (Hirshkowitz, 2004). From
a basic behavioural perspective, sleep can be described as a temporary condition where
individuals disengage from their surroundings and become unresponsive to external stimuli
(Carscadon & Dement, 2000). In the earlier stages of research, it was assumed that the brain
was deactivated during sleep (Hirshkowitz, 2004). However, we now know that the brain
maintains a certain level of activity throughout the night, and it is this activity that is used to

determine the different stages of sleep.

The answer to ‘why do we sleep?’ presents a more multifaceted response than the definition
itself. While it is evident that sleep is a universally important process among all mammals
and birds studied thus far, the true purpose of sleep remains one of the enigmas in modern
science (Hirshkowitz, 2004). Despite the extensive body of research dedicated to uncovering
the purpose of sleep, our knowledge regarding its origins and influences on various
physiological functions remains notably limited. Nonetheless, it is recognised that sleep
plays a major role in numerous important processes, such as cognitive function, hormone

regulation, metabolism, energy regulation, pain perception, and immunity (Mignot, 2008).

1.1.2 Sleep regulation

As with other important physiological processes, sleep is subject to regulation, with

numerous neuroanatomical and endocrinological contributing factors (Manzar et al., 2015).
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CHAPTER 1 INTRODUCTION
Under normal conditions, three mechanisms work together to maintain the delicate balance

between sleep and wakefulness. These mechanisms are 1) the autonomic nervous system
balance, 2) homeostatic sleep drive, and 3) circadian rhythms (Hirshkowitz, 2004). Together,
these processes exert a gentle control over sleep, complementing each other to enable the
initiation and maintenance of sleep. Dysregulation of any of these mechanisms often leads

to various sleep disorders, most predominantly, insomnia.

1. Autonomic nervous system balance

The autonomic nervous system consists of the sympathetic and parasympathetic nervous
systems that together regulate involuntary body functions, such as respiration, heart rate
(HR), and digestion. The parasympathetic nervous system is responsible for the ‘rest and
digest’ functions (Porges, 2007), while the sympathetic nervous system regulates the “fight
or flight” responses in response to stress (Boucsein, 1992). For sleep to occur, there needs
to be decreased sympathetic activation and increased parasympathetic activation
(Hirshkowitz, 2004). Since adult humans enter sleep through non-rapid eye movement
(NREM), which is characterised by parasympathetic activation, endogenic and exogenic
stimuli that increase sympathetic activation, such as anxiety and consumption of caffeinated
beverages, will cause sleep disturbances (Hirshkowitz, 2004). This link between the
autonomic nervous system and sleep is bidirectional and has implications for key processes,
including blood pressure (BP), core body temperature, and HR regulation (Tobaldini et al.,
2017). Specifically, under normal conditions, the parasympathetic system is activated
during sleep, resulting in reduced BP and HR. The core body temperature is also lowest
overnight and in the early hours of the morning. In contrast, when one struggles to sleep,
leading to increased stress, the HR and BP are increased; further contributing to more
struggles with falling asleep. Similarly, during a sudden arousal from sleep, the sympathetic
nervous system is quickly activated but is slowly dissipated; hence, resulting in tossing and
turning for a while before being calm enough to fall asleep again (Meerlo ef al., 2008). This
is evidenced by the fact that insomnia is one of the main symptoms of post-traumatic stress
disorder, anxiety, and depression (Pigeon et al., 2013). Insomnia is characterised by
difficulties in initiating and/or maintaining sleep (Sateia, 2014), due to heightened stress

and increased sympathetic nervous system activation (Grimaldi et al., 2021).




CHAPTER 1 INTRODUCTION

2. Homeostatic drive

In 1982, Borbely suggested a two-process model of sleep regulation that explains the 8-h
sleep pattern (Borbély, 1982). This model proposed that sleep is regulated by a sleep-
dependent process S (homeostatic drive) and a sleep-independent process C (circadian
rhythm). According to him, process S is influenced by the amount of time spent awake. It
decreases exponentially during sleep and increases while awake. In this context, homeostatic
build-up refers to the irresistible need for sleep that individuals typically experience the
longer they stay awake (Hirshkowitz, 2004). On the other hand, ‘process C’ is linked to the
body’s internal clock and influences the duration of sleep and the tendency to sleep (detailed
below). There are two proposed explanations for the homeostatic drive. The first explanation
stems from the observation that this irresistible urge for sleep corresponds with the
concentration of adenosine, which is released by glial cells to signal a low metabolic state
(Mignot, 2008). Adenosine accumulates in the brain throughout the day due to sustained
brain activity and diminishes during sleep (Saper et al., 2005). Studies have demonstrated
that adenosine exhibits a dose-dependent effect on sleep (Radulovacki et al., 1984), and its
concentration has been hypothesised to act as a switch, facilitating the transition from
wakefulness to slow-wave sleep (SWS) (Strecker et al., 2000). The second explanation
relates to the synaptic homeostasis hypothesis, which asserts that sleep is involved in
regulating synaptic weight in the brain (Tononi & Cirelli, 2003). According to this
hypothesis, wakefulness is linked to synaptic potentiation—the strengthening of neurone
connections in the cortex. Essentially, the longer a person is awake during the day, the more
synaptic potentiation occurs, leading to increased slow-wave activity and deep sleep (Tononi
& Cirelli, 2003). Slow-wave activity refers to the frequency pattern of brain waves observed
during slow-wave sleep (SWS). As the night progresses, slow-wave activity, considered a
sign of synaptic strength, diminishes. This reduction reflects the weakening of synaptic
connections. Subsequently, the cycle of synaptic potentiation restarts during wakefulness.
The dysregulation of the synaptic potentiation process has been associated with sleep-wake
instability, resulting in conditions such as narcolepsy or parasomnias like sleepwalking

(Mahowald & Schenck, 2005).

3. Circadian rhythms




CHAPTER 1 INTRODUCTION
In Borberly’s two-process model, the other component—sleep-independent process C—

involves the regulation of sleep through internal circadian oscillations, acting to
counterbalance the homeostatic drive (Borbély, 1982). Specifically, this mechanism
suggests that the body naturally experiences increased wakefulness at certain times during
the day, independent of the amount of sleep received. This sleep ‘internal clock’ is monitored
by the suprachiasmatic nucleus in the brain, also known as the circadian pacemaker
(Hirshkowitz, 2004). One of the early research studies assessing this phenomenon involved
participants placed in underground bunkers, isolated from the day-night cycle influences of
the external environment (Aschoff, 1965). In that study, it was observed that participants
maintained a 24-hour periodic control of several crucial physiological processes, including
core body temperature regulation, which is used as the main marker of circadian rhythmicity
(Hirshkowitz, 2004). The rhythmicity of core temperature is synchronised with the circadian
clock making fluctuations in core temperature a commonly used marker for sleep regulation
(Beersma & Gordijn, 2007). Approximately 2 hours before nocturnal sleep, the core body
temperature begins to gradually decrease, reaching its lowest point in the early hours of the
morning. Subsequently, it starts to rise again in preparation for the day (Harding et al., 2019).
This decline in core body temperature aligns with decreases in metabolic rate, allowing the
body to conserve energy during periods of rest. Generally, humans are most alert during
peak core body temperature and feel sleepier as the temperature drops (Aschoff, 1965).
Subsequently, sleepiness fades as the temperature begins to rise again, and the cycle

continues.

Disturbances in the internal clock caused by changes in the sleep-wake cycle as seen in shift
workers, such as healthcare workers, long-distance drivers, and mine workers, have severe
physiological consequences, including increased risk of obesity and cardiometabolic
disorders (Kawabe et al., 2014). This change in the sleep-wake cycle is typically
accompanied by the dysregulation of melatonin, a ‘sleep hormone’ produced in the pineal
gland that is entrained to the sleep-wake cycle and is used as a reliable marker of circadian
rhythm (Hardeland ef al., 2011). Normally, melatonin production and levels peak at night
and are lowest during the day since it is transiently suppressed by light (Razavi et al., 2019).
In shift workers, most studies have found lower levels of circulating melatonin and its
metabolites in the first-morning void of night-shift workers compared with day-shift workers

(Weit et al., 2020), both as a consequence of shifts in the sleep-wake cycle interfering with
6




CHAPTER 1 INTRODUCTION
the endogenous control in the melatonin production and the light exposure suppressing the

production of melatonin (Razavi et al., 2019). Melatonin production is one of many
physiological clocks entrained to the circadian rhythm, including, cortisol production,
metabolism regulation, cognitive function, and cardiovascular function. Most relevant to our
study, is the role of melatonin in metabolism regulation. Although this role is still unclear,
melatonin receptors have been found in animal and human pancreatic tissue studies,
suggesting a bidirectional relationship between melatonin and pancreas endocrine secretions
(Peschke et al., 2007). Findings from human tissue studies have also revealed a regulatory
role of melatonin on insulin secretion (Korkmaz et al., 2009), with both animal and human
studies reporting reduced melatonin at the beginning of type two diabetes (Tutuncu et al.,
2005; Peschke et al., 2006). Understandably, shifts in the circadian rhythm result in
increased risks of many disorders and conditions related to the affected physiological

Processces.

1.1.3 How is sleep measured?

Sleep can be assessed using subjective and objective measures, and although debate exists
around which of these methods should be used, both have been shown to be effective
depending on what is being assessed. Subjective sleep quality is said to be better associated
with restorative sleep (Akerstedt ef al., 1994), and a recent study showed that this effect is
independent of objective sleep measures (Kaplan et al., 2017). Restorative sleep
encompasses elements of sleep beyond just the duration, highlighting its importance
beyond the mere opportunity to sleep. Similarly, another study examining whether brain
wave patterns, assessed using an objective encephalogram (EEG), are linked to the degree
of underestimation of sleep time in individuals with subjective (perceived insomnia) and
objective insomnia vs. healthy individuals without sleep disorders (Krystal ef al., 2002).
That study reported no differences in most sleep parameters, with only a major difference
in the number of alpha waves in subjective insomniacs, indicative of more brain activity
during NREM (Krystal et al., 2002). This study highlights the importance of perceived

sleep quality and, hence, the importance of subjective sleep measures.
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1.1.3.1 Subjective sleep measures

Subjective measures of sleep offer numerous advantages, including cost-effectiveness, ease
of'use, and practicality (Ibafiez et al., 2018). They include sleep questionnaires and log-based
instruments such as sleep diaries. These tools are widely used and have been shown to be
relatively accurate measures of sleep quality (Ibafiez et al., 2018). A meta-analysis assessing
the reliability of sleep diaries in accurately assessing sleep quality reported high levels of
specificity and sensitivity (Ibanez et al., 2018). A sleep diary consists of a daily log that
captures both wake-time activities, such as consumption of caffeinated and alcoholic
beverages, nap times, and exercise duration, as well as sleep-related metrics, including
bedtime, number of awakenings, sleep latency (time taken to fall asleep), duration of sleep,
and wake-up time. The information collected is then used to estimate sleep quality using
basic calculations. On the other hand, sleep questionnaires are used to screen for a range of
sleep disorders. These include the Berlin questionnaire for obstructive sleep apnoea (OSA)
(Netzer et al., 1999), snore, tired, observed, pressure (STOP) Bang (BMI, age, neck
circumference, gender) questionnaire for OSA (Chung ef al., 2008), the insomnia severity
index (Morin et al., 2011), the Epworth sleepiness scale (ESS) for daytime sleepiness (Johns,
1992), and the Pittsburgh Sleep Quality Index (PSQI) for assessing sleep quality and
disturbances over a one-month period (Buysse ef al., 1989). These questionnaires have
undergone validation across diverse populations worldwide and are extensively used in
clinical settings (Ibafiez et al., 2018). Despite their usefulness, these subjective tools have an

inherent limitation—they are prone to recall bias (Krystal & Edinger, 2008).

1.1.3.2 Objective sleep measures

Objective sleep measures commonly involve two methods: actigraphy and
polysomnography (PSG). These methods generate quantifiable data that is not reliant on
self-reports. Actigraphy uses wrist accelerometers fitted with miniature sensors, which
convert physical motion into numerical representations (Sadeh et al., 1995). The raw data
and graphical presentations can then be viewed on a computer. Actigraphy serves as a
valuable tool for understanding sleep patterns owing to its non-invasive nature and the ease

of gathering data over extended periods. It provides data on total sleep time (TST), sleep
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CHAPTER 1 INTRODUCTION
onset latency (SOL), wake after sleep onset (WASO), and sleep efficiency (SE) (Van de

Water et al., 2011). Actigraphy is considered the most feasible method for conducting
community-based studies (Morgenthaler et al., 2007) because it enables remote use, thereby
capturing habitual sleep patterns. However, different accelerometers exhibit varying levels
of specificity, and studies have reported an overestimation of sleep, as actigraphy monitors
are unable to detect periods of ‘quiet wakefulness’ (Van de Water et al., 2011). Furthermore,
actigraphy has limited applications as it cannot distinguish between different sleep stages,

which is essential for understanding sleep architecture.

PSG is considered the ‘gold standard’ for assessing both the quality and quantity of sleep. It
entails overnight measurements of electrophysiological parameters, such as
electroencephalography (EEG) for brain activity, electro-oculography (EOG) for eye
movement, chin and leg electromyography (EMG) for muscle activity, electrocardiography
(ECG) for heart activity, pulse oximetry, body position changes, breathing efforts, and
airflow parameters (Iber ef al., 2007). Polysomnography can be costly, requires significant
labour and is typically employed mainly for diagnosing clinical sleep disorders in laboratory
settings (Manzar ef al., 2015), thus making it impractical for large cohorts. Nevertheless,
this method remains the standard for sleep evaluation mainly because it is the only one that

provides information on sleep staging.

1.1.4 Sleep architecture

Professor Hans Berger, widely regarded as the father of EEG, conducted the first sleep
recording in 1929, wherein he noted different wave types during wakefulness and sleep
(Berger, 1929a). Notably, he was the first to observe a decrease in alpha wave activity when
individuals close their eyes and begin to drift into sleep (Hirshkowitz, 2004). Building upon
Berger’s foundational work, Borbely expanded the two-process model in 1999 to include an
ultradian process (Borbély & Achermann, 1999). This process recurs within the sleep cycle,
marked by the transition between the two fundamental sleep stages, NREM and REM sleep.
NREM further divides into stages 1 (N1), 2 (N2), and 3 (N3), which is also known as SWS
or deep sleep (Aserinsky & Kleitman, 1953) based on the amplitude and frequency of brain
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waves. The sequence of sleep stages from N1 to N3 and REM sleep within the sleep cycle

is commonly referred to as sleep architecture (Voss, 2004).

It is well-established that during undisturbed, healthy sleep, each sleep cycle typically lasts
between 90 to 120 minutes before restarting and is repeated between 3 to 6 times per night
(Hirshkowitz, 2004). Around 50-60% of the time spent asleep consists of light sleep (stages
N1 and N2), with 15-20% allocated to N3. REM sleep comprises 20-25% of the sleep
period, while wakefulness constitutes only 5% or less of the total sleep duration (Carscadon
& Dement, 2000). However, sleep architecture is not strictly cyclical, nor do sleep stages
always follow one another sequentially (Voss, 2004). Evidence shows that different stages
may vary in proportion within each cycle. For instance, N3 tends to progressively shorten,
while the duration of REM sleep increases the longer one sleeps (Hirshkowitz, 2004). These
characteristics are individualistic and can be influenced by various factors, including age and
sex (Burman & Muzumdar, 2020). Research has shown that sleep quality declines with age,
while women rather than men tend to suffer more from sleep disturbances and insomnia
(Zhang & Wing, 2006). Moreover, the duration and proportion of each sleep stage are
crucial, as studies have demonstrated that different stages serve distinct roles in important
physiological functions (Manzar et al., 2015). Therefore, the loss of specific sleep stages can
also result in detrimental effects. This notion is supported by animal studies that showed that
it takes a rat 2—3 weeks to die from sleep deprivation and ~5 weeks to die from a lack of
REM sleep (Everson et al., 1989), despite this stage only accounting for 7-10% of the rats’
sleep cycle (Kushida ef al.,, 1989). Furthermore, in human studies, evidence exists
demonstrating the detrimental effects of the loss of various sleep stages on participants'
mood, performance, and behaviour (Brendel et al., 1990). Specifically, studies have shown
a link between reduced N3 sleep and alcohol and cocaine addiction (Irwin ef al., 2016), while
a loss of REM sleep has been found to result in increased sensitivity to pain the following
day (Roehrs et al., 2006). Additionally, several studies have also demonstrated an immediate
rebound in N3 and REM-deprived individuals, indicated by a compensatory increase in REM
sleep in subsequent sleep recovery (Brunner ef al., 1990). This highlights the importance of

understanding sleep architecture and the function of each sleep stage.
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1.1.5 Sleep stage classification and characteristics

Sleep stages are classified according to the American Academy of Sleep Medicine (AASM)

guidelines (Iber et al., 2007). Stage W (wake) typically marks the beginning of most sleep

recordings, wherein participants are not yet asleep but have their eyes closed. This stage is

characterised by a predominance of alpha waves (Berger, 19295).

The first stage, N1, is a transitional stage from wakefulness to sleep, typically comprising

4-7 Hz brain waves and accounts for 5% of the TST during normal sleep (Fig.1.1). Stage

N2, also known as light sleep, constitutes the most predominant stage (>50% of TST). It is

characterized by the presence of beta waves, as well as K complexes and spindles. (Fig. 1.2)
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Figure 1.1 Sleep montage depicting stage N1 using the 10-20 EEG placement system. N1 begins when alpha waves are

replaced by low-amplitude mixed-frequency activity, predominantly observed in the occipital channel. Electrode

placement was conducted as follows: F=frontal region, C=central region, O=occipital region, E=electro-oculogram

(eyes). Electrodes were placed on both the right and left sides, resulting in two channels for each region.
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Figure 1.2. Sleep montage depicting stage N2 using the 10-20 EEG placement system. N2 contains distinctive
features, notably the presence of K complexes (yellow bar) and spindles (red bar). Electrode placement was
conducted as follows: F=frontal region, C=central region, O=occipital region, E=electro-oculogram (eyes).

Electrodes were placed on both the right and left sides, resulting in two channels for each region.

Stage N3, also known as deep sleep or SWS, is characterised by slow-wave activity (0.5—2
Hz) measured from the electrodes placed in the frontal regions (Iber et al., 2007) (Fig. 1.3).
Finally, REM, as specified in the name, is mainly visible by its rapid eye movements. This

stage has sharp, sawtooth-like waves (2—6 Hz) with low amplitude (Fig. 1.4).
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Figure 1.3. Sleep montage depicting stage N3 using the 10-20 EEG placement system. N3 is mainly
characterised by high-amplitude, slow wave activity. Electrode placement was conducted as follows:
F=frontal region, C=central region, O=occipital region, E=electro-oculogram (eyes). Electrodes were

placed on both the right and left sides, resulting in two channels for each region.
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Figure 1.4. Sleep montage depicting REM using the 10-20 EEG placement system. REM has

low-amplitude high-frequency waves that resemble chainsaw teeth. It is typically accompanied

by distinct eye movements (E channel). Electrode placement was conducted as follows:

F=frontal region, C=central region, O=occipital region, E=electro-oculogram (eyes).

Electrodes were placed on both the right and left sides, resulting in two channels for each

region.

Defining what constitutes ‘normal’ sleep presents a challenge owing to the multitude of

factors influencing sleep, particularly the changes in sleep patterns associated with different

age groups (Hirshkowitz, 2004). Apart from variations in sleep quality, the characteristics

of sleep vary significantly from infancy through to adulthood. During the neonatal stage,

sleep spans approximately 16 to 18 hours per day, yet it is marked by fragmentation, with

the longest continuous episode lasting about 2.5 hours (Adair & Bauchner, 1993). Neonates

primarily enter sleep through REM rather than NREM, but this pattern shifts as they

transition to monophasic sleep (around 3 months) (Jenni, 2000). Significant alterations in

sleep patterns with age include reductions in SE and N3 along with increases in light sleep

(N2), WASO, and the frequency of arousals (Vitiello, 2006). Consequently, normal sleep

parameters are  reported  with

respect

to specific age

groups.

For healthy young adults, sleep stage distribution is as follows: N1 occupies 2—5%, N2

constitutes 45-55%, N3 represents 20%, and REM encompasses 20—-25% of total sleep time
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(Lavigne & Kryger, 2017), along with an SE >90% and WASO of ~15 minutes at the age of

20 (Ohayon et al., 2004). A hypnogram summarising the distribution of sleep among healthy
sleepers is presented below (Fig. 1.5).

Stage W

StageR W
Stage N1
Stage N2
T T T T T T T T T T

|

|

Stage N3

I |
1 2 3 4 5 6 7 8
Hours of Sleep

Figure 1.5 Hypnogram of normal sleep summarising all the sleep stages (W=wake, R=REM,
N1-3=stages 1-3). Stage W is the longest before sleep onset and may appear as interspersed
bouts of arousal throughout the night. REM onset occurs ~90 minutes after sleep onset. Green
circles show that the duration of REM increases as the night progresses. Stage N1 is typically
short in healthy young adults with healthy sleep. Stage N2 makes up the bulk of a normal sleep
night and gets longer as stage N3 decreases in length throughout the night. Stage N3 is the
longest due to the high homeostatic drive for sleep and diminishes as the night progresses. Red

circles show the decreasing length of stage N3 sleep as the night progresses. Available from:

https://www.researchgate.net/figure/Hypnogram-of-normal-sleep-indicating-sleep-stages fig8 265834978

1.2 SLEEP DEFICIENCY AND OBESITY EPIDEMIC

In recent decades, a global epidemic of insufficient sleep, defined as obtaining less than 6
hours of sleep per night, has become increasingly prevalent. It is estimated that around 30%
of young adults are currently grappling with inadequate sleep (Chennaoui et al., 2015). The
rise in people who are chronically sleep deprived may be attributed to modern lifestyle and
socio-cultural beliefs that regard sleep as ‘wasting time’ and synonymises it with laziness
(Chaput et al., 2016). Sleep insufficiency is most prevalent among children and adolescents,
with young adults closely following in experiencing inadequate sleep. Sleep disorders
impact ~10% of the global population (Partinen & Hublin, 2005). In South Africa (RSA), it

has been reported that 31% of women and 27% of men experience poor quality sleep
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(Stranges et al., 2012), and it is likely that this figure has increased since then. Insufficient

sleep has detrimental effects on health and has recently been recognised as one of the risk

factors for overweight and obesity (Spaeth et al., 2017; Broussard & Klein, 2022).

Many studies assessing the effect of sleep deficiency and overweight or obesity have been
conducted in Western populations (Fatima et al., 2016; Roche et al., 2021). Although SA is
still a developing country, the rate of obesity is comparable with that of developed countries.
In the last three decades, the rate of childhood and adolescent obesity has increased from
2.2% to 5.3% in male children and from 4.7% to 7.1% in female children (Pisa ef al., 2021).
The transition from childhood to young adulthood often does not lead to significant lifestyle
changes; thus, childhood obesity frequently leads to subsequent obesity in young adults
(Patton et al., 2011; Pisa et al., 2021). The latest reports show that about half of the adult
population in SA is overweight (23%) or obese (27%) (Boachie, 2022). Specifically, 68% of
all women and 31% of all men in SA are at least overweight (Statistics SA & SA DoH,
2016), and the number of obese individuals is projected to rise by 10% in 2030 (Global
Obesity Observatory, n.d.). These figures are corroborated by a secondary data analysis
study conducted using the SA Demographic & Health Survey (1998—2017) that examined
the prevalence of overweight and obesity among non-pregnant women of childbearing age
(15—45 years) in SA (Nglazi & Ataguba, 2022). That study revealed that 60% of women are
at least overweight. The simultaneous increase in both sleep deficiency and
overweight/obesity rates in SA is a matter of escalating concern, demanding immediate

intervention to address this trend.

1.3 RELATIONSHIP BETWEEN INSUFFICIENT/POOR-QUALITY SLEEP AND
OVERWEIGHT/OBESITY

The relationship between overweight/obesity and insufficient or poor-quality sleep is
bidirectional. Numerous studies have demonstrated a link between being overweight/obese
and insufficient and poor-quality sleep (Table 1). From the cited studies in Table 1 and a
meta-analysis, a higher BMI is associated with poor sleep quality and both short and long
sleep duration (Fatima et al., 2016). The phenomenon where both insufficient and excessive

sleep contribute to a heightened risk of weight gain follows a U-shaped model/curve. The
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U-shaped sleep theory was demonstrated in a longitudinal study conducted in a population

of healthy overweight and lean adults (N=276; 47% male), where the participants were
separated into three groups: those who slept for 5-6, 7-8, and 9—10 hours, respectively.
Participants self-reported their sleep duration using a questionnaire. The study showed that
participants who slept for 5—6 hours gained 1.98 kg more than the 7—8 hours group over six
years whilst those in the 9—-10 hours gained 1.58 kg more than the 7-8 hours group over 6
years (Chaput et al., 2008). The authors hypothesised that weight gain in the 9-10 hours
group was due to poor sleep quality. This is because prolonged sleep may serve as a
compensatory mechanism for poor sleep quality, suggesting that individuals who experience
inadequate restorative sleep may attempt to offset this by extending their time in bed (Chaput
et al.,2008). Another longitudinal study was conducted on a mixed population of overweight
and lean adults (N=1 107, 60% female, mean age at baseline 41.7 (18-81) years) who were
grouped according to their self-reported sleep duration: <5, 67, and >8 hours (Hairston et
al., 2010). Among those younger than 40 years, the study reported a 1.8 kg/m? and 0.4 kg/m?
higher BMI in the <5 and >8 hours sleep groups, respectively, when compared with the 67
hours sleep group over 5 years. No differences were noted among the groups in those older
than 40 years. These and other studies (Table 1) demonstrate the negative effects of both

insufficient sleep and poor-quality sleep on the body mass.
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Table 1.1 A sample of the most recent studies (last 10 years, 2014—2024) assessing the link between overweight/obesity and quantity/quality of sleep.

Proportion
Article type with BMI >25 Sleep measuring
Study (setting) Objective N (%omale) | kg/m? Age (years) tool Sleep-related outcomes
(Kristicevi¢ | Cross- To assess the associations 2100 (51.4) | 20.0% Young adults | PSQI short (<6 hours/day) and long (>10
et al., sectional between time spent in bed (n.r) hours/day) SLD was associated with
2018) (Croatia) (as a proxy of SLD and SQ "BMI
with ow/ob in young adults
Poor SQ in 44% ow/ob participants
(vs. 36% lean)
(Sun et al., | Cross- To examine the association 2962 (454) |32.3% 18—65 PSQI Poor SQ in 21.3%
2016) sectional between SQ and obesity (men 39.2%;
(China) status women 26.6%) Association between BMI and SQ
among men, independent of
age among men (OR=1.42, 95% CI
1.03-1.95)
(Rahe et Cross- To examine the association 753 19% 35-65 PSQI Poor SQ in 34.7% of ow/ob
al., 2015) sectional between SQ and different participants (n=163) with high body
measures of obesity in a fat mass (n=155)
(Germany)

population-based sample of
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Proportion
Article type with BMI >25 Sleep measuring
Study (setting) Objective N (%omale) | kg/m? Age (years) tool Sleep-related outcomes
adults
(Logue et Cross- To examine the relationship | 225 (26.2) 62% n.r PSQI, Berlin 78% reported poor SQ
al.,2014) sectional between three sleep Apneoa 59% had elevated Berlin apnoea-risk
characteristics duration, Questionnaire, scores
(USA) quality, or stability and Sleep Timing 12% reported restless legs symptoms
obesity Questionnaire 9% reported a prior diagnosis of
sleep apnoea
Ob associated with *SQ, "SLD and
*bedtime stability
U-shaped association between SLD
and obesity
(Hur et al., | Cross- To investigate whether diet 1165 (63.3) | 34% 19—64 PSQI Ob associated with "rate of
2021) sectional quality modifies the (men 43.6%; insufficient sleep and poor SQ in
(Korea) association between sleep women 17.5%) women, but not in men
status and obesity in Korean
adults. *SQ = "risk of obesity (women with
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Proportion
Article type with BMI >25 Sleep measuring
Study (setting) Objective N (%omale) | kg/m? Age (years) tool Sleep-related outcomes
SQ >5) vs. women with good SQ
(OR=2.198; 95% CI=1.027-4.704)
(Vézina-Im | Retrospective | To investigate the 9749 (0) 36.4% 18-44 Self -reported SLD associated with ow/ob in the
et al., analysis of relationship between sleep model with no covariates but not
2018) Cross- and ow/ob among Canadian significant in adjusted models
sectional data | women of childbearing age.
(Canada) SQ not linked to ow/ob in any of the
models
(Liet al., Cross- To explore the association 2 449 (0) 32.4% 18-49 PSQI "Risk of central ob (measured using
2021) sectional between SQ and central waist circumference) associated with
(China) obesity among Chinese *SQ, Tsleep disturbance score, and

reproductive-aged women
and identify the independent
contributions of
sociodemographic
characteristics, health-related

factors, and SQ to central

subjective *SQ

Independent contributions to central

ob SQ: 9.9%

Among complaints related to sleep
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Proportion
Article type with BMI >25 Sleep measuring
Study (setting) Objective N (Y%omale) | kg/m? Age (years) tool Sleep-related outcomes
obesity. disturbance, the inability to breathe
comfortably and having bad dreams
showed significant associations with
central ob
(Deacon- Retrospective | To determine whether the non- non-Indigenous: | non- Self-reported Short sleep (<7 hours) was reported by
Crouch et analysis of relationship between SLD Indigenous: 64.6% Indigenous: similar proportions in both groups, but
al., 2020) data and BMI observed in non- 5204 (48.1) | Indigenous: 49+16.2 long sleep (>9 hours) was reported by
(Australia) Indigenous adults holds for Indigenous: 73.8% Indigenous: proportionally more Indigenous than
Indigenous adults. 646 (41.8) 42+15.5 non-Indigenous individuals
Indigenous group: possible dose-
response relationship with Todds of
ow/ob among those with shorter SLD
non-Indigenous group: Todds of
ow/ob for those with *SLD
(Saetal, Survey To examine the relationship | 1578 23.4% 18-25 Self-reported Ow participants had Tadjusted OR of

21




CHAPTER 1 INTRODUCTION
Proportion
Article type with BMI >25 Sleep measuring
Study (setting) Objective N (Y%omale) | kg/m? Age (years) tool Sleep-related outcomes
2020) (USA and between SLD and SQ and (61.3%) short sleep than normal weight
Korea) obesity in a large and diverse participants and obese participants
binational sample of college had TAORs of both short and long
students. sleep (>9 hours/night)
Among men, being black, ow, and
obese were associated with short
sleep, whereas only obesity was
related to short sleep among women
(Madrid- Case-control | To confirm the association 2150 68.3% 43-71 PSQI BMlI-sleep: Inverse relationship in the
Valero et (Spain) between sleep quality and (45.3%) global sample ($=0.056, p=0.032)
al.,2017) BMLI, independent of

possible genetic
confounding, and to provide
indirect inferences about the
directionality of this

association.

for BMI:
Association between BMI and SQ

Discordant twin pairs

effect size and significance similar

across all levels of case-control
analysis
Discordant twin pairs for SQ:
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Proportion
Article type with BMI >25 Sleep measuring
Study (setting) Objective N (Y%omale) | kg/m? Age (years) tool Sleep-related outcomes
Association between BMI and SQ
appeared weaker and lost significance
Directionality of relationship: SQ
strongly affecting BMI, while the
opposite directionality was less robust
and consistent in non-clinical samples
(Hawkins Cross- To examine cross-sectional 1016 (22%) | n.r median 52 Validated "Regularity of sleep, better sleep
et al., sectional and | and longitudinal associations (IQR=37-65) | questionnaires quality, and *SOL were associated
2023) longitudinal | of individual sleep domains with *odds of ow/ob
and multidimensional sleep
health with current ow/ob Associations with weight change:
and S-year weight change in Examined  using multinomial
adults. regression over a median of 1.66
years. Sleep, individual or
multidimensional sleep health, was
not associated with weight change.
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Proportion
Article type with BMI >25 Sleep measuring
Study (setting) Objective N (%omale) | kg/m? Age (years) tool Sleep-related outcomes
(Kahlhofer | Cross- To investigate the 132 (47.7) 23% 23.3+3.7 Actiwatch SE: ' in women (87.0%) than men

etal.,

2016)

sectional

relationship between sleep
quality, measured by sleep
efficiency using Actiwatch
2, and obesity in healthy
students, while analysing
potential determinants such
as physical activity, dietary
habits, and autonomic

function.

(84.9%) and higher on free days

compared with work-days in women

*SE associated with Tfat mass,
particularly on work days in women

and free days in men

Cl=confidence interval; n.r = not reported; OR=o0dds ratio; ow/ob=overweight/obese; PSQI=Pittsburgh Sleep Quality Index; SD=standard deviation; SE=sleep efficiency;

SOL=sleep onset latency; SLD=sleep duration; SQ=sleep quality.
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Regarding the other aspect of this bidirectional relationship between sleep deficiency and
obesity, a multitude of studies and several meta-analyses have consistently associated
obesity with sleep deficiency and poor-quality sleep (Cappuccio et al., 2008; Ruiter et al.,
2011; Sperry et al., 2015; Zhou et al., 2019; Miller et al., 2021). The association between
obesity and poor sleep quality and quantity is evidenced by its involvement in OSA (Bocicor
et al., 2016). The obstruction of breathing in OSA is caused by the narrowing of the upper
muscles, which, in obese individuals, is caused by the accumulation of fatty tissues (Jehan
et al., 2017). Approximately 50% of obese individuals have OSA, with overweight men
being twice as likely to have OSA than their lean counterparts (Rodrigues et al., 2021). One
study found that among anatomical traits that contribute to variations in the prevalence and
severity of OSA, such as obesity, fat distribution, and craniofacial structure, obesity appears
to play the most significant role (Hnin et al., 2018). This further supports the causal link
between OSA and obesity. In contrast, other pathways that explain the relationship between
obesity and sleep—particularly regarding the modulation of appetite—do not involve OSA.

These aspects will be further explored in the next section.

1.4 SLEEP DEFICIENCY AND APPETITE REGULATION

Sleep deficiency and poor-quality sleep can influence behaviours that contribute to a positive
energy balance, thereby promoting weight gain and consequently, overweight and obesity.
These factors include increased wakefulness, resulting in more frequent meals throughout
the day; psychological distress from struggling to sleep, leading to next-day fatigue from
sleep deprivation; as well as subsequent compensatory eating, reduced control over food
intake, heightened sensitivity to food rewards, and decreased spontaneous physical activity
due to fatigue (Chaput et al., 2010). These factors promote a positive energy balance by
increasing energy intake, reducing energy expenditure, or both, ultimately resulting in
weight gain. Since energy expenditure is influenced by circadian rhythms, shifts or
disruptions—such as those caused by sleep loss—also impact the factors that regulate
appetite. Below, I will discuss each of these factors in more detail: increased caloric intake,
dysregulation of appetite hormones, metabolic changes, alterations in hedonic processes, and

decreased physical activity.
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1. Increased caloric intake
Typically, wakefulness promotes a state of physiological energy expenditure, as the body is
usually in an energy-utilising mode. This notion is supported by studies reporting a 5-7%
rise in energy expenditure during sleep restriction (wake) (Jung et al., 2011; Markwald et
al., 2013). In particular, Jung’s study examined the effects of sleep stage on energy
expenditure during baseline and recovery sleep, involving seven healthy participants (five
men and two women) with a mean age of 22.4 + 4.8 years and a BMI of 22.9 + 2.4 kg/m?.
Participants maintained an 8-hour sleep schedule for one week prior to the study, and the
findings revealed that energy expenditure was significantly higher during wakefulness
compared with sleep, particularly after meals. Specifically, 24-hour energy expenditure was
~7% increase during sleep deprivation compared with baseline. Recovery days showed a
24-hour energy expenditure that was ~5% lower than baseline days. On the other hand,
Markwald and colleagues investigated the effects of repeated nights of insufficient sleep (5
hours) compared to normal sleep (9 hours) on energy expenditure and balance, simulating a
typical workweek. Their study, which included 16 adults, demonstrated a 5% rise in energy
expenditure during sleep restriction (Markwald et al., 2013). This aligns with the fact that

extended wakefulness requires more energy.

Further, more time awake increases eating opportunity, particularly when individuals are not
necessarily engaging in energy-demanding tasks. A meta-analysis that included 17 studies
(N=496 people, n=222 male (30 unreported); aged 1850 years) assessing insufficient sleep
(<6 hours) in adults with overweight and obesity found an increase in energy intake of 358
kcal per day and no change in energy expenditure compared with the control condition,
which resulted in a positive energy balance (Al Khatib et al., 2017). The important factor for
this pathophysiology is the mismatch between increased intake and relatively unchanged
energy output. Even though the body is awake longer, the energy consumed is
disproportionate to what is actually required, leading to a sustained caloric surplus. This
surplus is particularly problematic when combined with poor food choices, common during
periods of fatigue, resulting in an overall positive energy balance that fosters fat storage and

weight gain over time.
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2. Hormonal imbalances

A loss of sleep not only drives increased caloric intake through an extended eating
opportunity, but it also causes circadian dysynchrocity of appetite hormones, such as ghrelin
(hunger hormone), leptin (satiety hormone), and peptide-YY (PYY; food intake inhibition)
(Chaput et al., 2023). These hormones exhibit rhythmicity and have been previously shown
to fluctuate differently during the various stages of sleep (Scheer et al., 2009). A study
conducted on 12 healthy young men (22-24 years; BMI, 23.6 + 2.0 kg/m?) reported an
increase in ghrelin, a decrease in leptin, and increased self-reported hunger following two
nights of 4-hour sleep restrictions (Spiegel et al., 2004). Another study has shown that
ghrelin promotes SWS and tends to increase before habitual mealtimes as well as during
stage N1 sleep, whereas it is reduced during sleep restriction conditions (Dzaja et al., 2004).
Similarly, prolonged insufficient sleep has been reported to decrease fasting blood leptin,
resulting in increased hunger (Pan & Kastin, 2014). Although only a handful of studies have
assessed the effect of sleep restriction on PYY (Magee et al., 2009; Chaput et al., 2023), the

consensus is that it is also decreased with sleep loss.

A study that included 10 healthy young men (18—23 years) who underwent two consecutive
5-hour sleep restriction nights compared with a 9-hour sleep night had a 13% decrease in
PYY levels (Magee et al., 2009). This decline can be attributed to interlinked physiological
mechanisms: hormonal imbalance, as sleep deprivation disrupts the balance between
appetite-regulating hormones like PYY and ghrelin; altered metabolism, which affects how
the body processes energy; and disruption of circadian rhythms, which regulate hormonal
cycles related to appetite and digestion. The reduction in PYY levels suggests an increase in
appetite, as lower PY'Y is associated with decreased satiety, potentially leading to overeating

and weight gain if such sleep patterns persist over time.

Dysregulation occurs when individuals consume food during periods when the body’s
internal clock indicates it should be sleeping. During these times, the production of hormones
responsible for digestion and metabolism, such as insulin and glucagon, is typically lower.
This hormonal decrease can impede the body’s ability to process and use nutrients
effectively. Consequently, when food is consumed during these periods, the body may
struggle to properly digest and store energy, leading to an increased likelihood of fat storage

rather than effective energy usage (Morselli et al., 2010). As a result, the calories consumed
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during these misaligned eating times are more likely to be stored as fat rather than being

burned for energy. A systematic review examining circadian misalignment in adults found
that appetite-regulating hormones, including ghrelin (which stimulates hunger), leptin
(which signals satiety), and PY'Y (which inhibits food intake), undergo significant alterations
during periods of sleep deprivation (Chaput et al., 2023). These hormonal disruptions can
lead to increased hunger and cravings for high-calorie foods, particularly during the late-

night hours when the body is typically primed for rest rather than active digestion.

Moreover, the effects of sleep loss extend beyond appetite regulation; research has shown
that insufficient sleep is linked to decreased insulin sensitivity (Morselli et al., 2010). Insulin
plays a crucial role in glucose metabolism and fat storage, and lower sensitivity means that
the body is less effective at using glucose for energy. Consequently, this combination of
hormonal dysregulation and impaired insulin response not only encourages overeating but
also promotes fat accumulation, ultimately resulting in weight gain over time. This
phenomenon highlights the importance of aligning eating patterns with the body’s natural

circadian rhythms to support better metabolic health and weight management.

3. Metabolic changes
Metabolism and appetite hormones follow a natural rhythmicity as part of the circadian
system. In the evening, glucose metabolism tends to decrease due to lowered insulin
sensitivity, coupled with a diminished insulin secretory response to plasma glucose
concentration (Knutson & Van Cauter, 2008). Lowered insulin sensitivity refers to the
body’s cells becoming less responsive to insulin, the hormone crucial for facilitating glucose
uptake. This change results in higher blood glucose levels, as glucose is less effectively
absorbed by the cells. Additionally, the pancreas exhibits a reduced insulin secretory
response to rising plasma glucose concentrations, meaning it releases less insulin when
glucose levels increase after meals, further contributing to elevated glucose in the
bloodstream. This phenomenon is observed during NREM, particularly SWS, which is
associated with significant physiological changes, such as a reduction in HR, BP, and
sympathetic nervous system activity (Van Cauter et al., 2008). The reduction in HR and BP
during SWS reflects a state of relaxation and decreased energy expenditure, while the
decreased sympathetic nervous system activity promotes restorative processes in the body.

Overall, these findings suggest that the body’s ability to manage glucose effectively is
28




CHAPTER 1 INTRODUCTION
compromised in the evening, especially during deep sleep, which may increase the risk of

metabolic conditions like insulin resistance and type 2 diabetes if these patterns persist (Van
Cauter et al., 2008). SWS is also associated with the release of the growth hormone (GH)
and cortisol, which are involved in glucose metabolism. Conversely, REM sleep is linked to
moderate levels of brain glucose metabolism, which are higher than those during NREM
sleep but lower than wakefulness (Scheen ef al., 1996). The regulatory impact of sleep on
glucose metabolism persists even when sleep takes place during the daytime (Van Cauter et
al., 1991). Sleep curtailment negatively affects the natural rhythmicity of both metabolic and
appetite hormones. Numerous studies have demonstrated a causal relationship between sleep
deprivation and impaired insulin sensitivity and glucose metabolism (Azharuddin et al.,
2020). This association can contribute to the development of conditions like metabolic
syndrome and type 2 diabetes, which in turn exacerbate obesity not only through the actual
gain in body mass but also to the broader implications, such as increased fat accumulation,
changes in metabolism, and heightened risk of related health conditions (Azharuddin et al.,
2020). A recent meta-analysis including 17 studies (N=737 002 adults) reported a higher risk
of type 2 diabetes among short sleepers (<6 hours; risk ratio (RR) 1.22, 95% CI: 1.15-
1.29, P <0.001) and long sleepers (>9 h) (RR =1.26, 95% CI: 1.15-1.39, P <0.001) (Lu et
al., 2021). This study illustrates the U-shape effect of sleep on obesity and associated
metabolic disorders, perhaps also suggesting an independent relationship between too little
and too much sleep with the risk of diabetes. To summarise the discussed mechanisms,
disruptions in sleep patterns lead to hormonal dysregulation that negatively impacts insulin
sensitivity and glucose metabolism, ultimately fostering an environment conducive to
overeating and fat accumulation. The relationship between insufficient sleep and the
increased risk of metabolic conditions, such as metabolic syndrome and type 2 diabetes,
emphasises the importance of prioritising healthy sleep habits. As modern lifestyles often
contribute to sleep deprivation, understanding these mechanisms can inform strategies for
promoting better sleep and mitigating obesity and its associated health risks. Overall, the
interplay between sleep, metabolic processes, and appetite regulation highlights the

necessity of a holistic approach to weight management and chronic disease prevention.

4. Increased hedonic drive
A lack of adequate sleep or disruptions in sleep patterns can also contribute to the

dysregulation of homeostatic control of energy intake also results in an increased hedonic
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drive for food intake. This is evident in shift workers who have irregular or disturbed

circadian rhythms, as reported by a study that assessed the relationship between sleep and
hedonic control of appetite in shift workers (Vidafar et al., 2020). The study included 63
shift workers (59% female; mean age = 36.7 years) who completed the PSQI and Sleep
Hygiene Index (sleep assessment), along with the Food Craving Inventory and Power of
Food Scale (hedonic appetite control). In the study, 71% of participants reported weight
changes, with 84% experiencing weight gain, while poor sleep quality was associated with
increased food cravings and a stronger drive to consume palatable foods (Vidafar et al.,
2020). The hedonic drive encompasses cravings and the rewarding aspects of food
consumption, regulated by brain centres similar to those involved in drug and other addictive
behaviours (Espel-Huynh et al., 2018). In individuals with insufficient sleep, studies have
reported changes in energy intake even without changes in appetite hormones (reduced
ghrelin, increased leptin and increased PYY) (Chaput, 2014). Further, in functional magnetic
resonance imaging (fMRI) studies where participants underwent sleep restriction and
subsequently controlled vs. ad libitum food intake, parts of the brain associated with
increased food consumption and the hedonic (reward/pleasure) system were activated in both
groups (Benedict et al., 2012; St-Onge, 2013). Moreover, those studies showed that sleep
loss not only affects the amount of food consumed but the types of food consumed as well.
A crossover study where participants who typically slept 7-8 hours, slept for 4 hours and
were shown food pictures while undergoing an fMRI showed an increased desire for energy-
dense, high-calorie foods (Greer et al., 2013). Energy-dense foods are thought to be a
compensatory mechanism for the lack of restorative sleep, in order to make up for a lack of
energy (Chaput, 2014). This was corroborated by a study involving 27 983 women between
the ages of 35 and 74 years who self-reported their food and sleep habits using questionnaires
(Kim ef al., 2011). That study found a similar pattern among short (<6 hours) and long
sleepers (>10 hours) regarding preferences for ‘unhealthy’ snacks over meals and intakes of
fat and sweets for energy. These studies all show the role of sleep deficiency in increased
hedonic eating, sometimes despite normal homeostatic control, contributing to weight gain.
The increased hedonic drive for food intake linked to insufficient sleep illustrates a profound
shift in how individuals respond to food stimuli. This drive is not merely about hunger; it
reflects a complex interplay of neurobiological mechanisms that activate the brain's reward
centres, making food more appealing and desirable, especially energy-dense options. The

findings from various studies, including functional MRI scans, indicate that sleep
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deprivation heightens cravings for high-calorie foods, suggesting that the brain compensates

for the lack of restorative sleep by seeking out energy-rich foods to fulfil an increased energy
demand. Furthermore, the preference for unhealthy snacks over nutritious meals among
individuals experiencing poor sleep underscores a potential behavioural pattern that
exacerbates weight gain and obesity. Collectively, these insights highlight the necessity of
addressing sleep quality as a crucial factor in dietary choices and obesity prevention,
suggesting that improving sleep may not only enhance overall health but also mitigate the
risks associated with hedonic eating behaviours. Understanding this relationship could lead

to more effective strategies for managing weight and promoting healthier eating habits.

5. Reduced physical activity
Fatigue, stemming from sleep deficiency or poor-quality sleep, often leads to decreased
spontaneous physical activity and motivation to exercise (Chaput, 2014). Individuals
experiencing tiredness the following day typically exhibit a reluctance to engage in physical
activity, displaying more sedentary behaviour (Chaput, 2014). Sleep deficiency and
decreased physical activity may contribute to the risk of obesity. A cross-sectional study
involving 15 healthy, lean men (aged 2040 years; BMI 22.9 + 0.3) found that sleep
restriction (from two nights of shortened sleep) led to a measurable decrease in daytime
physical activity among participants using accelerometry (Schmid et al., 2009). Specifically,
physical activity levels dropped after just one night of limited sleep, significantly reducing
the time spent on higher-intensity activities. This shift in activity patterns could influence
energy balance by reducing the calories burned through movement, potentially leading to
weight gain if sustained over time. Early research on obesity adopted a simplistic model,
attributing weight gain to the combination of consuming energy-dense foods and lack of
physical exercise. However, more recent studies have embraced a more comprehensive
approach, acknowledging additional factors beyond diet and activity levels. For instance, a
study by Chaput et al., 2010 revealed that a combination of shorter sleep duration and food
disinhibition pose greater risks for obesity than traditional factors like high intake of fatty
foods and lack of exercise (Chaput et al., 2010). Therefore, alongside the well-known
benefits of physical activity and diet in preventing weight gain, ensuring adequate sleep
duration and quality is also crucial for effective body weight management. Conversely,
excessive sleep duration or long sleep has also been implicated in weight management

issues. Potential explanations for the association between long sleep duration and weight
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gain include reduced energy expenditure and lower physical activity due to fewer waking

hours available for active behaviours (Chaput et al., 2008) and the theory positing that
obesity changes the concentration of pro-inflammatory cytokines, thus impacting sleep
patterns and potentially promoting longer sleep duration (Santos et al., 2007). These findings
collectively emphasise that both insufficient and excessive sleep can have significant
implications for weight management, highlighting the need for a balanced approach to sleep

hygiene as part of a holistic strategy for maintaining a healthy body weight.

1.5 SLEEP STAGES AND APPETITE REGULATION

The effect of sleep quality and quantity on weight gain is not limited to the amount of sleep
but extends to sleep characteristics and architecture, as measured using PSG. The sleep cycle
is broadly divided into non-rapid eye movement (NREM) sleep and rapid eye movement
(REM) sleep. Sleep restriction or fragmentation (poor quality sleep) is associated with a
decrease in SWS and/or REM sleep duration, which has significant implications for resting
metabolic rate and weight gain (Schubert ef al., 2013). A study by Shechter et al., 2012
found that in a sample of lean and overweight adults (n=27, 52% male), a five-day long, 4-
hour sleep restriction (with both reduced REM sleep and SWS duration) resulted in increased
hunger (ad libitum buffet), increased appetite for sweet and salty foods (measured using a

Likert scale), and higher carbohydrate consumption (Shechter et al., 2012a).

Associations have been found between sleep architecture and food choices or cravings. In a
study conducted on healthy lean and overweight adults without sleep disorders (n=50, 58%
male), increased body fat was associated with longer sleep onset latency, and a decrease in
sleep duration and SWS (Spaeth et al., 2017). Lower SWS was reportedly followed by
increased food cravings and consumption of high carbohydrate foods in subsequent days, as
measured by ad libitum buftet, and more REM sleep was associated with lower carbohydrate
and higher protein consumption (Spaeth et al., 2017). Furthermore, there is evidence from
the literature that people who are chronically sleep deprived (<6 hours of sleep) tend to
consume more energy-dense foods than people with recommended sleeping hours for their

age group as measured by self-administered questionnaires (Chaput, 2014).
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1.5.1 The relationship between sleep and exercise

Indeed, many studies have been conducted in healthy lean individuals to determine the
effects of both acute (single bout) and chronic (>3 sessions/week; longer than 4 weeks)
exercise on sleep architecture (Table 1.2 and 1.3). Inconsistent findings have been reported
by studies due to differences in study designs, i.e., exercise type (aerobic or anaerobic),
length, intensity, and timing. A meta-analysis that included 32 articles (n=20 acute exercise
and n=12 chronic exercise) assessing the effects of acute and chronic exercise on sleep
architecture reported increases in total sleep time, REM sleep (anaerobic exercise) and SWS,
with decreases in REM sleep (aerobic exercise) for both acute and chronic exercise
intervention (Kubitz ef al., 1996). Another meta-analysis that included 38 studies on the
effects of acute exercise on sleep reported that 83% of those studies showed a decrease in
REM sleep and 56% reported an increase in SWS (Youngstedt ef al., 1997). The duration
of the exercise was the most important factor as studies in which acute exercise lasted for
more than two hours reported the greatest reduction in REM sleep among participants
(Youngstedt et al., 1997). The reduction in REM sleep after an acute exercise is thought to

be due to the length, intensity and timing of the exercise.
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Table 1.2 Characteristics of recent (last 10 years) studies assessing the relationship between exercise and sleep.
Age (years), mean | Age (years),
Reference Country | Study design N (%male) (SD) range BMI VOzpeak (baseline)
(Breneman et | USA RCT 51 (0) 64.5+3.7 60-75 254+34 nr
al., 2019)
(Papadakis er | USA Randomized 30 (100) 315 21.1-29.9 25.8+£2.7 49.1 +£8.5
al.,2021) crossover
experimental
design
(Mochon- Spain Cross-sectional 74 (48.3) 53.7+£5.1 40-65 25-35 n.r
Benguigui et
al.,2021)
(Vlahoyiannis | Cyprus Randomised cross- | 10 (100) 239+33 20-30 245+3.1 455+7.2
etal.,2021) over
(Saidi et al., | France Randomised 16 (50) 223+14 21-25 20.8+1.4 nr
2020a) Cross-over
(Seol et al., | Japan Cross-sectional 70 (30) 70.7£4.4 64-85 23.0£3.1 n.r
2020)
(Sullivan USA RCT 59 (28) 49.4+8.4 n.r n.r n.r
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Age (years), mean | Age (years),
Reference Country | Study design N (%male) (SD) range BMI VOzpeak (baseline)
Bisson et al.,
2019)
(Tseng et al., | Spain RCT 40 (17.5) 61.7+7.0 n.r 24+ 2 n.r
2020)

BMI=body mass index; N=total number; n.r=not reported; RCT=randomised clinical trial; SD=standard deviation; VOypcax=maximum oxygen consucmption.

Table 1.3 Outcomes of recent studies (last 10 years, 2014-2024) assessing the relationship between exercise and sleep.

Exercise
intervention
Sleep health | duration Exercise Sleep measure
Reference Objective Health PA status (baseline) (days/weeks) | intervention tool Sleep-related outcome(s)
(Breneman et | To investigate the n.r Inactive n.r Chronic (16 | Walking on the | Actigraphy Earlier sleep times on
al., 2019) acute effect of weeks) treadmill (3x Daily sleep logs | evenings following a bout

exercise on sleep
outcomes among
healthy older
women by
comparing days
with structured
exercise vs. days
without structured
exercise during 4

per week for 16
weeks)

lower-dose
group: 8
kcal/kg (35—-40)

higher-dose
group: 14

of structured exercise
compared to evenings
without structured exercise.

No other sleep parameters
differed between exercise
and non-exercise days.
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Exercise
intervention
Sleep health | duration Exercise Sleep measure
Reference Objective Health PA status (baseline) (days/weeks) | intervention tool Sleep-related outcome(s)
months of exercise kcal/kg (5560
training. min)
(Papadakis et To investigate the good non-athlete good (<5 Acute (2 3 min running sleep diary no change SE, TIB, SLD
al.,2021) impact of acute active PSQI) consecutive intervals at 90%
partial sleep nights) breaks VOapeax
deprivation on 2-min intervals
autonomic cardiac until a total of
regulation before 500 kcals was
and after an acute expanded
bout of HIIE and of
the length of time jogging/walking
for the autonomic at 40% of VO,
system to return to reserve
resting levels.
(Mochon- To investigate the good Inactive good—poor n.r nr Accelerometry | "VOomax="TST and "SE
Benguigui et association of (PSQI>5 in PSQI
al., 2021) objectively 40.3%) Overall PA levels were
measured negatively associated with
seder.ltarlnes.s,' global PSQI score
physical activity
levels, and physical .
fitness with sleep PA,VOomayx, and mu.scu-lar
quantity and quality strength = better subyj ective
in sedentary sleep quantity and quality
middle-aged
adults.
(Vlahoyiannis | To investigate the good non-athlete good Acute Stationary cycle | Accelerometry | "TST after SIT compared
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Exercise
intervention
Sleep health | duration Exercise Sleep measure
Reference Objective Health PA status (baseline) (days/weeks) | intervention tool Sleep-related outcome(s)
etal.,2021) effect of various Active (assessed by ergometer with CON and MICT
cycling intensities a doctor) evening
on sleep-related 1. MICT 45 *SE in SIT compared with
parameters in min at 70% CON
healthy young Wmax)
adults with .
intermediate 2 HIIT 10 x 1 WASO after SIT
chronobiological min at 90% compared with CON
phenotype. Wmax),
No differences were found
for bedtime among trials
3. SIT 6 %20
t 140% . .
i;;;naax ° Wake time was earlier in
the MICT trial compared
with CON
4. CON (no
exercise)
(Saidi et al., To study the acute | good Active, good (PSQIL: | Acute (3 Outdoor run at | Accelerometry | Evening exercise did not
2020a) effects in healthy (IPAQ-SF) 4.50+£2.00; | separate 60% HRmax disrupt sleep
adults of evening ESS: 837+ | days) Control session
cexercise t}mlng on 2.06) "SQ compared with control
their quality of E6:30=1h condition when exercise
sleep and dietary intermediate exercise session was performed 4 hours
intake over the chronotype at 6:30 pm (4 h before habitual bedtime

following 12 hours.

before bedtime)
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Exercise
intervention
Sleep health | duration Exercise Sleep measure
Reference Objective Health PA status (baseline) (days/weeks) | intervention tool Sleep-related outcome(s)
E8:30=1h
exercise session
at8:30 pm (2 h
before)
(Seol et al., To investigate the good Inactive n.r N/A N/A Actigraphy Replacing 30 min of
2020) influence of sedentary activity per day
replacing sedentary PSQI (sleep with an equal period of
time with time quality) light-intensity PA TSQ
engaged in one of parameters
two levels of
physical activity on "Sedentariness = *SE,
sleep quality using Tawakenings, "WASO,
an isotemporal
substitution model. )
No change in SQ when
light-intensity activity was
replaced with vigorous-
intensity activity
(Sullivan To investigate good Active/inactive | Poor (5.4 Chronic Walking Self-reported Daily active minutes TSQ
Bisson et al., whether low-impact 3.3) (4 weeks) intervention but not SLD
2019) daily physical
activity, such as Women who took more
walking, can affect steps and were more active
sleep in healthy reported better SQ
adults.
(Tseng et al., To investigate the moderate inactive Poor (PSQI) | Chronic (12 | Control (no Actigraphy Exercise group "SQ (global

38




CHAPTER 1 INTRODUCTION

Exercise
intervention
Sleep health | duration Exercise Sleep measure
Reference Objective Health PA status (baseline) (days/weeks) | intervention tool Sleep-related outcome(s)
2020) effect of a 12-week weeks) exercise) score and all subscales of
exercise training on PSQI PSQI) compared with the

SQ and heart rate controls
variability in
middle-aged apd aerobic exercise
older adults w1th training and 10
poor sleep quality. minutes of
stretching class,
3 times a week
for 12 weeks

40 minutes of
supervised

ESS=Epworth sleepiness scale; HIIE=high intensity interval exercise; HIIT=high intensity interval training; HRmax=maximum heart rate; IPAQ-SF=international physical activity
questionnaire-short form; MICT= moderate-intensity continuous training; N/A= not applicable; PA=physical activity; PSQI=Pittsburgh Sleep Quality Index; SE=sleep efficiency;

SIT= sprint interval training; SLD=sleep duration; SQ=sleep quality; TIB=time in bed; Wmax=maximum work rate;
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Consistent with the previous meta-analyses, a more recent meta-analysis that included 66
articles (n=41 acute exercise studies) also reported an increase in total sleep time, SWS and
adecrease in REM sleep following an exercise intervention (Kredlow et al., 2015). Although
the effects of acute exercise on sleep architecture have been explored by many studies, a
majority of those studies were conducted on lean participants. An acute exercise study
conducted on obese female adolescents (n=16, mean age=13 + 1 year) who were asked to
exercise on a cycle ergometer at 70% VOamax (intense exercise) for 40 min, reported an
increase in sleep duration, quality and a significant decrease in high energy food
consumption (Saidi et al., 2020b). Sleep was measured using a physical activity device,
hence specific effects on sleep architecture were not reported. Furthermore, studies
conducted on acute exercise and appetite in overweight and obese adults do not specifically

focus on the concurrent effects on sleep architecture.

Exercise and food choices

According to the literature, moderate (50-65% VOomax) and intense (70-85% VO2max)
exercise play a significant role in appetite and subsequent food consumption. Studies on
exercise and appetite regulation have consistently shown that acute exercise is associated
with lower concentrations of appetite hormone, ghrelin, thus reducing feelings of hunger. A
meta-analysis that included studies that were conducted on participants with overweight and
obesity reported lower levels of ghrelin after exercise, with a larger effect observed in those
with higher BMIs (Douglas ef al., 2016). The transient reduction in perceived hunger after
exercise is called ‘exercise-induced anorexia’ (Blundell et al., 2003). In a study that
compared the effects of moderate to vigorous intensity acute exercise on energy intake and
appetite regulation in lean vs. overweight and obese participants (n=47, 53% male), a 60-
minute aerobic treadmill exercise at 60% VOzpeak did suppress appetite and energy intake as
measured using a visual analogue scale, however, there were no differences between the lean
and overweight groups in energy intake and appetite regulation before and after the exercise

(Douglas et al., 2017).

Some studies have made use of food choice or preference questionnaires as a replacement

for ad libitum food consumption in food appetite and food choice studies. A recent study in
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lean, young and healthy adults (n=41, 56% female, mean age= 22 + 2.6 years) assessing the

effects of a single bout of a 45-min aerobic exercise (60% VOa2max) on food choices, showed
an increased desire for larger amounts of hypothetical food (e.g., varying number of pizza
slices) vs. no exercise, using the Leeds Food Preference Questionnaire (Koehler et al., 2021).
However, similar studies have not been conducted in young adults with overweight or
obesity. Furthermore, there is not much research on exercise and food choices in healthy
young adults with overweight and obesity. The mechanisms that drive food choices and
consumption may differ significantly between different age groups as well as BMI groups.
For instance, individuals with overweight or obesity might have altered hedonic responses
to food, influenced by various factors, such as hormonal changes, emotional states, and past
dietary behaviours. These differences could affect how exercise influences their food
preferences and choices. By addressing this lack of research, we can better inform strategies
to help young adults with overweight or obesity make healthier food choices in relation to
their exercise routines, ultimately promoting better weight management and overall well-

being.

1.6

To the best of our knowledge, no study has specifically assessed and compared the
effects of acute moderate and intense exercise on both sleep architecture and subsequent
energy intake or hypothetical food choices in young adults with overweight or obesity.
This gap is significant, as it remains unclear whether acute bouts of moderate or intense
exercise alter sleep architecture in this population, and how any potential changes in
sleep architecture may be associated with subsequent improvements in appetite and

food choices.

Therefore, the aim of our study is to determine the effects of a single session of
moderate and intense exercise on sleep architecture and appetite in overweight and
obese young adults. By addressing these important questions, we hope to contribute to
a better understanding of how exercise intensity influences sleep and eating behaviours,

ultimately informing more effective strategies for managing weight and promoting
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health in this population. Thank you for your input, and we will ensure that this rationale

is clearly articulated in the revised manuscript.

1.7 PROJECT AIM AND OBJECTIVES

This study will investigate:

1. the effects of moderate and intense exercise on sleep architecture and subjective
appetite in healthy, overweight or obese young adults using polysomnography to
objectively measure sleep architecture.

2. whether modifications in sleep architecture following moderate and intense exercise
are associated with subsequent changes in subjective appetite in young

overweight/obese adults.

CHAPTER 2 METHODS

In this chapter, I will detail the methodology employed in this study.

42



CHAPTER 2 METHODS
2.1 ETHICAL APPROVAL

This prospective cross-over study was performed under laboratory conditions at the
University of the Witwatersrand Sleep Laboratory. The study was conducted in accordance
with the Declaration of Helsinki. Ethical clearance was obtained through the Human
Research Ethics Committee (Medical) of the University of the Witwatersrand (approval no.

M200244). All participants provided written informed consent during enrolment.

2.2 PARTICIPANTS

We recruited both male and female students from the University of the Witwatersrand,
Johannesburg, South Africa via email. From 979 prospective participants, 237 students were
invited to undergo screening based on our inclusion criteria (Table 2.1). Ultimately, only 19
(53% female) healthy young adults with overweight/obesity were invited to participate in
this study.

2.3 RECRUITMENT AND INCLUSION CRITERIA

Individuals were invited to participate in the study if they were: 18-25 years of age,
overweight or obese (BMI >25), healthy (no chronic disorders), sedentary or had low to
moderate physical activity (moderate exercise <2.5 hours/week). Potential participants who
met the general inclusion criteria were asked to further complete five self-administered and
validated questionnaires assessing their general health, sleep health, daytime sleepiness,
chronotype, and level of physical activity to determine their eligibility for the present study.
The long version of the international physical activity questionnaire (IPAQ, Appendix 1)
was used to assess participants’ physical activity and only those with low to moderate
physical activity (<1 200 Mets min/week) were considered for inclusion. The general health
questionnaire was used to examine the presence of chronic disorders, while the physical
activity readiness questionnaire (PAR-Q, Appendix 2) was administered to determine if
participants had any health issues which contraindicated exercise. Sleep disruptions were
evaluated using four questionnaires. The Berlin Sleep Apnoea Questionnaire (Appendix 3)

was used to determine the risk of sleep apnoea, and only participants with a low risk of sleep
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apnoea were considered for inclusion in the study. The severity of sleep disorder was

assessed using the Pittsburgh Sleep Quality Index (PSQI, Appendix 4) and Epworth

Sleepiness Scale (ESS, Appendix 5). Only participants with a PSQI score <5 and an ESS

score <10 were considered for inclusion. Finally, participant chronotype was assessed using

the Morningness-Eveningness questionnaire (also called the Horne—Ostberg questionnaire).

This questionnaire evaluates whether the individual is a morning-type (score >70) or

evening-type (score <30) (Appendix 6). Only participants who were not on either extreme

were included in the study (score between 30-70).

Table 2.1. Inclusion criteria

Inclusion criteria

General criteria

Body mass index (kg/m?)
Age (years)

Physical inactivity
(hours/week)

General health

>25

>18 and <26

<2.5 hours of moderate exercise or low to moderate
physical activity (<1 200 Mets min/week) as determined
by the International Physical Activity Questionnaire
(IPAQ)

No health issue which contraindicates exercise was

assessed using a physical activity readiness questionnaire

(PAR-Q)

Sleep-related criteria

Sleep health

Scoring low risk of sleep apnoea as determined by the

Berlin Sleep Apnoea Questionnaire.

Good sleep quality and no excessive daytime sleepiness as
evaluated by a Pittsburgh Sleep Quality Index (PSQI) score
<5 or Epworth Sleepiness Scale (ESS) <10, respectively.

No extreme chronotype as defined by Horne and Ostberg

questionnaire score <30 and >70
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2.4 METHODS

Data collection took place between September 2021 and March 2023 as described below.

2.4.1 Baseline Procedures

Participants who met the inclusion criteria were invited to the Wits Sleep Lab for baseline
measurements. Anthropometric measurements such as body weight, height, hip, and waist
circumference were performed to calculate body mass index (BMI) and waist-hip ratio.
Participants were then asked to perform a maximal exercise test to determine
cardiorespiratory fitness expressed as their VOzpeak (L/min, and relative to body weight
mL/min/kg). Maximal exercise tests were performed a week before the experimental
conditions due to possible modifications in sleep architecture the night following intense
exercise. VOopeak Was measured during a graded exhaustive treadmill test, following the
Balke—Ware procedure (Balke & Ware, 1959). Participants walked on the treadmill
(Woodway 4Front®, Woodway, WI, USA at a constant speed of 5.3 km/h). During the test,
heart rate was monitored every minute using a Polar WearLink® heart rate monitor (Polar
Electro®, Kempele, Finland) and gas exchange was measured using an oxygen mask
connected to a metabolic gas oxygen analysis system (Cortex Metalyzer 3B®, Leipzig,
Germany). The treadmill was at an initial incline of zero and was increased by 1% every
minute thereafter until the participant reached exhaustion. Each participant’s VO2peak and
corresponding heart rate were used to calculate workloads for experimental conditions
(moderate and vigorous intensity workouts).

Following the maximal test, participants spent a night at the Wits Sleep Lab for
familiarisation (adaptation night) with laboratory conditions and sleep procedures, during

which, participants underwent all sleep procedures.
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2.4.2 Exercise Protocol

Experimental conditions are summarised in Figure 2.1. Participants completed the three
exercise conditions in randomised order, with at least 2—4 weeks between each condition. In
anticipation of the confounding effect of hormonal fluctuations associated with the menstrual
cycle which may affect sleep architecture, female participants performed each experimental
condition during the follicular phase only (one or two days following the end of their
menstrual periods). All participants underwent a no-exercise condition (NE), a single bout
of aerobic continuous moderate-intensity exercise (ME), and a single bout of aerobic

continuous vigorous intensive exercise (IE).

F appetite VAS scale
B- breakfast
L-lunch
D- dinner
Day 1 Dav 2
Initial procedures
i . Mo B I 43" D B L
¥ Baseline Eaerase
meaasuraments :
i) & =
¥*  VO2max testing = Modarate .
¥ Sleep adaptation | 8 | amrabic B L E o B L
-3 eExercse
a
=
[
Intensine
aerokic B L D B L
exerdse ‘SI
Wisit 1 Visits 2, 3 & 4

Figure 2.1. Summary of study methodology. Participants took part in each of the conditions in
a randomised order, with each condition taking place at least 2 weeks from the next.
Participants completed the appetite scales on the day of the exercise and the following day
(before breakfast, lunch, and dinner). The moderate condition was performed at 50% of their
baseline VOzpeak, While the intense condition was performed at 75% of the baseline VOpeak.

Sleep was measured at the end of Day 1 based on each participant’s habitual sleep time.
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Heart rate during each exercise condition was monitored using the Polar WearLink heart rate
monitor (Polar Electro®, Kempele, Finland) which was strapped to the participant’s chest
(below the chest muscles). Aerobic ME was defined as an exercise workload at a heart rate
corresponding to 50% of the VOopeak, Whereas aerobic IE was at a heart rate corresponding
to 75% of the VOppeak. For each bout of acute exercise (ME and IE) performed on the
treadmill, participants maintained the required work rate (50 or 75% HR) by
increasing/decreasing the speed or incline of the treadmill. Since we aimed to achieve
equicaloric expenditures in both types of exercise, on average, ME lasted for 50 min,
whereas IE lasted for 40 min. There was no statistical difference in energy expenditure
between the two conditions (ME:357 kcal vs. IE:361 kcal, p=0.329). Participants performed
each exercise condition between 4—-6 pm. Studies have shown that this specific time interval
has a beneficial effect on sleep parameters (Chennaoui et al., 2015). For the NE condition,
participants were expected to be in a seated position, not engaging in strenuous physical or

mental tasks for the same duration as the exercise conditions.

2.4.3 Sleep protocol

All sleep recordings were conducted at the Wits Sleep Laboratory where participants slept
in sound-proof individual suites.

For a week before their first randomised experimental condition, actigraphy was used to
determine habitual bedtimes. Participants were fitted with wrist-worn activity monitors,
ActiWatch 2 or ActiWatch Spectrum (Phillips Respironics®, Bend, OR, USA) and their
average bedtime was used to determine their sleep time for the study. Overall, lights-out
occurred between 9 pm—12 am, depending on the participants’ habitual bedtime. Lights-on
occurred between 5 am and 8 am, allowing for a 10-hour sleep opportunity in case the
participants needed to extend their sleep. Following a night at the sleep lab, participants
returned to their normal lives and were reminded throughout the day to not engage in
strenuous activity.

Polysomnography recordings were performed using the Cadwell Easy II/IIl EEG Machine
(Cadwell®, Kennewick, WA, USA) for each condition (NE, ME, and IE). Electrodes were
placed according to the standard 10-20 system (Klem ef al., 1999) and the following
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variables were continuously measured throughout the night: Fz, F4-M1, C4-M1, O2-M1,

F3-M2, C3-M2 and O1-M2, left and right electrooculogram (EOQG), chin electromyogram
(EMG), and the electrocardiogram (ECG).

The electroencephalogram (EEG) recordings were visually scored in 30 s periods using the
American Academy of Sleep Medicine’s standard rules to obtain the overnight pattern of
sleep stages (Berry et al., 2015). The following sleep parameters were obtained from the
scoring: sleep onset latency (SOL, time from lights out to sleep onset, defined as the first
epoch of any sleep stage, in minutes); REM latency (time from lights out to first epoch of
REM epoch); time in bed (TIB); wake after sleep onset (WASO); total sleep time (TST);
total number of arousals (n) and arousal indices (ratio: number of arousal/TST) for the whole
night, NREM sleep, and REM sleep; as well as total number of minutes and percentages of
N1, N2, N3, and REM sleep.

2.4.4 Appetite measurements

For each condition, participants completed five self-administered and validated 10 cm visual
analogue scales (VAS) (Larsen ef al., 2019) before each meal, at breakfast (7-9 am), lunch
(12-2 pm), and dinner (6—8 pm). The completion of the scales was carefully monitored by
an investigator. We investigated the effect of the VAS timing (breakfast, lunch, or dinner)
on VAS (variable ‘appetite time’). The scales were completed on experimental days and the
following day (see Figure 2.1). Since participants went back to their normal routines the
following day, the researcher sent reminders before each meal to ensure that questionnaires
were completed accurately. The VAS assessed the following: 1. How hungry are you (not at
all or extremely)? 2. How full are you (not at all - extremely)? 3. How satiated are you (not
at all - extremely)? 4. How strong is your desire to eat (extremely low - extremely high)? 5.
How much do you think you could or would want to eat right now (nothing at all - an
extremely large amount?). The scales were used to assess changes in subjective fullness and

hunger in the different exercise conditions.
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2.5 STATISTICAL ANALYSIS

Statistical analyses were performed using SAS software 9.4 (Cary, NC, USA). Continuous
data were tested for normality and non-parametric data were log-transformed. Parametric
data are shown as mean and standard deviation while non-parametric data are represented as
median and interquartile range. P <0.05 was considered statistically significant.
Comparisons of demographic characteristics (age, BMI, waist-hip ratio, VOzpeak, and
habitual sleep time) and baseline questionnaire scores (IPAQ, MEQ, ESS, and PSQI)
between male and female participants were analysed using Student’s t-test (normally
distributed data) and Mann-Whitney U test (for non-parametric continuous data).

To test the association between sleep architecture and condition (objective 1), we ran mixed
model analyses to determine the main effects of independent variables (condition, order, and
sex) on sleep parameters (sleep onset latency, total sleep time, time in bed, wake after sleep
onset, total arousal, total arousal index, non-REM total arousals, non-REM arousal index,
REM total arousals, REM arousal index, total and percentage of N1 sleep, total and
percentage of N2 sleep, total and percentage of N3 sleep, total and percentage of REM sleep,
and REM latency). If univariable analyses between independent variables and sleep
parameters were not significant, multivariable analyses were not performed. Our
multivariable model analysis included independent variables in which the univariable P-
value was <0.2. Mixed model analysis results are presented as the estimate (3 coefficient).
We used random intercepts in all models, and models included condition, order, and sex.
Age and BMI were investigated as confounding factors.

The effect of potential changes in sleep parameters on self-reported appetite scales (objective
2) was assessed using mixed model analyses. Univariable analyses between sleep parameters
and the difference (delta, A) in appetite scores (day after the exercise - day of the exercise)
per mealtime in four of the five scales were performed. The “Satiety” scale was not analysed
further after we observed contradictory responses between the “Fullness” and “Satiety”

scales indicating that most participants might not have understood the term ‘satiety’.
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CHAPTER 3 RESULTS

Study results are presented below.
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3.1 PARTICIPANT CHARACTERISTICS

Nineteen participants met our inclusion criteria and were invited to participate in this study;
however, one female participant withdrew for reasons unrelated to the study, thus, the total
number of participants was 18 (50% female). The 18 participants were 2142 years old on
average and mainly Black (n=16); Indian (n=1); and Mixed-race (n=1). Characteristics are
presented in Table 3.1. Seeing that there was no global effect of sex, we combined the
participants (male and female) and compared sleep parameters among the three conditions
(NE vs. ME vs. MI) using the Friedman test; no significant differences were observed (All
p>0.05, Table 3.2). Comparisons of sleep parameters between male and female participants

were conducted using data from the no exercise (NE) condition, as a proxy for baseline data

(Table 3.3).

3.2 ASSOCIATION BETWEEN EXERCISE CONDITION AND
SLEEP PARAMETERS

In univariable analyses, we did not find an association between exercise conditions and sleep
parameters (all p>0.05), except for a positive association of the IE condition (ME condition
was the reference) with total arousal index (p=0.038; Table 3.4); however, this effect was
lost in the multivariable analysis (p=0.154). We also found no univariable effect of order or
sex on sleep parameters.

In multivariable analyses investigating the effects of condition, order of each condition, and
sex, we also did not find an association between exercise condition and sleep parameters.

There was also no effect of order or sex (all p>0.05, Table 3.5).
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3.3 ASSOCIATION BETWEEN SLEEP PARAMETERS AND
APPETITE SCALES

There was no global effect of order (p=0.651), sex (p=0.628), and appetite time (p=0.400)
on perceived appetite VAS deltas (i.e., changes in perceived appetite between day 2 and day

1, see methods).

The results of univariable analyses to determine the effects of sleep parameters (for the
intense condition, with the moderate condition as the reference) on appetite scales are shown
in Table 3.6. Individual sleep parameters had no effect on the Hunger and Fullness scales.
However, the percentage of stage 2 had a positive effect on the Quantity scale (p=0.009).
Furthermore, both the amount of time spent in REM (p=0.043) and the percentage of REM
(p=0.039) were associated with a decrease on the Quantity scale. However, multivariable

analyses were not significant.
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Table 3.1. Demographic characteristics in male (n=9) and female (n=9) participants. A
Student’s unpaired t-test or a Mann-Whitney U test for non-normally distributed data were

used to compare variables between men and women.

Variable Male Female p-value
Age (years) 214 (2.3) 21.2(1.9) 0.283
Waist/hip ratio 0.9 (0.1) 0.73 (0.1) 0.067
VO2peak (mL/min/kg) 27.6 (2.9) 21.8 (2.0) 0.065
BMI (kg.m?) 29.0 (2.5) 304 (2.2) 0.588
Habitual sleep time  23:02 (00:15) 22:19 (00:19) 0.169
(hh:mm)

IPAQ (Mets min/week) 596.4 (368.5) 514.1 (366.4) 0.977
PSQI score 4.2 (1.0) 3.4 (1.0) 0.831
MEQ score 46.4 (9.8) 53.3(8.0) 0.297
ESS score 6.3(2.4) 5.8 (2.6) 0.634

All data are represented as mean (standard deviation). BMI= body mass index; [PAQ= international physical
activity questionnaire; PSQI= Pittsburgh sleep quality index; MEQ= Morningness-Eveningness Questionnaire

(also known as the Horne and Ostberg questionnaire); ESS= Epworth sleepiness scale
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Table 3.2. Comparison of sleep characteristics for the three conditions among participants

using the Friedman test (N=18; 50% female)

Variables NE Condition ME Condition IE Condition value®* p
Time in bed 9.2 (0.8) 9.0 (1) 9.3(1.3) 0.43 0.655
(hours)

Total sleep time 7.9 (1.1) 7.9 (1.1) 7.9 (1.1) 0.03 0.974
(hours)

Sleep efficiency 87.5 [83.0-95.0] 90.0 [85.0-94.0] 85.5[82.0-94.0] 21.6 0.543
(o)

Sleep onset latency  12.3 [8.0-30.0] 14.5 [8.0-44.5] 15.5 [6.5-34.5] 30.7 0.827
(min)

REM latency (min) 83.3 [62.5-116.0] 87.8 [59.5-130.5] 76.5[60.0-138.0] 44.7 0.444

Wake after sleep 31.0[13.0-81.0] 24.7[13.5-48.0] 31.0[17.5-86.0] 52.3 0.312
onset (min)

N1 (%) 2.5[1.04.0] 2.0 [1.04.0] 4.0 [2.04.0] 5.7 0.570
N1 (min) 13.3[6.0-21.0] 9.5 [6.5-16.5] 17.5[11.5-21.0] 37.1 0.245
N2 (%) 50.6 (5.7) 523 (4.3) 50.7 (5.9) 0.55  0.581
N2 (min) 238.9 (42.5) 251.1 (38.8) 241.9 (41.0) 0.44 0.648
N3 (%) 20.4 (4.4) 20.7 (4.9) 19.2 (4.3) 0.63 0.539
N3 (min) 88.0 [77.5-110.0] 99.3[84.0-113.5] 86.3 [79.0-95.5] 46.9 0.478
REM (%) 25.9 (6.5) 242 (5.9) 26.5 (6.4) 0.67 0517
REM (min) 123.7 (35.8) 115.4 (37.8) 117.0 (40.5) 0.24 0.786
Total arousals (n) 39.0 [24.0-61.0] 36 [22.0-45.0] 44.0 [33.0-57.0] 39.0 0.561
Arousal index 4.7[3.1-4.8.4] 4.6 [2.8-5.8] 5.2[4.0-7.8] 36.1 0.728
NREM total 3.6 [2.2-7.6] 2.9 [2.0-5.5] 4.2 [2.7-7.5] 26.7 0.589
arousals

NREM arousal 20.0[13.0-44.0] 16.5[13.0-28.0] 26.0[17.0-35.0] 38.8 0.435
index

REM total arousals  7.30 [5.3-10.6] 7.85[5.2-10.9] 7.75 [6.4-9.8] 22.1 0.633
(n)

REM arousal index 14.0 [11.0-23.0] 13.0[11.0-22.0] 17.0[13.0-22.0] 47.8 0.283

*This represents the F-statistic for parametric data and the Cochran-Mantel-Haenszel statistic value
for non-parametric data. Normally distributed data are presented as mean and standard deviations
and non-parametric data are represented as median and interquartile range. *=significant results
Nl=stage 1; N2=stage 2; N3= stage 3; min= minute, REM= rapid eye movement; n=total number,
SD=standard deviation; ()=mean (SD); []=median [IQR].
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Table 3.3. Comparison of sleep characteristics in male (n=9) and female (n=9) participants

during the no-exercise condition

Variable Male Female p-value
Time in bed (hours) 9.3(0.9) 9.1 (0.7) 0.457
Total sleep time (hours) 7.8 (1.1) 8.0(1.3) 0.617
Sleep efficiency (%) 84.7 (11.2) 86.9 (11.3) 0.997
N1 (min) 15.4 (8.9) 12.4 (7.7) 0.686
N1 (%) 3.3(1.9) 2.9 (2.3) 0.605
N2 (min) 231.9 (43.8) 245.8 (42.7) 0.948
N2 (%) 49.2 (5.7) 52.0(5.7) 0.998
N3 (min) 94.7 (14.7) 96.8 (32.3) 0.638
N3 (%) 20.7 (4.1) 20.1 (4.9) 0.639
REM (min) 127.4 (35.2) 120.0 (38.1) 0.823
REM (%) 27.0 (6.0) 24.8(7.2) 0.616
Sleep onset latency (min) 12.5 [39.0] 12.0 [17.0] 0.828
REM latency (min) 69.5 [44.0] 103.0 [59.5] 0.249
Wake after sleep onset (min) 43.5[72.0] 21.5 [33.0] 0.794
Total arousals (n) 40.0 [31.0] 26.0 [39.0] 0.345
Arousal index 4.8 [4.6] 3.2 [3.8] 0.413
NREM total arousals 22.0 [24.0] 14.0 [31.0] 0.664
NREM arousal index 3.8 [5.0] 2.4[4.3] 0.728
REM total arousals (n) 16.0 [11.0] 13.0 [3.0] 0.162
REM arousal index 9.2 [5.5] 5.7[2.5] 0.267

Normally-distributed data are presented as mean and standard deviations and non-normally distributed data are
represented as median and interquartile range. N1=stage 1; N2=stage 2; N3=stage 3; NREM=non-rapid eye
movement; REM=rapid eye movement; n=total number; SD=standard deviation; ()=mean (SD); []=median

[IQR].
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Table 3.4. The effects of exercise condition, order of condition, and sex on sleep parameters in overweight/obese individuals (n=18).

Condition Order Sex

Variable [INE vs. ME & IE vs. ME|  [1vs.3 & 2 vs. 3] [male vs. female]
B p B p B p

Time in bed (hours) 0.19 0.588 0.48 0.156 -0.23 0.955
0.32 0.357 -0.09 0.791

Total sleep time (hours) —0.08 0.819 0.36 0.325 -0.17 0.578
—0.04 0.915 —0.08 0.828

Sleep efficiency (%) -2.50 0.370 —0.28 0.922 —-0.70 0.810
—2.83 0.311 —0.39 0.891

N1 (min) 0.81 0.714 —0.61 0.786 —4.76 0.148
3.19 0.153 —-1.97 0.383

N1 (%) 0.28 0.565 —0.28 0.571 —0.67 0.358
0.67 0.172 -0.44 0.367

N2 (min) —-12.22 0.375 5.39 0.695 4.13 0.712
-9.22 0.503 —6.75 0.623

N2 (%) -1.67 0.265 —0.56 0.713 2.11 0.258
-1.56 0.298 —0.83 0.582

N3 (min) -2.61 0.600 9.75 0.052 3.67 0.674
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Condition Order Sex

Variable INE vs. ME & IE vs. ME]  [1vs.3 & 2 vs. 3] [male vs. female]
-8.14 0.108 7.25 0.143

N3 (%) -0.39 0.758 1.50 0.237 1.04 0.517
-1.61 0.207 1.67 0.190

REM (min) 8.33 0.395 —4.83 0.623 —6.54 0.653
1.64 0.866 —5.69 0.562

REM (%) 1.72 0.228 -0.89 0.545 -2.37 0.347
233 0.106 -0.39 0.791

Sleep onset latency (min) —0.05 0.682 —0.01 0.947 -0.10 0.554
0.03 0.768 0.02 0.870

REM latency (min) -0.00 0.934 -0.02 0.747 0.01 0.926
-0.02 0.690 -0.04 0.413

Wake after sleep onset (min) 0.06 0.600 —0.00 0.984 —0.06 0.152
0.12 0.319 0.09 0.474

Total arousals (n) 0.04 0.415 —-0.00 0.809 -0.09 0.422
0.10 0.064 —0.00 0.807

Arousal index 0.05 0.332 -0.03 0.528 -0.08 0.488
0.10 0.040% 0.01 0.776
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Condition Order Sex

Variable INE vs. ME & IE vs. ME]  [1vs.3 & 2 vs. 3] [male vs. female]

REM total arousals (n) 0.04 0.695 0.01 0.900 —0.13 0.361
0.07 0.469 0.09 0.324

REM arousal index 0.03 0.799 0.09 0.441 —0.04 0.779
0.03 0.818 0.15 0.175

NREM total arousals (n) 0.03 0.695 —0.05 0.436 -0.10 0.428
0.11 0.092 -0.00 0.981

NREM arousal index 0.10 0.211 —-0.02 0.808 —0.07 0.640
0.12 0.100 0.00 0.975

Data are presented as p estimates. *=significant results; n=total number; NE= no-exercise condition; ME= moderate exercise condition; [E=intensive exercise condition; N1=stage
1; N2=stage 2; N3=stage 3; NREM=non rapid eye movement; REM= rapid eye movement; vs.= versus
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Table 3.5. Multivariable analyses of the effect of condition (no exercise, moderate exercise,

and intense exercise), order of conditions, and sex on sleep parameters in overweight/obese

individuals (N=18).

Variable Effect F B (SE) p-value
Sleep onset Sex 0.34 0.10 (0.17) 0.554
latency (min)
Condition 0.25 C: -0.05(0.11) 0.777
I: 0.03 (0.11)
order 0.03 1: —0.01 (0.11) 0.972
2:0.02 (0.11)
Rem latency Sex 0.01 0.006 (0.07) 0.926
(min)
Condition 0.09 C: <-0.004 (0.05) 0.914
I: —0.02 (0.05)
order 0.35 1: —0.02 (0.05) 0.708
2: —0.04 (0.05)
Time in bed (h)  Sex 0.57 —0.226 (0.30) 0.455
Condition 0.44 C:—0.06 (0.12) 0.648
I: —=0.06 (0.06)
order 1.71 1: 0.48 (0.33) 0.197
2:—0.09 (0.33)
Wake after Sex 0.14 —0.06 (0.15) 0.711
sleep onset
(min) Condition 0.51 C:0.06 (0.12) 0.604
I: 0.12 (0.12)
order 0.36 1: —0.002 (0.12) 0.701
2:0.09 (0.12)
Total sleep time  Sex 0.31 —-0.17 0.578
(h)
Condition 0.03 C: -0.08 (0.36) 0.974
I: —0.04 (0.36)
order 0.84 1: 0.36 (0.36) 0.439
2:0.08 (0.36)
Sleep efficiency Sex 0.06 0.70 (2.90) 0.810
(%0)
Condition 0.63 C: -2.5(2.75) 0.537
I: —2.83 (2.75)
order 0.01 1: —0.28 (2.80) 0.990
2: —0.39 (2.80)
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Variable Effect F B (SE) p-value
N1 (min) Sex 2.19 —4.76 (3.22) 0.148
Condition 1.16 C:0.81 (2.18) 0.326
I: 3.19 (2.18)
order 0.41 1: -0.61 (2.23) 0.667
2:-1.97 (2.23)
N1 (%) Sex 0.87 —0.67 (0.72) 0.358
Condition 0.98 C: 0.28 (0.48) 0.385
I: 0.67 (0.48)
order 0.43 1: —0.28 (0.49) 0.556
2:-0.44 (0.49)
N2 (min) Sex 0.14 4.13 (11.08) 0.712
Condition 0.44 C:-12.22 (13.61) 0.649
[: -9.22 (13.61)
order 0.40 1: 5.39 (13.62) 0.674
2:-6.75 (13.62)
N2 (%) Sex 1.32 2.11(1.84) 0.258
Condition 0.80 C: —1.67 (1.47) 0.456
I: -1.56 (1.47)
order 0.16 1: —1.12 (1.50) 0.852
2:-1.12 (1.50)
N3 (min) Sex 0.18 3.67 (8.63) 0.674
Condition 1.42 C: -2.61 (4.93) 0.256
I: —8.14 (4.93)
order 2.20 1: 9.75 (4.83) 0.127
2:7.25(4.83)
N3 (%) Sex 0.43 1.03 (1.59) 0.517
Condition 0.90 C: —0.39 (1.25) 0.416
I: —1.61 (1.25)
order 1.0.9 1: 1.50 (1.25) 0.349
2:1.67(1.25)
REM (min) Sex 0.21 —6.54 (14.40) 0.623
Condition 0.42 C: 8.33(9.67) 0.663
I: 1.64 (9.67)
order 0.20 1: —4.83 (9.73) 0.821
2:-5.69 (9.73)
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Variable Effect F B (SE) p-value
REM (%) Sex 0.91 —2.37 (2.49) 0.347
Condition 1.49 C: 1.72 (1.40) 0.240
1: 2.33 (1.40)
order 0.19 1: —0.89 (1.46) 0.830
2:-0.39 (1.46)
Total arousals Sex 0.66 —0.09 (0.12) 0.422
(n)
Condition 1.84 C: 0.04 (0.05) 0.175
1: 0.10 (0.05)
order 0.12 1: —0.01 (0.05) 0.887
2:0.03 (0.05)
Arousal index Sex 0.49 —0.08 (0.11) 0.488
Condition 2.28 C: 0.05 (0.05) 0.117
1: 0.10 (0.05)
order 0.45 1: —0.03 (0.05) 0.643
2:0.01 (0.05)
REM total Sex 0.85 —0.13 (0.14) 0.361
arousals (n)
Condition 0.27 C: 0.04 (0.09) 0.766
1: 0.07 (0.09)
Order 0.59 1: 0.01 (0.09) 0.558
2:0.09 (0.09)
REM arousal Sex 0.08 —0.04 (0.14) 0.779
index
Condition 0.12 C:0.03 (0.11) 0.887
1: -0.03 (0.11)
Order 0.97 1: 0.09 (0.11) 0.391
2:0.15(0.11)
NREM total Sex 0.64 —0.10 (0.13) 0.428
arousals (n)
Condition 1.65 C:0.03 (0.07) 0.207
1: 0.11 (0.07)
Order 0.40 1: —0.05 (0.07) 0.672
2:-0.002 (0.07)
NREM arousal ~ Sex 0.22 —0.07 (0.10) 0.640
index
Condition 1.55 C: 0.10 (0.08) 0.226
1: 0.13 (0.08)
Order 0.05 1: —0.02 (0.08) 0.955

2: 0.003 (0.08)
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B(SE)=beta estimate (standard error); C=control/no exercise condition; F=F statistic; [=intensive exercise
condition; n=total number; N1=stage | sleep; N2=stage 2 sleep; N3=stage 3 sleep; NREM=non-rapid eye
movement; REM, rapid eye movement.
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Table 3.6. Effect of individual sleep parameters on the change in appetite scales (A=day 2 — day 1)

in overweight/obese individuals (n=18, 50% female) for the intense condition (normalised to the moderate condition).

Variable AHunger AFullness ADesire AQuantity

B p-value B p-value B p-value B p-value
Time in bed —0.02 0.944 0.174 0.512 0.01 0.962 —-0.01 0.955
(hours)
Total sleep time 0.10 0.628 0.27 0.278 —0.05 0.825 —0.002 0.993
(hours)
Sleep efficiency 0.01 0.750 0.03 0.294 —-0.02 0.352 —0.01 0.577
(o)
N1 (min) 0.01 0.834 —0.01 0.657 0.02 0.409 0.025 0.348
N1 (%) —-0.02 0.832 —0.08 0.579 0.07 0.548 0.09 0.466
N2 (min) 0.01 0.237 0.003 0.560 0.01 0.358 0.01 0.132
N2 (%) 0.05 0.226 —0.02 0.622 0.08 0.054 0.11 0.009*
N3 (min) 0.004 0.723 0.01 0.561 —0.01 0.559 —0.004 0.681
N3 (%) —0.01 0.886 0.00 0.983 —-0.02 0.639 —-0.03 0.606
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Variable AHunger AFullness ADesire AQuantity

B p-value B p-value B p-value B p-value
REM (min) —0.003 0.548 0.003 0.685 —0.01 0.123 —0.01 0.043*
REM (%) —0.03 0.393 0.02 0.565 —0.05 0.143 —0.07 0.039*
Sleep onset 0.19 0.908 1.35 0.072 —0.52 0.601 —-1.14 0.215
latency (min)
REM latency —1.054 0.619 —-1.11 0.686 -2.15 0.426 -2.12 0.460
(min)
Wake after sleep —0.30 0.598 1.15 0.236 —1.01 0.304 -0.93 0.462
onset (min)
Total arousals -1.73 0.187 1.98 0.242 —0.56 0.815 -1.16 0.581
(n)
Arousal index —0.60 0.242 1.05 0.157 —-0.38 0.802 —0.68 0.590
NREM total —-1.59 0.085 1.12 0.355 —0.89 0.527 -1.34 0.340
arousals
NREM arousal —0.09 0.609 0.238 0.641 —0.14 0.860 —0.35 0.952
index

*=significant results; n=total number; N1=stage 1; N2=stage 2; N3=stage 3; NREM=non-rapid eye movement; REM=rapid eye movement; N=total number; SD=standard deviation.
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DISCUSSION

The study findings are discussed below, drawing comparisons with previous studies.
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The present study aimed to investigate the effects of a single bout of intense or moderate
aerobic exercise on sleep quality and quantity and to determine whether any exercise-
induced changes in sleep (objective 1) affected self-reported appetite (objective 2) in healthy,
overweight/obese young adults. In the 18 enrolled participants (nine women) in this study,
we did not observe an effect of exercise conditions on sleep parameters. The order (first vs.
second experimental day) in which participants completed the three conditions (no exercise
vs. moderate vs. intense) similarly yielded no effect on sleep parameters. This suggests that
the absence of the effect of the exercise condition could not be attributable to the order in
which participants performed each condition. To address the second objective, we examined
whether overall differences in sleep architecture throughout the exercise conditions were
associated with subsequent changes in perceived appetite. For this, we calculated the
difference in appetite scale ratings (delta, A) between day 1 (the day of the exercise
condition) and 2 (the day after the exercise condition). Three of the four appetite scales
(Hunger, Fullness, and Desire) had no relationship with the various sleep stages . Significant
associations were noted between the Quantity scale and REM and stage 2 sleep. Across all
conditions, a higher percentage of stage 2 was associated with wanting to eat a larger amount
of food. In contrast, both higher duration and percentage of REM sleep were associated with

wanting to eat a smaller amount of food.

In this discussion, I compare the findings of this study with those in the literature by
exploring the variations in study designs. It is known that exercise-induced changes in sleep
depend on many factors, including exercise type, duration, timing, and modality. These
factors and their impact on sleep quality and quantity are discussed in detail below. I will

also discuss the effects of sleep parameters on individual appetite scales.

4.1 ACUTE EXERCISE-INDUCED EFFECTS ON SLEEP
ARCHITECTURE

While our study found that acute exercise among overweight young adults with healthy sleep
did not yield a positive impact on sleep, it is worth noting that no negative effects were

observed either. Participants in our study underwent screening for any sleep disorders (based
67




CHAPTER 4 DISCUSSION
on sleep questionnaires), consequently, they likely share similar sleep architecture with other

lean young adults with healthy sleep. Compared with adolescents with obesity in the
(Mendelson et al., 2016) study, who had a lower REM percentage at the start of the chronic
exercise intervention (19%), our young adults with overweight/obesity had a normal REM
percentage (~25%) in the NE condition, suggesting that there would have been limited
potential for improvement in REM sleep duration or quality in response to the intervention.
Our findings are corroborated by results from a study that assessed the effect of different
types of acute exercise on young, lean adults (N=102) and showed no significant impact of
different types of acute exercise (aerobic, anaerobic, and resistance training) on PSG
parameters (Rossi et al., 2010). They differ from a recent meta-analysis that included 15
studies with a total of 194 participants (90% male; mean age 27 + 4.0 years, range 18-50
years; BMI 23.4 + 2.5 kg/m?). This meta-analysis found that good sleepers who completed
a single bout of exercise ending 0.5 to 4 hours before bedtime experienced a significant
reduction in REM sleep duration (—2.34%; p=0.002) compared to participants in the control

group who did not exercise (Frimpong ef al., 2021).

There is a high variability in exercise outcomes depending on individualist characteristics
such as age, BMI, and fitness levels (Driver and Taylor, 2000). The review by Driver and
Taylor (2000) has determined that the primary factor behind most studies reporting minimal
or no impact of exercise on sleep could be attributed to their usual inclusion of athletes or
individuals already considered as ‘good sleepers’. These participants might already
experience optimal sleep conditions and cannot improve their sleep further (known as the
ceiling effect) (Driver and Taylor, 2000). In our study, we excluded individuals with
potential sleep disorders as determined by validated sleep questionnaires: PSQI, ESS, MEQ,
and the Berlin sleep apnoea questionnaire. Although our study population comprised
individuals with a BMI >27 (overweight to obese), they did not have any chronic conditions
and were healthy. Driver and Taylor argued that incorporating healthy participants might be
optimal for mitigating confounding variables, yet this approach also restricted the potential
for enhancing sleep outcomes (Driver and Taylor, 2000). Consequently, the similar findings
between our study and those from studies conducted in lean individuals may indicate that
the potential effects of exercise on sleep are only visible in people with impaired sleep rather
than in individuals with healthy sleep. Indeed, as expected from our thorough screening to

exclude participants with sleep disorders, the sleep architecture of our participants on their
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sleep condition without exercise was normal (Table 3.2) for their age and sex (an average

total sleep time of 8 hours, an SE of ~86%, SWS of ~20% and >25% of REM sleep). It is

worth noting that the participants in this study had slightly lower sleep SE (~86%) compared
with what is typically expected for their age (>90%). While this still falls within the normal
range (>85%), we speculate that this might be due to their overweight/obesity or possibly
the high altitude in Johannesburg, which may have triggered undetected central sleep apnoea
or periodic breathing (since we did not use respiratory channels in our PSG recordings).
However, since we lacked lean controls for comparison, we could not confirm this
hypothesis. Similar to our results, another study reported no significant changes in sleep
quality and quantity during the most and least active days in healthy sleepers (Youngstedt et
al., 2003). Our study contributes to the evidence that sleep is not altered by a single session
of exercise in healthy sleepers, possibly regardless of physical activity level (sedentary or
active) and BMI status (lean, overweight or obese). This could be because a single session
of exercise lasting 30-120 min might not provide sufficient time to modify sleep

architecture, particularly in healthy individuals who are good sleepers.

Another possible explanation for the lack of observed effects of exercise on sleep parameters
in our study could be the inclusion of young adults (18-25 years). Most research on exercise-
induced changes in sleep has primarily focused on two age groups: children/adolescents and
older adults. This stems from the fact that adolescents have been shown to have the least
amount of sleep among the age groups (Maslowsky & Ozer, 2014), while sleep quality
deteriorates with age, resulting in older adults experiencing poor quality sleep (Hasan et al.,
2022). Studies have shown that older adults have a poor sleep quality prevalence as high as
50% (Cybulski et al., 2019), compared to only 9—-12% in young adults and adults (Du et al.,
2015). Therefore, the youthful nature of our participants may imply that, despite being
overweight and at risk for sleep disorders, they still possess favourable sleep patterns.
Further, a meta-analysis summarising the association between various types of exercise and
sleep parameters found contradictory reports of acute exercise studies conducted in
adolescents and young adults, whereby most reported positive effects of exercise on
subjective sleep (using questionnaires or sleep diaries) and mainly no effect (using
actigraphy or PSG) (Dolezal ef al., 2017). Further, only a handful of the included studies in
that meta-analysis were performed in healthy young adults (18-25 years) and mainly

enrolled lean participants (Alley et al., 2015; Yamanaka et al., 2015). These studies also
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reported no effect of exercise (type: aerobic and resistance training; duration: 3 and 7 days,

respectively) on sleep parameters. Nevertheless, not enough evidence exists in the literature
to conclude that BMI might not be a factor mitigating the effect of exercise on sleep in
healthy young adults. Also, given that the effect of exercise on sleep may be confounded by
several individual characteristics (age, gender, fitness level, and BMI), the impact of each of
those characteristics, BMI in particular, on sleep parameters, is worth further exploration if
we are to uncover the role of exercise on sleep. Hence, this study contributes to the unmet
need for more sleep-related research in young adults, particularly those with overweight and
obesity in comparison with lean participants. Furthermore, this study is the first to report the
sleep architecture of otherwise healthy overweight/obese young adults and shows no effect

of exercise on their sleep architecture.

4.1.1 EFFECT OF AEROBIC EXERCISE

Our study findings showed no overall effect of aerobic exercise on any of the sleep
parameters. Different types of exercise have been shown to elicit a wide range of effects on
sleep quality and quantity. In the context of chronic exercise, the consensus supports
moderate (50-65% VOamax) aerobic exercise as beneficial for sleep, while intense exercise
(HIIT) or endurance-type exercise (such as running a marathon) are believed to have adverse
sleep effects, in particular lower REM duration when happening closer (0.5—4 hours) to
bedtime (Driver & Taylor, 2000; Frimpong ef al., 2021). Earlier research showed modest
associations between acute aerobic exercise and sleep architecture, including increased TST,
delayed REM onset, increased SWS, and reduced REM sleep (Driver & Taylor, 2000).
Similarly, a systematic review of randomised controlled trials (N=13) assessing the impact
of resistance exercise on sleep reported attenuated beneficial effects of acute resistance
training when compared with aerobic exercise (Kovacevic ef al., 2018). This observation
supports the notion that acute aerobic exercise may be the most effective modality for
inducing positive alterations in sleep parameters. Nevertheless, we did not find a significant
effect of aerobic exercise on sleep in the present study due to differences in exercise
protocols, including, exercise duration, type, and modality, as well as other individualistic
factors, such as physical activity levels among the participants. This finding of the absence

of acute effect of aerobic exercise on sleep is corroborated by a study on healthy young men
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(N=12; mean age 21.9 £ 2.7 years) that reported no differences in sleep parameters (using

PSG) following a single bout of aerobic vs. resistance training in the evening (30 min at 75%
HRmax between 8:45 pm and 9:30 pm) (Miller et al., 2020). Additionally, both conditions
did not have an effect on sleep parameters (Miller ef al., 2020). The participants in that study
were healthy and physically active (engaged in exercise >3 times per week) and had no sleep

disorders. This might be further evidence of the lack of sleep improvement in good sleepers.

Owing to the efficacy of aerobic exercise, few studies investigating acute exercise effects on
sleep have employed other forms of exercise. To thoroughly understand the relationship
between acute exercise and sleep, future research should examine how different types of
exercise, such as interval training, resistance training, and strength training, specifically

affect sleep patterns and quality.

4.1.2 EFFECT OF EXERCISE INTENSITY

In general, our analysis showed no significant effect of the exercise condition on sleep
parameters, except for a notable positive association between the IE condition (normalised
to the ME) and total arousal index. The lack of sleep parameter differences between different
intensities of aerobic exercise among adults has been reported by several studies (Burgess e?
al., 2020). The positive association between the IE condition and arousal index implies a
higher frequency of arousals following the IE condition compared with those occurring after
the ME condition, possibly due to the difference in intensity levels between the two
conditions. The increase in arousals following more intense exercise has been reported in
numerous previous studies (Paxton et al., 1982; Torsvall et al., 1984; Driver et al., 1994).
This increase in arousals during sleep may have been caused by greater physiological and
metabolic demands as a result of a higher-intensity workload, leading to increased core body
temperature. Given that a dip in core temperature is required for sleep onset in most
mammals including humans, the rise in temperature is thought to delay sleep onset and
promote disruptions, resulting in less restful sleep (Szymusiak, 2018). Thus, based on this
theory, the higher core body temperature and SNS activation may be prolonged after the

exercise (afternoon/evening), preventing a timely drop in temperature, resulting in disrupted
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sleep. This is supported by the AASM, which cautions against engaging in vigorous exercise

too close to bedtime due to this rationale. However, the notion that high-intensity exercise
raises core body temperature, leading to increased sleep disruptions remains a contested
issue in the scientific community. Different studies oppose this explanation by asserting that
the rise in the number of arousals, attributed to the increase in core temperature induced by
exercise, lacks support from evidence-derived epidemiological studies (Larsen et al., 2019).
Another study showed elevated core body temperature after an afternoon of moderate-
intensity resistance and aerobic exercise training compared with the control condition (Miller
et al., 2020). Notably, in that study, the increase in core body temperature did not impact
sleep as the temperature dropped back to normal ranges approximately 90 minutes prior to
the participants’ bedtime. However, this finding does not fully discount the significance of
core body temperature because there is a further argument that it is the magnitude of the
change in core body temperature (day vs. night), rather than the absolute temperature values,
that influences sleep (Murphy & Campbell, 1997; Driver & Taylor, 2000; Frimpong ef al.,
2021). The disparities in research findings highlight the need for further research to
determine the physiological mechanism through which exercise intensity moderates sleep

quality and quantity.

4.1.3 EFFECT OF EXERCISE TIMING

Exercise timing is one of the moderators of the effect of exercise on sleep architecture due
to its stimulating effects including, increased temperature and alertness and its effects on
circadian timing. The timing of a workout is especially crucial when considering its
immediate effects on the hormonal balance (increased cortisol and reduced melatonin) and
temperature regulation (increased post-workout) (Zisapel, 2007). The previous
recommendations by the National Sleep Foundation regarding the timing of exercise have
supported the narrative that vigorous exercise in the evening may have significant adverse
effects on sleep, based on earlier studies that found the time of day of the exercise as a major
predictor of changes in sleep parameters (Youngstedt et al., 1997). However, these have
since been updated based on more recent research that continues to show that, except for

extreme exercise conditions (long durations, e.g., marathons), there are mainly no effects of
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exercise timing on sleep (Chennaoui et al., 2015). Exercise occurring >4 hours before

bedtime yielded a greater effect size of REM latency (0.76), more than double that observed
when exercise was undertaken at other time intervals (0.32-0.35) (Kubitz et al., 1996).
Similarly, a more recent study conducted on fit older (n=51; 50-75 years) and younger
(n=48; 18-30 years) adults who exercised on the treadmill for 60 minutes (65-75% of HR
reserve) at the same time of day for three consecutive days reported that exercise in the
morning and afternoon advanced circadian phase, while evening exercise delayed it (no
effect of age or sex) (Youngstedt et al., 2019). In contrast, a meta-analysis challenged this
idea, suggesting positive effects of evening exercise up to 1 hour before bedtime (Stutz et
al., 2019). Moreover, findings by a study that assessed the effects of high-intensity exercise
on sleep parameters in middle-aged men showed no differences in sleep parameters
following a randomised exercise session performed in the morning, afternoon, and early
evening (Larsen ef al., 2019). Nevertheless, to avoid any modifying effects of the timing of
exercise on sleep parameters we ensured that the workout was performed >4 hours before
bedtime, as this timing was considered to have beneficial or no effects on sleep (Saidi, et al.,
2020; Frimpong et al., 2021). Since the timing had no effect in this study, this is further
evidence that exercising >4 hours before bed does not result in adverse effects on sleep. The
role of exercise timing on the circadian pacemaker has long been established by earlier
studies (Baehr er al., 1999; Hirshkowitz, 2004) and continues to be cited by more recent
research; however, as stated by (Chennaoui et al., 2015), recommendations regarding the
timing of exercise need to be updated and should consider more recent research results and

methodological differences in the studies.

4.1.4 EFFECT OF EXERCISE DURATION

A meta-analysis reported that the duration of exercise was one of the most impactful factors
influencing crucial sleep stages, including increased SWS and decreased REM (Y oungstedt
et al., 1997). Another meta-analysis corroborated these findings, indicating that both acute
and chronic exercise lasting between 2—6 hours in duration increased SWS and TST while
simultaneously reducing SOL and REM (Kubitz et al., 1996). The extent and direction of

these effects were influenced by various factors, such as the duration of the exercise, with
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the greatest effect sizes observed for workouts lasting longer than 2 hours. This could

potentially explain the substantial impact of exercise duration observed in these earlier
studies. Further, a more recent meta-analysis also showed that an increased exercise duration
was associated with increased beneficial effect sizes for TST, SWS, SOL, and REM sleep
(Kredlow et al., 2015). The differences between the duration of the workout in our studies
and those included in these meta-analyses account for the disparities in our findings. In our
study, the exercise sessions were designed to continue until participants had burned
approximately 350 kcal for both moderate and intense workouts, which on average took
participants 50 and 40 minutes for the moderate and vigorous intensity conditions,
respectively. An argument could be made that exercise durations lasting longer than 2 hours
might not accurately represent the typical time individuals allocate for physical activity in
their daily routines. Consequently, suggesting longer workouts to enhance sleep quality
might not be practical, considering the realistic time commitments people are willing to
invest in physical activity in SA (<I hour/day) (Prioreschi et al., 2017). Therefore, it can be
concluded that one session of aerobic exercise lasting less than an hour does not have an
impact on sleep architecture in individuals with healthy sleep. Further research should
employ other types of exercises, such as HIIT, which has a shorter duration (usually 15-20
minutes) but has a greater cardiorespiratory effect than aerobic exercise. The
cardiorespiratory benefits of HIIT stem from its ability to more effectively challenge and
enhance the cardiovascular and respiratory systems. This typically means that the heart,
lungs, and blood vessels are working harder to deliver oxygen and nutrients to the muscles
during the activity, leading to greater improvements in overall cardiovascular fitness.
Moreover, a majority of the studies employing HIIT have acute interventions (1—5 bouts of
exercise spaced a few days—weeks apart); hence, further studies should employ a chronic

intervention (continuous exercise >3 days a week, lasting >8 weeks).

42 IMPACT OF SLEEP ARCHITECTURE CHANGES ON
SUBJECTIVE APPETITE

We compared appetite scale differences between the day of the exercise and the following
day and found significant associations between the Quantity scale and both REM and stage

2 sleep. Given that exercise did not have a significant impact on sleep parameters, the
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observed associations between visual analogue appetite scales and sleep parameters are not

attributable to exercise-induced changes in sleep parameters. Moreover, sleep parameters
did not affect the Hunger and Fullness scales. The lack of association between the Hunger
and Fullness scales may be further evidence that various factors regulate different aspects of
appetite. Nevertheless, the percentage of stage 2, regardless of the prior exercise condition
(NE vs IE vs ME) had a small positive effect on the Quantity scale, i.e., they expressed
wanting a higher quantity of food with higher stage 2 sleep. For each 1% increase in stage 2
sleep, the participants reported a 0.1 cm incremental difference/delta in the Quantity scale.
Interestingly, in contrast to our findings, a study on sleep restriction (N=27, 52% male; aged
35 + 5 years; BMI 22-26 kg/m?) performed under two sleep conditions: short (4 hours per
night) and habitual (9 hours per night), for five nights each, led to reductions in total amount
and proportion of stage N2 sleep and REM sleep duration(Shechter et al., 2012b). The
amount of stage N2 sleep was inversely associated with appetite for sweet and fatty foods,
and stage N2 proportion was inversely associated with increased energy consumption
(Shechter et al., 2012b). Their findings mean that increased stage N2 sleep was associated
with decreased appetite. The difference in our studies could be accounted for by the fact that
stage N2 tends to act as a “filler” when there is a loss of the other sleep stages. Therefore,
during sleep restriction in their study, those who had a higher stage N2 could have suffered
a greater loss to other sleep stages. In contrast, when exploring the link between sleep and
appetite in overweight sedentary men (N=11; mean age 49 + 5 years), a previous study using
both perceived (100 mm VAS with Fullness and Hunger anchors) and objective (blood
concentration of appetite hormones, ghrelin, PYY and glucose) measures of appetite after a
single bout of moderate or vigorous intensity exercise found no correlation between stage 2
sleep and appetite measures (Larsen ef al., 2019). The difference in our findings and those
reported in that study could be explained by differences in our study samples, in particular,
most of their participants were only slightly above 25 kg.m? (overweight) and were

substantially older.

In addition to the heterogeneous findings in the literature, not many studies have assessed
the link between stage N2 sleep and both subjective and objective appetite, particularly those
investigating exercise-induced changes in sleep and subsequent appetite. Notably, the
observed significant association was not evident when considering the total amount of time

spent in stage N2 rather than the percentage. This could imply that the higher stage N2 sleep
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in our study was associated with lower stage 3 sleep, lower REM sleep, or higher wake after

sleep onset (WASQO)/awakenings, indicating potentially higher sleep disruption. On the other
hand, both the duration and percentage of REM sleep had a small negative effect on the
Quantity scale. This means that the participants reported wanting to consume a larger portion
of food following reduced duration and proportion of REM sleep. These findings, similar to
those reported by Shechter et al. (2012b) showed an inverse association between short sleep
duration and our findings suggest a relationship between both stage N2 percentage and REM
sleep and appetite regulation independent of exercise. It may be that a higher percentage of
stage N2 occurred when there was a lower percentage of REM. It has been hypothesised
previously that extending REM in adolescents with obesity was associated with lower food
intake (Mendelson et al., 2016). Here we cannot exclude that it is the higher percentage of

stage N2 that contributes to the wanting of larger food portions.

Our findings are corroborated by studies that objectively measured the association between
REM and appetite. Increased REM was associated with reduced appetite (next-morning
dietary intake in an ad libitum meal) following acute vigorous intensity aerobic exercise
(70% VO2max) in obese female adolescents (N=16; mean age 13 + 1 years) (Saidi et al.,
2020b). Another study conducted on healthy adults with or without overweight (N=50; age
range 21-50 years) reported lower consumption of carbohydrate-rich foods following more
REM sleep at baseline (Spaeth et al., 2017). Among the stages of sleep, increased REM sleep
is predominantly linked to the suppression of appetite through multiple mechanisms,
including its role in regulating hormones associated with appetite, i.e., reducing ghrelin and
increasing leptin (Spiegel ef al., 2004) and PYY (Magee ef al., 2009), as well as controlling
feeding behaviours and food choices (Shechter et al., 2012b). In a study conducted by
Gonnissen et al. (2013), it was observed that sleep disruption causing a reduction in REM
sleep among a group of healthy men (N=12) resulted in changes in blood insulin and
glucagon-like peptide-1 concentrations during wakefulness. These changes subsequently led
to a decrease in the perception of fullness and an elevated desire for snacking, ultimately

contributing to a positive energy balance (Gonnissen ef al., 2013).

Most studies have reported a link between overall sleep duration and appetite rather than

individual sleep stages. Since sleep was not restricted in our study and there were no
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significant differences between sleep duration across the various conditions, we did not

observe an association of sleep duration with appetite VAS. Interestingly, a study that
assessed the link between perceived appetite and sleep following acute intense exercise in
sedentary men (N=11) reported decreased REM and increased N-REM following exercise
compared to baseline, but no changes in perceived appetite and energy intake were noted
(Larsen et al., 2019). The lack of changes in perceived appetite (measured using food diaries)
despite changes in REM may indicate a greater effect of sleep duration. The inconsistent
findings regarding the connection between exercise, sleep, and appetite might stem from
individual responses to exercise and subsequent changes, or lack thereof, in sleep patterns.
Additionally, the differences in how studies are conducted greatly contribute to this
variability. To better understand this relationship, future research exploring the association
between exercise, sleep, and both subjective and objective appetite, should use more
standardised and consistent methodologies. Homogeneity in study designs could provide

clearer insights into this complex relationship.
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5.1 LIMITATIONS

Our study had several limitations. First, appetite was evaluated using self-reported visual
analogue scale (VAS) without any objective measures. However, it is worth noting that the
scales employed in this study are validated and have demonstrated consistency with changes
in food intake observed in other research studies (Shechter et al., 2012a; Douglas et al.,
2017). Second, we only assessed sleep on the day of the exercise and not on the following
day; consequently, the changes in appetite VAS observed in this study could not be
compared to the alterations in sleep measures between the two nights. Third, we did not have
lean weight controls; hence we could not determine whether some of the slightly abnormal
sleep-related findings (e.g., low SE for age) in our participants were due to their BMI. Fourth,
we did not include specific tests to assess whether participants exerted maximal effort during
the exercise sessions, aside from verbal encouragement to continue during the maximal test.
This limitation may have led to an underestimation of our findings.Lastly, participants did
not maintain food diaries, preventing us from evaluating the potential impact of their habitual
dietary intake on the variation in appetite VAS scores. Future studies should aim to
incorporate objective measures of appetite in this population to address these limitations

effectively.

5.2 CONCLUSION

In our study comprising 18 overweight/obese participants, we observed no significant effect
of acute exercise on any sleep parameters, except for an increase in the total number of
arousals after the acute intense exercise condition. Furthermore, the participants' sex,
whether male or female, did not influence sleep measures, suggesting that reported sex
differences in sleep measures may not be applicable to healthy overweight sleepers.
Additionally, the sequence in which conditions were completed had no impact on sleep
parameters, indicating the success of the randomization process. Our secondary aim was to

investigate whether quantitative disparities in sleep architecture among the three exercise
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conditions correlated with subsequent qualitative differences in appetite-related parameters.

To gauge this, we calculated the variance in scale values between the exercise day and the
following day (non-exercise day) as a measure of this parameter. Among the four appetite
scales evaluated, Desire, Hunger, and Fullness showed no association with any sleep stages.
However, the Quantity scale exhibited a significant correlation with REM and stage N2.
Specifically, irrespective of the conditions examined, a higher proportion of stage N2 sleep
was linked to a desire for larger food portions. Moreover, both increased REM duration and

REM percentage were associated with a decreased desire for food.

In interpreting our results, we considered existing literature and the variations in study
designs examined. Factors such as exercise type, duration, timing, and modality are
recognised to influence the exogenous changes resulting from exercise on both the quality
and quantity of sleep. Consequently, in this study involving overweight young adolescents
with normal sleep patterns, we observed no impact of acute exercise on the structured aspects
of sleep. This finding is consistent with previous research conducted on young and lean
individuals, suggesting that acute exercise does not significantly enhance sleep duration or
quality in individuals with healthy sleep. However, it is essential to note the need for further
investigation, using chronic or regular exercise interventions in healthy overweight/obese

young adults without overt sleep disorders.

We examined the literature on the impact of exercise intensity, timing of performance, and
exercise duration. Several studies have suggested that high-intensity exercise may contribute
to sleep disturbances. This was corroborated by our finding of a significant association
between the total number of arousals and the intense exercise condition. Nevertheless, our
study indicates no differences in sleep architecture between moderate-intensity and high-
intensity aerobic exercise. Furthermore, recent research studies have reported no changes in
sleep quality when individuals exercise more than four hours before bedtime. Additionally,
we found no associations between exercise duration and sleep parameters, leading to the
conclusion that short-term aerobic exercise is unlikely to significantly influence the sleep

architecture of overweight/obese individuals with normal sleep patterns.

Regarding the impact of exercise-induced changes on subjective appetite, our findings

revealed consistent associations between sleep stages and self-reported appetite, primarily
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observed with the Quantity scale. Specifically, a higher percentage of stage N2 sleep

correlated with a strong desire to eat, while longer durations and higher percentages of REM
sleep were associated with a reduced desire to eat. These results suggest nuanced
relationships between sleep, and appetite, potentially influenced by distinct sleep stages.
Moreover, this contributes to the body of evidence that shows that sleep modulates appetite,

regardless of exercise.

In summary, our study contributes to the literature on the relationship between acute
exercise, sleep, and appetite among overweight/obese young adults with normal sleep
quality. However, further investigation is crucial to explore this connection, uncover its
underlying mechanisms, and assess how exercise affects sleep and appetite in a young
population without sleep disorders or other clinical conditions. Additionally, standardising
procedures and increasing sample sizes would enhance the consistency and generalisability

of future research in this field and will help elucidate this relationship.

5.3 FUTURE DIRECTIONS AND RESEARCH NEEDS

To the best of our knowledge, this study represents the only exploration of the interactions
among sleep, exercise, and appetite in a population of healthy overweight/obese young
adults within a Southern African context. Given the established causal relationship
between sleep and overweight/obesity, more studies are necessary to further investigate the
link between sleep and appetite especially in an African context, as well as the potential
mitigating effects of different modalities and types of exercise. More cross-over studies
can help elucidate the effect of different modalities of exercise in this population of
participants. Furthermore, studies employing a chronic exercise intervention can contribute
to determining the actual effect of exercise on young adults with healthy sleep.
Unfortunately, current studies produce heterogeneous results, making it challenging to
clearly define this relationship. Therefore, research efforts should focus on standardising
exercise-related methodologies (using similar protocols, definitions for moderate and

intense, and outcomes) in order to gain a better understanding of this relationship.
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Appendices
Appendix 1: The international physical activity questionnaire (IPAQ)

Socio-demographical variables 1: 1;: p
M 27 27
Gender 1.000~
F 33 32
N (mean .
Age (years) + 5D) 60 (36.7 £12.23) 57 (36.95 £12.35) 0.317°
Primary
2 2
school
Educational Level High 1.0007
21 21
school
Degree 35 35
Questionnaire
Meas.:lre N mean (SD) N mean (SD)
PART 1. JOB-RELATED PHYSICAL ACTIVITY: unt
. . Total and
1 Do you currently hafe a job or do any unpaid workers's | 57 48 53 it | 02197 (1.86) 0.458°
work outside your home?
number
During the last 7 days, on how many days did Davs
2 | vou do vigorous physical activities as part of ’ 50 1.72 25D 47 1.45 2.32) 0.096°
’ per week
your work?
How much time did you usually spend on one
of those days Minutes .
3 Doing vigorous physical activities per day 24 101.04 | (123.95) | 21 81.9 (69.90) 0.050
as part of your work?
During the last 7 days, on how many days did Davs
4 | you do moderate physical activities as part of ! 53 1.47 (2.04) 46 1.33 (1.92) 0.615°
’ per week
your work?
How much time did you usually spend on
5 one of those days do?nvg‘ moderate physical Minutes 27 813 @260 | 21| 11262 B117) 0171°
activities per day
as part of your work?
6 During the last 7 days,on 1‘1ow many c"lays did Days 53 375 @239 47 336 (2.40) 0.307°
you walk as part of your work? per week
How much time did you usually )
’ Minutes
7 spend on one of 45 94.11 (113.21) | 40 83.2 (78.87) 0.962°
. - per day
Those days walking as part of your work?
PART 2. TRANSPORTATION PHYSICAL ACTIVITY:
During the last 7 days, on how many days did Davs
8 you travel in a motor vehicle like a Y 60 5.7 (1.72) 56 5.79 (1.70) 0.470°
. . , per week
train, bus, car or tram?
How much time did you usually spend on one Minutes
9 of those days traveling in a car, bus, train or 58 | 89.09 (61.46) | 55| 115.82 (91.37) 0.030°
e . N per day
other kind of motor vehicle?
10 During t]?E last 7 days, on how many dayﬁ did Days 55 0.45 (1.09) 53 0.47 .19 0.480°
you bicycle to go from place to place?? per week
11 Ho‘w much time dl.d you usually spend on one | Minutes 19| 3684 4239 | 20 | 398s 47 46) 0.414°
of those days to bicycle from place to place? per day
12 During the last 7 days, on how many days did Days 59 373 (2,646 54 3.96 @2.70) 0.848°
you walk to go from place to place? per week
13 Time did you u.sually spend on one of those Minutes 52| 64.13 ©65.18) | 46| 67.20 (83.73) | 0.687°
days walking from place to place? per day

N= absolute frequencies; “p-value of Mc Nemar Test; “p-value of Wilkoxon Signed Ranks Test
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Appendix 2: Physical activity readiness questionnaire (PAR-Q)

Pre Activity Readiness Questionnaire Form (PAR-Q-Form)

Personal Details

Title Forename Surname

Date of Birth Age Male/Femnale *deete as apprepriate
Address

Town County Postcode

Email

Tel Home Tel Mobile

l Emergency Contact

Tel

l Answer the following questions as horestly as you can and provide as much relevant additional information

COVID-19 Self Certification

Are you currently required to be self-isolating?

Medical Questions

Yes 71 No [

Do you currently or have you ever suffered from any of the following conditions?

1) Heart problems?

2) Circulatory preblems?

3) Blood pressure problems?

4) Joint, movement problems?

5) Feel dizzy or imbalance during exercise?

6) Currently pregnant or recently given birth?

Yes O
Yes O
Yes O
Yes O
Yes [0

Yes O

No O If yes, please provide detalls below

No O
No
No

No

O o o o

No
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Appendix 3: Berlin sleep questionnaire

BERLIN QUESTIONNAIRE

Height (m) Weight (kg) Age Male / Female

Please choose the correct response to each question.

CATEGORY 1 CATEGORY 2
1. Do you snore? 6. How often do you feel tired or fatigued
a. Yes after your sleep?
b. No a. Nearly every day
c. Don't know b. 3-4 times a week
c. 1-2 times a week
If you snore: d. 1-2 times a month
e. Never or nearly never

2. Your snoring is:

a. Slightly louder than breathing 7. During your waking time, do you feel
b. As loud as talking tired, fatigued or not up to par?
c. Louder than talking a. Nearly every day
d. Very loud — can be heard in adjacent b. 3-4 times a week
rooms c. 1-2 times a week
d. 1-2 times a month
3. How often do you snore e. Never or nearly never
a. Nearly every day
b. 3-4 times a week 8. Have you ever nodded off or fallen asleep
¢. 1-2 times a week while driving a vehicle?
d. 1-2 times a month a. Yes
e. Never or nearly never b. No
4. Has your snoring ever bothered other If yes:
people?
a. Yes 9. How often does this occur?
b. No a. Nearly every day
¢. Don't Know b. 3-4 times a week
c. 1-2 times a week
5. Has anyone noticed that you quit d. 1-2 times a month
breathing during your sleep? e. Never or nearly never
a. Nearly every day
b. 3-4 times a week
c. 1-2 times a week CATEGORY 3
d. 1-2 times a month
e. Never or nearly never 10. Do you have high blood pressure?
Yes
No
Don't know
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Appendix 4: Pittsburgh sleep quality index (PSQI)

Name: Date:

Pittsburgh Sleep Quality Index (PSQl)

Instructions: The following questions relate to your usual sleep habits during the past month only. Your answers
should indicate the most accurate reply for the majority of days and nights in the past month. Please answer

all questions.

1. During the past month, what time have you usually gone to bed at night?

2. During the past month, how long (in minutes) has it usually taken you to fall asleep each night?

3. During the past month, what time have you usually gottenupinthemoming?

4. During the past month, how many hours of actual sleep did you get at night? (This may be different than the

number of hours you spent in bed.)
5. During the past month, how cffen have you had | Not during [ Less than Once or | Three or more
trouie sleeping Hecause you, ., the past once 4 twice a | times a week
month waek week

a. Cannot get to sleep within 30 minutes

b. Wake up in the middie of the night or early
morning

. Have to get up 1o use the bathroom
. Cannot breathe comfortably
Cough or snore loudly

Feel 100 cokd

. Feel 00 hot

. Have bad dreams

Have pain

Other reason(s), please descrive:

—|=l=le |~|e |a]o

6. Duning the past month, how often have you
taken medicine to help you sleep {prescribed or
“over the counter™)?

7. During the past month, bow often have you had
trouble staying awake while driving, eating meats,
or engaging in social activity?

No Oniy a Somewhat A very big
problem | very slight ofa problem

at al problem problem

8. Dunng the past month, how much of a problem

has it been for you 1o keep up enough enthusiasm

1o gel things done?
Very Fairly Fairty Very
good goed bad bad

9. During the past month, how would you rate
your sleep quasty overall?
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Appendix 5: Epworth sleepiness scale (ESS)

Epworth Sleepiness Scale

Name: Today’s date:

Your age (Yrs): Your sex (Male =M, Female = F):

How likely are you to doze off or fall asleep in the following situations, in contrast to feeling just
tired?

This refers to your usual way of life in recent times.

Even if you haven’t done some of these things recently try to work out how they would have affected
you.

Use the following scale to choose the most appropriate number for each situation:

= would never doze

slight chance of dozing
moderate chance of dozing
= high chance of dozing

W= o
Il

It is important that you answer each question as best you can.

Situation Chance of Dozing (0-3)

Sitting and reading

Watching TV

Sitting, inactive in a public place (e.g. a theatre or a meeting)
As a passenger in a car for an hour without a break
Lying down to rest in the afternoon when circumstances permit

Sitting and talking to someone

Sitting quietly after a lunch without alcohol

In a car, while stopped for a few minutes in the traffic
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Appendix 6: Morningness-Eveningness questionnaire (MEQ)

MORNINGNESS-EVENINGNESS QUESTIONNAIRE (MEQ)

Instructions:

o Please read cach question very carcfully before answeriag

® Please answer each question as honestly as possible.

* Answer ALL questions

* Each question should be answered independently of athers. Do NOT go back and check your answers,

1. What time would you get up if you were entirely free to plan your day?

500 - 6:30 AM 5
6:30 - 7:45 AM 4
7:45 - 9:45 AM 3
045 - 1100 AM 2
11:00 AM — 12 NOON |
12 NOON - 5:00 AM Q

2. What time would you go to bed if vou were entirely free to plan your evening?

800 - 9.00 PM 5
GO0 - 10:15 PM 4
10:05 PM - 12:30 AM 3
12:30 - 145 AM 2
|45 - 3:00 AM 1
3:00 AM - 8:00 PM Q

3. If there is a specific time ut which you have to get up in the morning, to what extent do you
depend on being woken up by an alarm clock?

Not at all dependent
Slightly dependent
Fairly depenxdens
Very dependent

L (P8 B

4. How casy do you find it to get up in the morning (when you are not woken up unexpectedly)?

Not at all casy
Not very easy
Fairly casy
Very casy

s o] -
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Ln

. How aleri do you feel durimg the firsi balf boor after vou waloe wp in the morning™

Mot at all alast
Slhightly alers
Fairly alart
Vary alert

L L LB

. How hungry do yen feel during the first half-bour afier von walee wp in the mornmg”

Mot at all Imngxy
Slhghtly humgry
Fairly bungry
Vary hemgry

R LR

7. Dmrimg the first kalf-heur after von wale wp in the morning, how tred do von feel?

Vary tired
Fairty tired
Fairly mfreakhed
Vary rufreshed

LR L L L

8. If yom have o commimments che next day, what time would yom go to bed compared o vour
uznal bedtime™

Saldom or never later
Lagss than one honr laer
1-I hours lamr

More than taro hours later

Ll L R B

9. Yen have decided o engaze in some phyzical exercize. A friend mmgzest: that yon do this for ome

beur mwice a week azd the best tme for kim iz berwees 7:00 - 5:00 am. Bearing in mind sothins
bt your own internal “clock”, bow deo you think you would perform?”

Wiornld bss i goosd form
TWould b i reasozable foom
Woald find it difScalt
Wonld find it very difSoali

Ll LB L B

1. Ar what time of day do yon feel yom become dred as a result of need for sleep™

00 — 9:00 P

200 - 10-1 5 PM
10:15 PAL — 1245 AM
12:45 - 240 AM

200 — 3:00 AN

Lol L RS0 B L)
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11. ¥ou want io be at your peak performance for o vest that you lmow is geing oo be mentally

exhansting and will last for two bowrs. You are entirely free to plas your day. Comsidering enly
vour own internal “clack™, which ONE of the fonr testins times would vou chosze?

B0 AN — 10-00 AN
1100 AN — 100 P
300 P — 5-00 P
T:00 PAL — 900 PR

Lol LS L0l B

12 X yom got info bed at 11:00 PAL, how cred would you be?

Mot at all dred
A lictle tired
Fairly tired
Vary tired

B L R

13. For some reason vou have sone to bed several howrs later than wsnal, but there & oo need to ged
up ai any pardcular fme the next mornins. Which ONE of the follewing are you mest likely o
d=?

Wil waks up at msual te, ot will HOT fll back aslp
Wil waks up at nsual tiew and will dozs thersafier

Will waks up at msual tiess bat will f2ll aslesp again

Wil NOT waks wp mmol later than wsnal

=T S

14_ Ome mizht yom kave io remain swake bermeen 4:00 — 600 AL in order to carry oot 2 mighi
watch. You have mo commitments the nert duy. Which ONE of the aleernadves will suite you
beesi?

Woald MOT go to bad wnii] watch was orar
Wiald taks a nap before azd sleap afier
Wiald take a good ileep befors and nagp afer
Wioald slesp only bafore watch

Ao | i) ] e

15 You have to do two bours of hard phyzical werk Youn are entrely free o plan your day amd
conzidering snly your own internal “clock™ whick ONE of the following time wonld yon chooze?

00 AM — 10-D0 AM
11:00 AM - 1-00 PM
300 PR - 500 PA
700 PO — 900 PR

Ll LR L I
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16, You have decided oo emgaze in hard phyzical exercize. A friemd soggescs that yon do this for ome
beur fwice & week amd che best tme for km iz benweea 10:00 — 11:00 PAL Bearinre in mizsd
nothing elze but vour own imternal “clock”™ bow well de you chink you would perform?™

Wiorald b in poiod foomn
Woald be I reasczable form
Would find it difhcalt
Woald find it very difbcalt

Iajrsd] b =

17_ Smppoce that you can chooze your owe work hours. Ammme that yom worked s FIVE honr day
(includizg Breaks) azd that your job was imterestizg and paid by reszliz). Whick FIVE
CONSECTTIVE HOUES would yom select?

¥ bomrs starting betwesn 4:00 AM and B:00 A%
¥ bomrs starting betwesn 3:00 AM and 9:00 A%
§ bomrs startng betwean 500 AR and 2:00 PM
§ bomrs startmg between 2-00 PM and 5:00 FM
¥ bomrs starting betarean J-00 PM and 4:00 AN 1

ol | | en

15. Arwhat time of the day do vou thizk that you reack your “feeline best™ peak?

300 — 00 AN

800 — 10:00 AN
10:00 AN — 500 P
300 — 10:00 PAL
10000 B — 5:00 AM

Lol LN L= B B R

18 Ome hears about “mornimg™ and “evening” types of people. Whick ONE of theze types do you
conzider yourself oo be?

Dafinimly a “morming” type &
Eather mom 3 “moming” than 3o “sveming”™ tvps =
Bather mom an “evening” than a “pworming”™ tvpe 2
Dwafinituly an “meeming trpe 5]
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Appendix 7: Ethics clearance

UNIVERSITY OF THE }’_
WITWATERSRANE
JOHANNESRURG

R14/45 Or Johanno Rockw ot ol
HUMAN RESEARCH ETHICS COMMITTEE (MEDICAL)

CLEARANCE CERTIFICATE NO. M200244

NAME: Dr Johanna Rocha &t al.

(Brincipal Investigator)

DEPARTMENT: School of Physiology
Wits Movement Land and Wits Sleep Lab

PROJECT TITLE: The Effects of different modalities of a single bout of acuts
exarcise on sleep architeciure and daytime behaviowr in
overweght/obese young adults

DA s 2800272020

DECISION: Approved unconditionasly

CONDITIONS:

SUPERVISOR; Not applicable

| 7,
AEEROVED R Dr CB@WH. HREC (Medical)

~-

DATE OF APPROVAL: (3082020

This clearance certificate is valid for 5 years fram date of approval. Extension may be applied for,

DECLARATION OF INVESTIGATORS

To be completed In dupticale snd ONE COPY retumned Lo the Resssrch Office Secretary on the Third
Flegr, Facully of Healin Scences, Philp Tobes Bulding, 20 Princass of Waks Temace, Parkiown, 2103,
Uriversity of the Wiatersrand. we fully understand the conditons under which | amiwe ane authoriaed
to carry out thia abone-mentionad research and L'we undertake 10 ensure complance with these
condtions. Should any departure be covemplated, from the research prolocol as approved, liwe
undertake {0 resubed the spplication 10 the Commitee. | agiree to submit 3 yearly progress report
The ciabe for srvwal re-canification will e ons year altar the dale of corvened meetng whare Ta study
was nilially reviewed. In this case, the sludy was Intialy reviewed in February and wil therefore be due
In the month of oach yexr. Unreporied changes 3o the application may ivaldale the dearance
given by the HREC (Medical).

o 2/ lmm
Principal Frestgator Sigraiure Dulg

PLEASE QUOTE THE PROTOCOL NUMBER IN ALL ENQUIRIES
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