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ABSTRACT

This study examined the effects of partial sleep deprivation occurring for
one or two nights before an endurance event compared to that of no sleep
deprivation. We tested the hypothesis that sleep deprivation the night
before an ultra-endurance event had no effect on performance provided
no sleep deprivation occurred two nights before the event. Eight subjects
with the following physical characteristics (mean  SD) participated in the
study: age 26.0 + 0.4 years, height 1.76 + 0.80 m, mass 75.0 £ 13.0 kg,
VO,max 54.0 + 4.2 ml.min" .kg™". Each subject had their sleep reduced by
an average of 3.8 £ 0.4 hours per night compared to a baseline condition
(BL) on two occasions, either for one night (SD1) or for two consecutive
nights (SD2). Exercise testing occurred after the required nights of sleep
deprivation or following baseline sleep. Exercise performance was
determined by measuring the cycling distance covered in each of four 40
minute sessions, every 140-160 minutes over an approximate period of 12
hours. Final blood lactate, mean heart rate, sleepiness, mood and
psychomotor activity were also assessed. The Profile of Mood States
(POMS) revealed that subjects experienced greater feelings of fatigue (p =
0.032) and lower levels of vigour (p < 0.0008) during both SD1 and SD2
compared to BL. Percentage of SWS was elevated during SD1 compared
to both SD2 and BL (p < 0.05). Subjects exercised at a relative work
intensity averaging 68.2 + 15 % VO,max under baseline conditions, 64.4 +
16 % VO,max under SD1 conditions and 64.7 + 17 % VO,max under SD2

conditions. These findings suggest that reduced sleep considerably alters



mood states but two nights of sleep loss do not influence the ability to
perform exercise when compared to just one night of sleep deprivation

before an endurance event.
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CHAPTER 1

LITERATURE REVIEW

1.1 General Introduction

Sleep, in humans, has been described as the behavioural state during
which one is normally unaware of and unresponsive to one’s surroundings
(Bonnet 1995). It is a necessary physiological process whose function is
widely studied but remains contentious. Although it is generally
understood that sleep is essential for our health and wellbeing, many of us
often suffer from a lack of sleep, either intermittently or cumulatively. This
lack of adequate sleep has been shown to have a range of negative
effects on an individual’s reasoning ability, mood state, energy systems
and physical performance. What follows herein is a thorough review of
literature on exercise and sleep physiology, with a view of understanding
the role that adequate sleep plays in ensuring optimal exercise

performance.

All mammals sleep, although in some circumstances this sleep may be
deferrable for long periods of time. However, sleep in other, less frequently
studied species, may simply be unrecognizable, thereby, further
perpetuating its misunderstood function (Carskadon and Dement 2005).
Brain function restoration and energy conservation are amongst reasons

cited to explain the role of sleep ( Horne 1992; Carskadon and Dement
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2005). However, Zhang (2004) later reported that considering the large
random variability in daily mammalian sleep quotas, there is no correlation
between brain functionality (learning ability) and amount of restorative
sleep. Moreover, the significance of energy saved as a result of reduced
metabolic activity during sleep remains unclear when taking into account
the effects of body movements and arousals (Zhang 2004). This suggests
that the function of sleep, though studied, remains unresolved and affords

opportunity for further extensive research.

To further examine the function of sleep, sleep deprivation has also been
used in research. Despite the focus of research on prolonged sleep loss,
shorter bouts of sleep loss are a more common problem in daily reality.
For instance, sleep deprivation resulting from disruption or restriction is
commonly experienced by normal subjects engaged in rotating shift work,
in conditions such as jet lag and by athletes involved in prolonged
exercise. Although there is growing evidence and understanding of the
complex function of sleep, the impact of its quality and quantity amongst
endurance athletes remains elusive (Leeder et al. 2012). Anecdotes from
athletes suggesting that adequate sleep prior to an event is essential for
optimum endurance athletic performance can be credited to the herein
described role of sleep in restoring brain function and conserving energy.
However, there seems to be inconsistency among athletes as to when and
how much they can be sleep deprived before an important event as this is

individualistic. This is important when considering the time at which any
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particular event commences. Whereas some athletes may display
decreased performance, others are much less affected, and a few claim to
perform better when they are sleep deprived. The basal sleep needs of
athletes, as well as the impact of short naps and other ways of improving
the quality of sleep, are still largely contested (Reilly and Edwards 2007).
Nevertheless, it is clear that compromising the quality and duration of

sleep can cause detrimental effects on one’s physical performance.

Of particular importance to sleep prior to an important event, however, is
the amount of time to be spent on the athletic activity. Previous studies
have employed acute exercise measurements, extending only up to 1 hour
in total, to determine both immediate and lasting effects of sleep loss
(Koslowsky and Babkoff 1992). The failure of many of these studies partly
rests upon the non-exhaustive and ineffective exercise assessments used
to determine the effects of sleep loss on performance. Thus far, the effects
of partial sleep deprivation on prolonged exercise, usually taking place

throughout the day, have not been reported.

Considering the frequent occurrence of reduced sleep bouts amongst the
general public (Reid 2002), one would expect extensive research into the
impact of this kind of sleep loss on exercise performance. Yet, the effects
of sleep loss on subsequent physical performance have been limited to
perceived exertion rather than any significant physiological

measurements. It is important to note that the effects of sleep deprivation
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vary for anaerobic versus aerobic exercise performance. We tested the
hypothesis gathered from anecdotal evidence supplied by competitive
athletes that sleep deprivation the night before an event does not affect
performance, provided no sleep deprivation occurs two nights before. This
study investigated the effects of partial sleep deprivation on a subsequent

prolonged intermittent exercise protocol.

1.2 Normal exercise physiology

Exercise is a normal physiological process that requires enhanced
muscular activity. It is also associated with increases in the rate and depth
of breathing to improve lung ventilation, as well as increases in heart rate
and stroke volume to improve cardiac output. Exercise is generally
grouped into two types depending on the energy supplying process. High
intensity, short duration exercise is called anaerobic exercise because
energy is derived from non-oxidative sources. Light to moderate intensity,
long endurance exercise is normally referred to as aerobic exercise
because the energy for the exercise depends on the body’s ability to
supply oxygen to the body’s oxidative energy-generating processes
(oxidative phosphorylation). This type of exercise involves large muscle
groups for extended periods of time. Thus, the ability to perform exercise
as well as the physiological responses to exercise is dependent on the
type and severity of the work that is performed (Horne and Pettitt 1984). It

is also determined by the fitness of the individual and gender differences
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exist (Raven and Potts 1998). Apart from the muscles and
cardiopulmonary factors, many other body systems influence or are
influenced by exercise and may limit the extent of the exercise possible.

These systems are discussed below.

1.2.1 Cardio-respiratory system

Several cardio-respiratory adjustments, including changes in the cardiac
pump and oxygen delivery to the lung capillaries ensure that oxygen is
adequately transported to the muscles during physical activity. The rate at
which the muscles use oxygen while performing endurance exercise is
determined by the rate of oxidative phosphorylation which is supported by
the rate of blood flow (cardiac output) to the muscles and the amount of
oxygen extracted per unit volume of circulating arterial blood (Hill 1994). At
the onset of endurance exercise, increased sympathetic nervous system
activity and the release of catecholamines results in the elevation of both
heart rate (via the sino-atrial node) and stroke volume (via raised
contractility) and ultimately leads to an increased cardiac output (Raven

and Potts 1998).

Heart rate is determined by the number of ventricular contractions
occurring in one minute. At rest, the activity of the parasympathetic and
sympathetic nervous systems maintain a heart rate of approximately 70

beats.min™ in normal fit human beings. During exercise, heart rate varies
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in relation to the given workload and oxygen uptake (Martin and Haney
1982), and can reach over 200 beats.min™ at maximum oxygen uptake.
Stroke volume is the difference between the end-diastolic volume at the
beginning of each heart beat and the end-systolic volume. With exercise,
this volume can exceed 100 ml.beat™ from a resting level of about 70
ml.beat™, thereby, also contributing to the increased cardiac output

occurring during exercise.

A greater extraction of oxygen from arterial blood by the muscles during
endurance exercise occurs because of increased diffusion rate resulting
from an elevated membrane surface area, an increased partial pressure
gradient and a reduction in the distance for oxygen to diffuse to the
mitochondria (Raven and Potts1998). The rate of oxygen usage is usually
termed the oxygen consumption/uptake and in the laboratory, is
determined using indirect calorimetry, where oxygen uptake (VO,) is equal
to pulmonary minute ventilation (Ve) multiplied by the difference between

the inspired (F\O,) and expired (FeO) oxygen fractions at the mouth.

i.,e. VO2=Vg (FO2-Fe0y)

Compared to the resting VO, of approximately 0.25 |.min™, the average
maximum oxygen consumption (VO2.max) of a normal 70 kg man is about
3 L.min” (43 ml.min™".kg™"). This maximum consumption is determined by

measuring VO, during graded increases in exercise load. In most
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instances a cycle ergometer or treadmill is used as the exercise mode and
VO,max is reached when additional workload produces no further
increases in the VO, (Bruce 1963). Although its relevance has been
questioned (Speedy 1999), the majority of exercise scientists use VO,max
as a measure of endurance exercise capacity. A person’s VO,max is
genetically determined but it can be influenced by age, body mass,
gender, training and altitude at which exercise is performed. The influence
of body mass is standardised by dividing VO,max by body mass (VO,max
in mL.min™".kg™”). The greater this number, the more the maximal energy
that can be produced by an individual per unit body mass and the better
that individual's endurance performance, assuming that they are trained

and mechanically efficient (Raven and Potts 1998).

1.2.2 Endocrinology and energy systems

Exercise is known to cause the release of a large number of hormones
with various effects as shown in various exercise studies. Responses have
been described in male and female untrained subjects (Horne and Pettitt
1984), amateur and professional athletes, in the laboratory and in the field.
Among others, the catecholamines (CA), growth hormone (GH), cortisol,
prolactin (PRL) and thyroid stimulating hormone (TSH) have been widely
studied (Luger et al. 1992, McMurray and Hackney 2000). It is clear from

these studies that the release of these hormones is dependent on training
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as well as exercise intensity. Several other hormones are involved in the

cellular processes responsible for energy generation.

Most relevant to the current study, an athlete’s exercise training responses
can be measured by changes in plasma lactate concentrations and heart
rate, both of which are also indicators of exercise strain. During power
exercises such as sprinting, when the rate of demand for energy is higher
than can be provided by oxidative phosphorylation, lactate is produced
faster than the ability of the tissues to remove it and lactate concentration
begins to accumulate. The concentration of blood lactate is usually 1 to 2
mmol/L at rest, but can exceed 20 mmol/L during intense exertion. Since
increased lactate production coincides with acidosis, lactate measurement
is an excellent marker for the metabolic condition of the cell and will
influence other physiological processes (Sahlin 1998). To this end, the
lactate threshold and the corresponding level of exercise are both
objective measures of an athlete’s functional capacity and cardiovascular
status, and will be utilised to measure the strain of the exercise regime
employed in this study. All exercise physiological processes are
dependent on the time of day at which the exercise is done or the time of

day at which the processes are measured.
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1.2.3 Circadian rhythms

Circadian rhythms are physical, mental, and behavioural changes that
follow a 24-hour cycle, responding primarily to light and darkness in an
organism’s environment. These rhythms are found in most living things
and are produced by natural factors within the body and affected by
signals from the environment. Circadian rhythms can change sleep-wake
cycles, the disruption of which has consequences for human behaviour
and performance (Reilly and Edwards 2007). These rhythms also affect
hormone release patterns, body temperature, and other important
physiological functions. The physiological determinants of physical

performance are also dependent on circadian rhythms (Akerstedt 1979).

The circadian curve in body rectal temperature shows the variability in
rectal temperatures over a period of 24 hours. The implications of this
rhythm are to be taken into consideration by sports practitioners who
perform sub-maximal and maximal exercise as factors that may limit
performance (like internal or external temperature) are dependent on time
of day effects (Reilly 1998, Reilly and Waterhouse 2009). However, it is as
important to consider individual preferences as some sports performances
may be less influenced by circadian rhythms compared to others.
Endurance exercise, during which one remains active for an extended
period of time and builds the ability to resist fatigue, is most affected by
circadian patterns. Notable examples of endurance exercise include long

distance running, cycling and competitive swimming. During this type of
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exercise, an athlete makes use of the aerobic as opposed to the anaerobic
system. Often endurance is defined according to an athlete’s
cardiovascular and muscular strength, as well as the consistency and

effectiveness with which he or she performs with the least effort.

Some instances of the influence of circadian rhythms on anaerobic
performance have also been studied. For example, reports suggest that
during indoor five-a-side games sustained for four days, there is a peak in
the pace of play in a soccer match at about 18h00 and a drop between
05h00 and 06h00 (Reilly and Walsh 1981). Similarly, Souissi and
colleagues (2004) reported circadian influence on physical performance
following an anaerobic force-velocity test on a cycle ergometer, such that
a significant time of day effect was observed for oral temperature, peak
power, mean power and maximum power on the Wingate test. Thus, the
ability of an athlete to perform to full capacity is affected by the time of day
at which the exercise is performed. These exercise rhythms are, therefore,
important to elite athletes for achieving optimum levels of performance at

different times of the day.

Furthermore, advancing or delaying the phase of a good night's sleep by 3
hours differentially impairs subsequent performance. This phenomenon
plays an important role in determining the time of night during which an
endurance athlete should rather sleep in order to avoid performance

deficits on the day of an event. The loss of sleep during the second half of
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the night is more frequently observed in the case of endurance events that
usually require an early start to the day. Given these factors, sleep in the
current study was restricted to the first half of the night to mimic real
circumstances.

Performance is also related to arousal levels and some athletes have
indicated this as the reason to rather exercise at dawn, and this is
perceived as an energising way to start the day. Other athletes report
performing at their best in the evenings as the environmental temperature
at this time is more favourable. Although performance may be improved in
the early evening, the intensity and duration of prior exercise may affect
subsequent nocturnal sleep (Bunnell 1982). Anecdotally, some athletes
have proposed that following a bout of exercise, provided that it is not too
vigorous, the degree of tiredness and sleepiness experienced allows for
better sleep. However, if intense exercise continues for days, this may, in
turn, lead to reduced sleep over time, the effects of which can be
cumulative (Dinges 1997, Van Dongen 2003). Fitness of an individual to
perform exercise can also be influenced by that individual’s physical
condition as well as alertness, as influenced by circadian rhythmicity. This
is also determined by the quantity and quality of prior rest. Although
usually neglected, sleep can be a determinant of exercise performance, as
sleep is inextricably linked with temperature, circadian rhythms, hormonal
production and other physiological determinants discussed above. This

relationship is explored further below.
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1.3. Normal sleep physiology

“Sleep research became vastly diverse and coherence was made possible
with the development and validation of a common measurement axis in
the early 1920’s, namely electroencephalography (EEG)” (Carskadon and
Dement 2005). The EEG was then expanded into the overnight
polysomnogram with the addition of other measurements, namely,
electromyography (EMG) and electrooculography (EOG). Changes that
occur in all these measurements distinguish two sleep states from
wakefulness; rapid eye movement (REM), which is associated with

dreaming, and non-rapid eye movement (NREM) sleep.

Based on changes in EEG patterns (Figure 1.1), NREM sleep has been
subdivided into four stages (1 - 4). Stage 1 is a drowsy state of transition
when a subject changes from awake to asleep as well as when they move
between sleep stages. Stage 1 takes up 2 to 5 % of the total sleep time.
Stage 2 sleep occupies 45 to 55 % of the total sleep time and is
characterised by K complex and sleep spindle waveforms. The
combination of stage 3 and 4 is termed slow wave sleep (SWS). This slow,
(high amplitude; low frequency) delta wave activity occupies approximately
13 to 23 % of total sleep time and has a higher arousal threshold (is more
difficult to awake from) than other NREM stages. NREM sleep is said to be
synchronous, whereas REM sleep is characterised by the presence of
rapid eye movements in the EOG, as well as “saw tooth” waves in the

EEG and takes up the other 15 to 20 % of the total sleep time.
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Awake — low voltage — random, fast

MWWMMW 50 v

1 sec

Drowsy — 8 to 12 cps — alpha waves

A M A N g O g

Stage 1 — 3 to 7 cps — theta waves
Theta Waves

N s g A UAANN AN g Ayl

Stage 2 — 12 to 14 cps — sleep spindles and K complexes
Sleep Spindle K Complex —
p——n

Delta Sleep ~ 1/2 to 2 cps — delta waves >75 pV

REM Sleep — low voltage — random, fast with sawtooth waves

Sawtooth Waves Sawtooth Waves

et NN AL AMAA e AR A A

Figure 1.1 Diagram of a typical Electroencephalogram (EEG) depicting
wakefulness and sleep stage patterns in humans. Delta waves refer to
stage 3 and 4 (also known as slow wave sleep). Wave frequencies and

amplitudes are presented as cps (cycles per second) and yV (micro volts)

respectively (Best, 2006).
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It is speculated that the body and brain restoration functions take place
during NREM sleep (Bennington and Heller 1995). Historically, SWS has
been found to be the most important component of the restorative function
of sleep on metabolic activity (Bonnet 2005). An increase in SWS speeds
up metabolic activity, and conversely, decreased levels of SWS
accompany decreased metabolism (Shapiro 1981). The function of REM
sleep, on the other hand, has been found to be more complex. Its role may
include brain development, eye coordination and protein synthesis (Zhang
2004) as suggested by its possible relationship with neuron growth and

development (Walker and Stickgold 2004).

The normal young adult, under ideal circumstances, enters an 80 to 90-
minute cycle of sleep through NREM sleep, with REM sleep occurring
thereafter. Normal human sleep is continuous, with stage 1 having the
least arousal threshold and stage 4 the highest (Carskadon and Dement
2005). Table 1.1 shows the standard criteria used in defining the different

sleep stages.



Table 1.1 Standardized scoring criteria for defining sleep stages (modified from Rechtschaffe

Sleep Stage EEG EOG
Stage W (awake)  Alpha (8-12 cps) activity and/or low voltage, Rapid eye movements and eye
mixed frequency EEG
Stage 1 Low voltage, mixed frequency Theta (3-7 cps) Slow eye movements, no rapid «
activity; vertex sharp waves movements
Stage 2 Low voltage, mixed frequency activity, with Occasional slow eye movement

spindles (12-14 cps), and K complexes (negative

sharp wave followed immediately by a positive

component)
Stage 3 High amplitude, slow waves None
Stage 4 High amplitude, slow waves None
REM Low voltage, mixed frequency, saw-tooth waves  Phasic rapid eye movements
Movement time Movement in epoch, sleep stage obscured Obscured

EEG = Electroencephalogram ; EOG = electro-oculogram ; EMG = electromyogram ; REM = rapid eye movement
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The duration of a sleep cycle and the respective periods of the two main
stages are dependent on factors such as circadian rhythms (daily periodicity
in biological processes), genetic (heredity) and preferential determinants
(staying up late or waking up early) (Carskadon and Dement 2005). Although
individualistic and preferential, the time at which we sleep will generally
determine the consequent alertness levels of an individual to perform bodily
functions and daily activities (Horne 1992). The lack of sleep, or a shortened
sleep period, can have significant effects on performance if sleep loss is

significant and occurs for several days without recovery sleep.

1.4 Sleep deprivation

The restriction of sleep, voluntary or otherwise, is prevalent in both normal
individuals and patients with sleep disorders (Bonnet 2003). Studies of sleep
deprivation have been the topic of extensive research since the late
nineteenth century, and in fact, have at times been used to try to understand
the function of sleep. If sleep is considered to be a restorative process for
daily activity, then the effect of a lack of any stage of sleep could be to the
extent that daily activity is affected. The way in which an individual responds
to sleep loss is dependent on the quantity, quality and distribution of stages of
prior sleep (Endo et al. 1998; Sallinen 2004). A recent study has compared
the sleep of elite athletes and non-athletic controls using wristwatch
actigraphy and found significant differences in the quantity. This is despite

proven proportional measures of time spent asleep or in bed, pointing to the
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poor efficiency and other characteristics of sleep in athletes (Leeder et al.

2012).

Consequences of varying degrees of sleep deprivation can be distinguished.
On the basis of the duration of sleep restriction, two types of sleep deprivation
have been defined: total sleep deprivation and partial sleep deprivation
(Bonnet 2005).Total sleep deprivation is the complete absence of sleep over a
period of normal sleep and is a strong stimulus for subsequent sleep. Studies
of this kind of sleep deprivation date back to the late 1800’s, with particular
focus on its physiological, mental, subjective, and later, EEG effects. Partial
sleep deprivation is characterised by a short, non-sleep-stage-specific
reduction in total sleep. It is usually experienced by rotating shift workers, long
distance truck drivers and athletes competing in events after crossing several
time zones or those engaged in prolonged exercise such as in the case of
ultra-marathon events (VanHelder and Radomski 1989; Akerstedt 2003).
Some studies have also distinguished between acute and chronic partial sleep
deprivation. The effects of partial sleep deprivation are, therefore,
exacerbated by an accumulating sleep deficit over several days, and

sometimes as few as 2 nights of sleep loss.

Compared to other variables, physiological changes including cardiovascular
and metabolic disruptions are usually minimal, while effects on subjective
measurements and cognitive performance variables (alertness, mood and
psychomotor activity) show significant changes and have been well studied.

The most highly expected results of sleep deprivation of up to 5 days are
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decreased alertness, increased subjective sleepiness, mood and cognitive
performance. Using a treadmill-walking exercise regime, Angus and
colleagues (1985) studied the effects of physical exercise and sleep
deprivation, lasting up to 60 hours, on mood and cognitive performance in 12
male subjects. The outcome of self-report scales suggested that subjects
experienced high perceived levels of fatigue in both the exercise and no
exercise conditions. Conversely, oxygen consumption, respiratory volume and
heart rate were unaffected by sleep deprivation in both conditions (Angus
1985). The overall results of this study revealed clear decrements in mood
and cognitive performance as a function of sleep loss. In 2002, a further
analysis of the interrelated effects of subjective, objective and EEG measures
of alertness was performed. The results indicated that fatigue during a night of
total sleep deprivation, is a multi-faceted phenomenon. It presents with the
feeling of sleepiness, decreased brain glucose utilisation and decreased EEG
activity as determined by “awake” sleep recordings (Leproult et al. 2002).
There are more studies in the literature on the effects of prolonged sleep loss
of up to 75 hours on vigilance and cognitive performance than there are on its
effects on athletic performance. In reality, athletes would usually experience
more moderate levels of sleep deprivation, the consequences of which will, for

the purpose of this research, be examined in greater detail.

Although humans require sleep of about 8 hours per night, most young adults
have reduced sleep of about 6.5 hours per night (Bonnet 1995), which has
been shown to cause increased sleepiness, substantiated by results of

questionnaires, sleep logs, multiple sleep latency tests (MSLT), as well as
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slow reaction times (Dinges 1997). Beyond acute sleep deprivation lasting for
1 or 2 nights, a more chronic form of sleep loss may occur if this pattern is
prolonged for 30 or more consecutive days, ultimately resulting in cumulative
negative performance effects (Angus 1985; Takeuchi ef al. 1985; Symons et

al. 1988; Goodman et al. 1989).

A number of partial sleep deprivation studies (Webb 1975; Goodman et al.
1989; Brunner 1993; Pierce et al. 1993; Bach 1994; Dinges 1997; Meney et
al. 1998; Williamson and Feyer 2000; Scott and McNaughton 2004) to date,
have reported inconsistent results in terms of the effects of sleep loss, posing
more questions than providing answers. While some revealed a weak
correlation between subjective and objective measures of sleepiness and
fatigue (Devoto 1999, Williamson and Feyer 2000) others agreed that REM
sleep is delayed and NREM sleep compensation takes priority during recovery
sleep (Brunner 1993, Bach 1994). However, other studies have shown that, in
order to detect residual daytime performance or mood deficits, sleep must be
reduced to at least 5 hours per night for 2 successive nights (Mougin et al.

1996; Dinges 1997).

Due to the nature of the sleep cycle, the duration of the entire sleep period
may have an impact on the duration of some sleep stages obtained during
one sleep cycle. For instance, sleep restriction of 4 hours or less per night will
significantly reduce the amount of REM sleep obtained, thereby imposing a
high level of REM deprivation (Tilley 1984). Similarly, one would expect a

reduction in the amount of slow wave sleep should a sleep epoch be
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shortened like it would in sleep disorders that cause frequent arousals and
delayed sleep onset, such as insomnia and obstructive sleep apnoea. The
restorative functions of sleep would be compromised as a result of the lack of
progression into deeper stages of sleep. It is clear that the consequences of
varying durations of sleep loss can also differ. The following section further
addresses and compares the effects of both partial and total sieep

deprivation.

1.5 Effects of sleep deprivation

The adverse effects of sleep deprivation, regardiess of duration, are well
documented (Martin 1981; Martin and Gaddis 1981; VanHelder and Radomski
1989; Scott et al. 2006) and will be examined further herein. For the purpose
of this presentation, these will be divided into sleepiness, endocrine, cardio-

respiratory and performance (both physical and cognitive) effects.

1.5.1 Sleepiness

Sleepiness, like hunger or thirst, is a basic physiological need state necessary
for the survival of many organisms and is only reversed by sleep. The neural
processes that govern the sleep-wake cycle would naturally increase the
tendency for one to sleep following a period of wakefulness. The degree of
our accumulated sleep debt can be measured by this inclination to fall asleep
more rapidly or sleeping longer than usual (Bonnet 1995). Although the sleep

needs of individuals vary, sleep loss of as little as 1 or 2 hours from one’s
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ideal sleep time can exaggerate sleepiness and the tendency to perform
errors (Powell et al. 2001). Earlier research has previously focused on
prolonged sleep deprivation effects, but the effects of partial and total sleep
deprivation were later found to be quantitatively similar (Bonnet 2003). The
loss of up to 4 hours of sleep per night decreases daytime sleep latencies
(Carskadon and Dement 1981; Devoto 1999), increases subjective sleepiness
and results in performance deficits (Mougin et al. 1991; Meney et al. 1998).
The most noticeable of sleep loss effects are related to excessive daytime
sleepiness. These are usually visible to the examiner’s eye or the subject
themselves (yawning, eye rubbing or nodding) or sometimes evidenced by
objective sleepiness reports such as MSLTs. In a study to evaluate the effects
of sleep loss on daytime sleepiness, sleep of 5 hours per night for 7 nights
resulted in significantly reduced sleep latency scores on the MSLT by a
difference of up to 10 minutes per day across all 7 days (Carskadon and

Dement 1981).

Factors influencing daytime sleepiness following a night of sleep deprivation
include the time of day of sleep deprivation, duration of prior sleep loss, as
well as sleep structure (Dinges 1997; Devoto 1999). Within a conventional
sleep and wake cycle, sleepiness naturally occurs in the late evening, with a
peak in the middle of the night when an individual is sleeping. Maintaining
wakefulness during this time may result in the loss of energy, fatigue, memory
and lapses in concentration. Therefore, the maintenance of this wakefulness
into the following day will further exacerbate sleepiness. When the effects of

slow wave sleep loss on daytime sleepiness were assessed, an increase in
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the tendency to fall asleep was related to the duration of sleep restriction
(Devoto, 1999). In this study, subjective and objective performance effects
were found to have a weak correlation with electrophysiological data.
Therefore, persons at risk (drivers, etc) may develop sleepiness without
adequate warning signs (Devoto 1999). The structure of prior sleep influences
the composition of recovery sleep. An important feature in the regulation of
sleep is to compensate for its loss in subsequent recovery sleep. For instance,
selective sleep deprivation of either NREM or REM sleep increases the
compensatory effects of recovery sleep, such that the restricted sleep stages
are likely to be inflated in the recovery period. EEG slow wave activity is a
reliable NREM sleep intensity marker that increases in recovery sleep, seen
after prolonged waking (Endo et al. 1998). There is, however, no consensus
on the loss or maintenance of NREM stages when sleep is only partially
restricted. Following partial sleep deprivation of 4 hours of sleep on two
consecutive nights, the sleep and awake EEG showed no differences in the
amount of stage 3 and 4 sleep (Brunner 1993). This report further suggested
that the preservation of SWS with sleep deprivation implies that it may have a

more essential function.

1.5.2 Cardio-respiratory effects

Historically, studies have reported conflicting results in response to sleep
deprivation; either increases or decreases in heart rate, blood pressure or
ventilation, but some have historically reported no significant effects of sleep
deprivation on these variables (Horne 1978). The effects of prolonged sleep

deprivation of 30 hours have been studied both at rest and in exercise in a
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group of 15 young male volunteers, using a combination of 1-min incremental
exercise tests to exhaustion on a cycle ergometer and exercise endurance
tests. This study concluded that 30 hours of sleep loss changes
cardiorespiratory function and hampers the ability to perform maximal
exercise, but does not affect exercise endurance, as indicated by a reduction
in resting heart rate, plasma catecholamine levels and blood pH as well as an

increase in minute ventilation and CO; production (Chen 1991).

Cardio-respiratory changes are reflective of performance in physical activities
and have a significant effect on the ability of humans to perform normal levels
of exercise. More studies have examined the extent to which sleep loss
actually changes exercise responses (Cooper and Phillips 1982; Angus 1985;
Myles 1985; Bond et al. 1986; Plyley et al. 1987; Canet et al. 1989) by
examining sleep loss with and without intermittent exercise. They all found a
lower heart rate in response to exercise after sleep loss. Later, a similar
response was observed when sleep deprivation resulted in a decline in heart
rate during sub-maximal exercise (Scott and McNaughton 2004). On the
contrary, Spengler and Shea (2000) found that sleep deprivation does not
change ventilation and metabolism in humans, provided that the exercise and
environment are well-controlled. In addition, a difference was found in the
response of normal humans and those with obstructive sleep apnoea (OSA)
to sleep loss (Spengler and Shea 2000). These changes, however, were also
reported to be reversed following recovery sleep, demonstrating that sleep

loss of any magnitude is unlikely to result in human system failure.
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A more recent review by Mullington and colleagues (2009), however, has
outlined the effects of insufficient sleep on cardiovascular risk factors including
blood pressure, glucose metabolism, hormonal regulation and inflammation.
Although trivial, autonomic changes in humans during periods of sleep
restriction have been demonstrated but it remains unknown whether these
changes are short-lived and one is able to adapt over time (Mullington et al.

2009).

1.5.3 Endocrine activity

The normal daily variances in hormonal and metabolic indicators during the
sleep and wake states are tightly regulated and related to circadian activity
(Van Cauter 1997; Spiegel 1999). The concentrations of various hormones in
the body at any given time can either be a function of prior levels of hormone,
current levels of activity or time of day effects. Several early studies have
demonstrated hormonal responses in normal subjects during varying periods
of sleep loss. In the early 1990’s, Van Cauter and her team (1991) evaluated
the effects of a 12-hour sleep loss on plasma levels of GH, cortisol, prolactin
(PRL) and thyrotrophin (TSH). This experimental design yielded significant
differences in the profiles of all of these hormones. Cortisol showed the least
shift in its profile, and TSH secretion was increased in the absence of sleep.
On the contrary, later findings revealed elevated thyroid activity following total
sleep deprivation thereby inhibiting the amount of TSH released under these
conditions (Bonnet 2003). The GH and PRL levels were immediately elevated

following this 12-hour period of no sleep (Van Cauter et al. 1991). Besides its
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sleep onset-induced increase in secretion, GH concentration is generally
highest during the late evening and early part of the night (Van Cauter et al.
1992). This profile is also indicative of a circadian rhythm regulation

(Brandenberger 2000).

Although the total amount of hormone secretion may be consistent, the
patterns of secretion may change, such as in the case of hormones which are
dependent on sleep for their circadian rhythmicity (e.g. cortisol, GH and TSH)
(Carskadon and Dement 2005). Considering the relationship between
exercise performance and circadian rhythmicity, it can be expected that time
of day effects of sleep loss on the endocrine system should also determine
the ideal time at which one should exercise. Previous reports stated that in
young adult males, GH release is related to exercise intensity in a linear dose-
response manner (Pritzlaff ef al. 1999). This fractional stimulation of GH
secretion was later found to be greater in women than in men (Pritzlaff et al.

2002).

Blood and urinary levels of cortisol are physiological markers of stress. Under
normal circumstances, cortisol decreases at sleep onset for 1 to 2 hours,
increases during nocturnal awakenings, and again increases towards the end
of the sleep period. Due to an increase in the amplitude of the secretory
pulses at this time, cortisol displays a marked diurnal rhythm being highest in
the early morning (around 04:00). Sleep is therefore initiated when activity of
the corticotropic axis is limited. This sleep onset inhibition in cortisol secretion

is less pronounced under conditions of sleep loss (Leproult 1997).
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The control of plasma glucose concentrations is facilitated by the balance
between glucose delivery and utilisation by the body. Insulin plays an
important role in this regulatory process by inhibiting hepatic glucose
production and stimulating glucose uptake by insulin-sensitive tissues like
skeletal muscles (Peschke 2008). Conversely, the counter-regulatory
hormone, glucagon, has the ability to increase plasma glucose levels by
stimulating the breakdown of stored glycogen. It was also established that the
characteristics of normal glucose regulation vary across the 24-hour cycle.
Increased glucose in response to a standard oral glucose load occurs in the
late afternoon and early evening, and actually persists during most of the
night. Perhaps a detailed understanding of glucose regulation can provide

strategies for dietary schedules that improve this regulation.

1.5.4 Mood, cognitive and psychomotor performance

Cognitive functions in human performance are likely to be easily impaired by a
period of sleep loss. Although research has produced very conflicting results
over time, several outcomes point to the deleterious effects of a lack of sleep
on cognitive performance and vigilance, which can be extrapolated to exercise
performance (Horne 1985; Dinges 1997; Scott 2006). These include
cumulative and consistent changes in neurobehavioral measures of alertness
as a function of sleep restriction, evidenced by results of subjective sleepiness
scales, MSLTs and psychomotor vigilance tests. Generally, changes in these

variables are greatest during the first 2 days of sleep restriction (Dinges
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1997). Traditionally, sleepiness impairs normal functioning of the central
nervous system (Horne 1985; 1992), thereby causing negative effects on
psychological performance, indicated as cognitive slowing, memory loss,
fatigue and decreased vigilance and alertness (Angus 1985; Scott 2006). The
performance decrements caused by moderate sleep deprivation have even
been equated to those induced by moderate alcohol intoxication in drunken-

driving studies (Williamson and Feyer 2000).

Because of the challenges in measuring the physiological effects of
sleepiness, researchers are more inclined to measure performance
degradation using standardised performance tests. Long, monotonous,
paced, newly-learnt psychomotor tasks with a short-term memory component
and without incentive or feedback, are most affected by sleep deprivation
because they unmask sleepiness (Pilcher and Huffcutt 1996). Vigilance and
reaction times, such as in simulated driving tasks and simple reaction tests,
are affected after sleep deprivation and are therefore effective measures of
psychomotor performance (Dinges 1997; van den Berg and Neely 2006). In
partial sleep deprivation studies, the decreased performance on vigilance
motor tasks is the most obvious response to reduced sleep (Holland 1968).
These effects on vigilance are intensified as one spends more time on the
same task. Reaction times deteriorate when sleep is limited to two or fewer
hours on two successive nights compared to increases in the subjective
complaints of headaches, forgetfulness, decreased concentration, fatigue,
irritability, and difficulty waking experienced after longer duration studies

(Dinges 1997).
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Two reviews of sleep deprivation were published in the 1990s, both reporting
the influence of sleep deprivation on psychomotor performance. One analysis
concluded that prolonged sleep loss of 45 hours per week or longer had
increasingly greater impact on performance and that the speed, rather than
accuracy, of performance was more affected (Koslowsky and Babkoff 1992).
The other review suggested that mood was more affected by sleep loss than
cognition, which, in turn, was more affected than motor tasks (Pilcher and
Huffcutt 1996). Although sleep loss has been seen to affect mood states and
cognitive ability, the effects on exercise performance may still require more
research. A recent study has investigated the changes in psychological states
during an ultra-endurance foot race, and found that an individuals’ trait
emotional intelligence may be a key factor in determining their response to
repeated bouts of exercise (Lane and Wilson 2011). This difference means
that some athletes have superior performance in hard exercise as compared

to others with low trait emotional intelligence.

In an earlier study by Lucas and others (2009), using the Stroop test before,
during and after an adventure race revealed that the cognitive performance of
9 athletes was modestly affected. Complex response times were 16% slower
and were found to be dependent on the intensity of exercise. Therefore, it was
concluded that moderate-intensity exercise may help complex decision-
making during sustained stress (Lucas et al. 2009). Similar to the more
deleterious effects of sleep loss on monotonous cognitive tasks, compared to

complex tasks, exercise performance may be less affected by sleep loss if the
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bout of exercise is longer and more challenging. It is, therefore, essential to
quantify physiological sleep restriction effects separately from psychological

effects.

1.5.5 Exercise performance

Research has investigated the effects of sleep restriction extending as long as
64 hours on subsequent exercise performance (Angus 1985; Takeuchi et al.
1985; Martin 1988; Symons et al. 1988; Goodman et al. 1989). For a long time
these effects on physical performance were limited to perceived exertion
rather than physiological measurements. In a study by Myles (1985),
outcomes suggested that, where the exercise is of several minutes duration,
rates of perceived exertion (RPE) are increased by sleep deprivation and by
physical fatigue. Where the exercise period is as short as 30 seconds, sleep
deprivation has no effect and physical fatigue causes only a small change in
the perception of exercise intensity (Myles 1985). Further research then
revealed that, in fact, acute sub-maximal exercise (at 80% VO,max) is only
affected by prolonged sleep loss if the exercise is exhaustive (Martin and
Haney 1982; Bond et al. 1986; Goodman et al. 1989). These outcomes are
based on the degree of contribution of the aerobic energy system to physical
performance after sleep loss, by measuring oxygen consumption (VO3) during
a bout of exercise. This is important in determining the duration of the bout of
exercise to be used in all sleep loss studies. In support, acute sleep loss,
achieved through delaying bedtime until 3 am, was found to alter neither
supra-maximal exercise evaluated from the 30-second Wingate test, nor the

respiratory and metabolic responses to that test (Mougin et al. 1996).
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Early efforts to determine cardiovascular, metabolic and respiratory responses
to aerobic exercise, following a period of sleep restriction, yielded conflicting
results. In a study conducted by McMurray and Brown (1984), exercise
ventilation, heart rate and oxygen consumption were all not affected by sleep
loss, during the sleep deprivation period. However, during the recovery period,
ventilation and oxygen consumption increased (McMurray and Brown 1984).
This could have been a compensatory reaction to the compromised oxygen
usage during exercise while subjects were sleep deprived. In conflict with this
report, following a partial sleep deprivation protocol of 3 hours of sleep loss in
the middle of the night, there were statistically significant increases in heart
rate and ventilation at sub-maximal exercise compared with results obtained

after a baseline night (Mougin et al. 1991).

As demonstrated in many studies, the effects of sleep restriction on exercise
performance are evidently dependent on three factors: 1) whether the
exercise is aerobic or anaerobic; 2) whether the exercise protocol is
exhaustive; and 3) which sleep stages are restricted, as a function of the half
of the night in which sleep is restricted. In light of the conflicting findings of
previous work concerning the effects of sleep restriction on intermittent sub-
maximal exercise and cognitive performance, this study was specifically
designed to take all three of these factors into consideration in order to yield

consequential results.



1.6

1.

Research aims

To test the effects of both one and two consecutive nights of partial
sleep deprivation on various performance measures .

To compare the difference in the subsequent measures of aerobic
exercise performance, mood and daytime sleepiness after one and
two consecutive nights of partial sleep deprivation.

To test the correlation between measures of restricted sleep and

aerobic exercise measurements.

44
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CHAPTER 2

METHODS

2.1 Ethics

The study was approved by the Committee for Research on Human Subjects
at the University of the Witwatersrand (protocol number M050220). Each

subject provided written informed consent.

2.2 Subjects

Eight male volunteer cyclists between the ages of 18 and 30 years
participated in the study. They were recruited from competitive cycling and
spinning clubs in Gauteng, as well as from the University of Witwatersrand’s
cycling club, in response to disseminated marketing material and email
requests for participation. In addition, marketing material was posted at
various places including Little Company of Mary hospital in Pretoria and Wits
Medical School in Johannesburg. Participants had all taken part in
competitions such as the 94.7 cycle challenge and other known mountain bike
and cycle races. Subjects were excluded if they had irregular sleep-wake
schedules, and any sleep or medical disorders, as determined by the General
Health Questionnaire (Appendix 1) used to screen for physical and
physiological distress (Goldberg 1992). Subjects reported sleeping six to eight
hours on average with little variation. They were instructed to abstain from

caffeine and alcohol for 24 hours prior to each assessment and to maintain a
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standard sleeping pattern for at least 48 hours before a scheduled study

period.

2.3 Adaptation

At least one week prior to the first test period, subjects spent an adaptation
night in the laboratory, during which they became familiar with the recording
techniques and new environment. They had a VO,max measurement,
completed the questionnaires and reaction tests to be used on the
experimental nights and slept with all electrodes to be used for the sleep
recordings. Data was obtained but no values from these measurements were

used for analysis purposes.

2.3.1 Maximal oxygen uptake (VO.max)

A 3-min interval incremental protocol (Wyndham 1959) was used. Following a
10-minute warm-up period, subjects first cycled on a stationary cycle
ergometer (Dynavit Meditronic 40, Keiper Dynavit GmbH & Co,
Kaiserslautern, Germany) at a work rate of 150 Watts for 10 minutes to
measure cycling efficiency, and then pedalled at a work rate close to their
maximum ability for 3 minutes depending on their individual capacity. The
subjects rested for a period of 10 minutes between each work load. The work
load was increased by 20 W.min™" for each subsequent 3-minute exercise

period until the VO, changed by no more than 1 ml.kg™.min™'. Oxygen
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consumption, carbon dioxide production and respiratory minute volumes were

measured using a metabolic cart (Oxycon 4, Mijnhardt BV, Bunnik, Holland).

To assess the performance of the metabolic cart prior to the beginning of the
study, the Douglas bag validation method was used (Consolazio1963).
Before each use, the system was calibrated against a gas syringe to confirm
gas volume measurements. Room air (20.93% O-) and a certified gas mixture
(Afrox, Johannesburg, South Africa) of known concentration (16% O, 4%
CO., 80% N2) were used to calibrate gas concentration assessments. Oxygen
consumption (VO;) and carbon dioxide production (VCO;) were expressed as
standard temperature (273° absolute), standard pressure (760 mm Hg), and

dry (0 mm Hg vapour pressure) (STPD).

2.3.2 Questionnaires and tasks

Subjects were asked to complete two questionnaires: (i) Profile of Mood
States (POMS) (McNair et al.1971) to assess mood. The POMS questionnaire
(Appendix 2) is designed to assess the following six mood states: tension,
depression, anger, vigour, fatigue, and confusion. It consists of 65 adjectives
rated on a five-point scale of 0 to 4, where the numbers refer to these
phrases: 0 = not at all, 1 = a little, 2 = moderately, 3 = quite a bitand 4 =
extremely. Reliability, internal consistency and factorial validity are well
established for the POMS (Weckowics 1978; Norcross et al. 1984). (ii) Wits
Faces Sleepiness Scale (Maldonado et al. 2004) to assess subjective

sleepiness. The Wits Faces Sleepiness Scale (Figure 2.1) uses cartoon faces
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to measure perceived sleepiness and is validated against the Stanford
Sleepiness Scale (SSS) and the Karolinska Sleepiness Scale (KSS)
(Maldonado et al. 2004). Each face is assigned a number, with 1 representing

the most awake face and 5 indicating perceived sleepiness.

Figure 2.1 The Wits Faces Sleepiness Scale used to measure perceived

sleepiness.

Subjects were also required to perform a Simple Reaction Test (SRT)
(Reaction Tester, Version 2.0A, E.D. Cartwright, 1989), using a DOS-based
computer time test to obtain an objective measure of alertness. During this
task, subjects sat in a well-lit, quiet room facing a computer monitor from a
distance of about 0.5 m. At random intervals, a white cross would appear
somewhere on the surface area of the monitor. The positioning of the white
cross was random. Each time a cross appeared, subjects were required to
press the ENTER key on the keyboard with their right index finger as quickly
and accurately as they could. Subjects performed one trial, featuring 50

crosses each.



49

2.3.3 Polysomnography

Gold-plated surface electrodes (Cadwell) were applied before bedtime, for the
recording of EEG, EOG, and EMG on a digital electroencephalograph
(Cadwell Easy EEG) at a recording speed of 15 mm.s™. Electrodes were
placed according to the 10-20 international system of Electrode Placement
(Jasper 1958), the most widely used method to describe the placement of
electrodes at specific intervals along the head. Each electrode site has a letter
to identify the lobe, along with a number or another letter to identify the
hemispheric location. Once positions were measured and marked on the
head, each site was cleaned with an alcohol solution. Electrode cups were
filled with EEG paste and held in place using Collodian and tape. Subjects
were then connected to a lead to the recording system, ensuring that an
“earth” electrode is also attached before recording. The recordings were then
scored at 30-second intervals for the following sleep stages: wake, 1, 2, 3, 4,
and REM, using standardized criteria (Rechtschaffen and Kales 1968). The
period of each sleep stage was taken as a fraction of the total sleep time
(TST) and expressed as a percentage (%) of stage 1, stage 2, SWS
(combination of stage 3 and 4) and REM. In addition, sleep onset (SOL) and

REM sleep onset (ROL) latencies were calculated.

2.4 Protocol

The experimental nights were run in a randomised order, as a crossover

protocol, with subjects acting as their own controls. All subjects were studied
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on three different trial protocols; baseline (BL), one (SD1) and two (SD2)
nights partial sleep deprivation (Table 2.1). Excluding adaptation, each subject
spent a total of four nights (1 night each for BL and SD1, and both nights
during SD2) and three days (for exercise testing) in the laboratory.

Subjects came into the laboratory at 20h00, at which time preparation and set-
up for the next day’s exercise sessions began. They completed the baseline
(S0) POMS and Wits Faces Sleepiness Scale at 21h00, after which they were
due to get ready for the first night of polysomnography. On the night of
baseline testing, lights were turned off from 23:00 to 06:00, giving the subjects
a total of 7 hours to sleep — this number was calculated based on the reported
average sleep time of the subjects. On the other two occasions, subjects were
partially sleep deprived for either one night (SD1) or two consecutive nights
(SD2) and were allowed to sleep for a total of 4 hours from 23:00 to 03:00 on
each of these nights. The first shortened night of the SD2 experimental
protocol, was followed by a period of approximately 3 hours during which
subjects were required to remain awake, engaged in sedentary activities in
the sleep laboratory until 06:00. They were then released to attend to their
normal daily activities and were required to report back to the sleep laboratory
at 20:00 for the second night of recording. Although no monitoring occurred on
this first day, subjects were given strict instruction not to nap, drink alcoholic
and caffeine beverages or engage in strenuous activities. On the second night
of SD2, subjects again slept for 4 hours, to be woken at 03:00 for the first
experimental session the next morning. Upon waking, subjects were allowed
30 minutes prior to their scheduled start time, to prepare for the first exercise

session. Due to the early start to exercising, subjects were given an energy
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bar to increase available glucose levels (sugar = 10.8 g; energy = 723.6 kJ
per 40 g bar) prior to the commencement of exercise, and only given
breakfast at the end of the first session. They were also weighed (Mettler TE/J
scale, Protea Laboratory, Johannesburg, South Africa) to detect any changes
in weight as a result of possible dehydration. In addition, subjects performed
the Simple Reaction Test (S1-S4) just before each exercise session of the
day. Exercise performance determinations, the details of which are outlined
below, occurred during the days following sleep on BL, SD1 and the second

night of SD2; a total of three days.

2.5 Exercise

The chosen protocol allowed for subjects to engage in prolonged aerobic
exercise taking place throughout the day, at a work rate that is self-selected,
but exhaustive as subjects were asked to cover as much distance as possible
within a given period of time. Subjects were requested to bring their own
bicycles to the laboratory to exclude differences in performance resulting from
the use of foreign equipment. Bicycles were mounted on a previously
calibrated cycle ergometer (Cyclosimulator, Model CS-1000, Cateye Co LTD,
Osaka, Japan). The metabolic cart used for this part of the experiment was
the same as that used for the determination of VO;,max and was validated and
calibrated in the same manner. Each exercise session (E1, E2, E3, E4) was
preceded by a 5 to 10-minute warm-up bout and separated from the next by a
period of 140 to 160 minutes. Subjects were asked to cycle for 40 minutes per

session on a carefully calibrated cycle ergometer, covering as much distance
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as possible, at a self-chosen work rate. However, all were encouraged to
perform at their best in every exercise session, and to complete each bout
having reached their personal target distance or greater.

Table 2.1 The protocol of all experimental procedures occurring over 24 or
fewer hours. The protocol includes sleep periods, completion of tasks and
questionnaires (S0-4), exercise (E1-E4) and rest periods; SRT = Simple

Reaction Test; BL = Baseline; SD1 = one night of sleep deprivation; SD2 =

two consecutive nights of sleep deprivation).

BL SD1 SD2
20h00 Arrival/set-up Arrival/set-up Arrival/set-up
21h00 Baseline scales | Baseline scales | Baseline scales

SO SO SO
22h00 Sleep prep Sleep prep Sleep prep
23h00 Sleep Sleep Sleep
00h00
01h00
02h00
03h00 Wake time Wake time

Scales and SRT | Scales and SRT
S1 S1
04h00 E1 E1
05h00 Sedentary Sedentary
06h00 Wake time activities activities
Scales and SRT | Scales and SRT | Scales and SRT

S1 S2 S2
07h00 E1 E2 E2
08h00 Sedentary Sedentary Sedentary
09h00 activities activities activities
10h00 Scales and SRT | Scales and SRT | Scales and SRT

S2 S3 S3
11h00 E2 E3 E3
12h00 Sedentary Sedentary Sedentary
13h00 activities activities activities

Scales and SRT | Scales and SRT | Scales and SRT

S3 S4 S4
14h00 E3 E4 E4
15h00 Sedentary

activities
16h00
17h00 | Scales and SRT

S4

18h00 E4
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Subjects were allowed to drink ad libitum during the sessions. They wore a
nose clip and breathed through a mouthpiece for the last 2 minutes of every
10-minute interval. Minute ventilation (Vg), as well as oxygen consumption
(VO,) and carbon dioxide production (VCO,), were determined at 30-second
intervals using the metabolic cart (average of 4 measurements within 2
minutes of each 10-minute interval). The final VO after 40 minutes of
exercise was used to calculate the percentage of VO,max at which each
subject exercised for a given exercise session. Also recorded during each
session were (i) Heart rate, every 30 seconds of the final 2 minutes of each
10-minute interval (Polar Edge Heart Rate Monitor, Polar electro Oy, Finland)
and (ii) Distance covered in 10 minutes and the total distance at the end of
each session. Capillary blood was taken from the tip of a pre-warmed index
finger at rest and at the end of each exercise trial and analysed to determine
plasma lactate concentration using a hand-held lactate analyser (Accutrend

Lactate, Type 3012522, Roche Co, Johannesburg, South Africa).

2.6 Data analysis

Statistical analysis was carried out using GraphPad Instat Version 3 (El
Camino Real, San Diego, USA). Parametric data analysis methods were
employed following normal probability plotting to determine whether data
came from a normal distribution. Analysis of TMD scores was done by
repeated measures analysis of variance (ANOVA) to determine the difference
between all 5 sessions (S0, S1, S2, S3 and S4) as well as the average scores

during 3 conditions (BL, SD1 and SD2). To investigate the effects of partial
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sleep deprivation on mood, repeated measures ANOVA were also performed
amongst all mood subscales in 3 experimental conditions (BL, SD1 and SD2).
Where significant differences in scores were found, a post hoc test (Tukey)
was done. The average simple reaction times of subject 1 to 8 were also
analysed using the one-way ANOVA to compare reaction times between
experimental conditions. Repeated measures ANOVA were run on all
outcome variables of polysomnographic data, comparing each subject to
themselves on 3 occasions (BL, SD1 and SD2). In addition, total sleep time
(TST), sleep (SOL) and REM onset (ROL) latencies, as well as total
percentages of sleep stages obtained during the three experimental
conditions were averaged for each condition to determine means and
standard deviations of each parameter, and analysed using one-way ANOVA
for averaged data. Pearson product moment correlations between percentage
of sleep variables (including Stage 1, 2, SWS, REM, SOL and TST) and
sleepiness, mood and reaction time during the BL, SD1 and SD2 conditions,
as well as correlations between percentage of sleep variables and
performance variables (heart rate, distance and % VOumax) for exercise, were
calculated. Furthermore, correlations amongst the different sleep variables
and exercise variables were calculated. The averaged data for barometric
pressure, lactate and weight, were analysed by one-way ANOVA to assess
differences across conditions, while all other data between exercise sessions
(E1-E4) for heart rate, distance, speed, Vg, and VO, were analysed by
repeated measures ANOVA to assess differences between exercise sessions.
A p value below 0.05 was considered significant. Data are expressed as mean

and standard deviation (SD) unless otherwise stated.
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CHAPTER 3

RESULTS

The demographics of the participants in the study (mean (SD)) are as follows:
age, 26.0 (0.4) years; height, 1.76 (0.80) m; body mass, 75.0 (13.0) kg;
VO,max, 54.0 (4.2) mi/min/kg. Subjects maintained their baseline body
weights between exercise sessions during all experimental days, i.e. body

mass for BL = 74.2 (12.2) kg; SD1 = 75.2 (13.6) kg; SD2 = 74.7 (13.9) kg.

3.1 Questionnaires and tasks

The mean scores for the questionnaires (POMS and the Wits Faces
Sleepiness Scale) that were completed in all five sessions (S0-S4) and in four
sessions (S1-S4) for reaction time (SRT) during the three trial days (BL, SD1

and SD2) are indicated in table 3.1.
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3.1.1 Mood

A repeated measures ANOVA showed that the total mood disturbance (TMD)
was significantly higher (p = 0.0004) across conditions on the night prior to
testing (S0) (average > 21) than the average of all sessions on the days of
testing (S1—4). Differences in TMD were also found for SD1 and SD2

compared to BL conditions as well as SD1 compared to SD2 (Table 3.1).

Table 3.1  Mean (SD) scores of the POMS (Total Mood Disturbance).

POMS Total Mood Disturbance
scores
BL SD1 SD2
S0 254(1.8) 220(28) 12.0(2.9)*
s1 6.5 (1.3) 92(225) 7.3(2.1)
S2 1.7 (1.5) 78(3.0) 3.4 (26)
S3 1.4 (2.0) 36(28) 0.7(2.8)
s4 1.0 (2.0) 48(3.4) 20(3.3)
Mean 7.2(1.7) 95(29) 5.1(2.7)
scores

*SD1 and SD2 (p<0.05) compared to BL and # SD1 (p<0.05) compared to SD2. All statistics
are repeated measures ANOVA. BL = baseline condition; SD1 = one night of sleep
deprivation; SD2 = two nights of sleep deprivation. S0O—S4 = sessions during which tasks and
questionnaires were completed.

Furthermore, the average score across all sessions for the subdivisions of the
POMS scores, the subjective measures of “tension” (p = 0.18) and “confusion”
(p = 0.06) were not significantly affected by sleep deprivation. However,
changes were evident in the “depression”, “anger”, “fatigue”, and “vigour”

subscales, such that subjects felt less depressed during SD2 compared to BL
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(p = 0.0041), less angry during both SD1 and SD2 compared to BL (p =

0.0266), more fatigued during SD1 and SD2 compared to BL (p = 0.032) and

less vigorous during both SD1 and SD2 in comparison to the BL condition (p =

0.0008) (Figure 3.1). No significant differences were found when comparing

the

Average scores

scores for any of the subscales between SD1 and SD2.

14.00
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| SD1
aSD2

6.00

4.00

2.00

0.00

Depression Anger Fatigue Vigour

POMS subscales

Figure 3.1 Mean scores of four significant POMS subscales (Depression,

Anger, Fatigue and Vigour) over each day during baseline and two

experimental conditions. BL = baseline condition, SD1 = one night of partial

sleep deprivation. SD2 = two nights of partial sleep deprivation. Comparisons

to BL (*p < 0.05; **p < 0.01; ***p < 0.001).
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3.1.2 Sleepiness

A repeated measures ANOVA analysis revealed significant differences in the
night before exercise (S0) versus session 2 (S2) scores of sleepiness faces in
the baseline condition, such that subjects felt more awake during the day after
a baseline night (p < 0.01). Subjects also felt more awake during S3 than the
night before festing (S0) (p < 0.01) but sleepier in the very next session (S4)

-compared to S3 (p < 0.05) during the SD1 condition (Table 3.2)

Table 3.2  Mean (SD) scores of the Wits Faces Sleepiness Scale

(Subjective sleepiness).

Subjective sleepiness scores

BL SD1 SD2
S0 1.9 (0.6) 1.8 (0.5) 2.1(1.4)
s1 0.8 (0.6) 1.8 (1.1) 1.4 (1.0)
S2 0.5(0.8)" 1.7 (1.1) 2.0 (1.0)
S3 0.9 (0.02) 0.6 (0.4)" 1.8 (0.2)
sS4 1.4 (0.08) 2.0 (0.3)" 1.6 (0.2)
Mean 1.1 (0.5) 1.6 (0.5) 1.7 (0.3)*
scores

* SD1 compared to SD2 (p<0.01), ** SD1 S4 compared to S3 (p<0.05), *** values compared
to SO (p<0.01) in BL and SD1, # mean SD2 compared to mean BL (p<0.05). All statistics are
repeated measures ANOVA. BL = baseline condition; SD1 = one night of sleep deprivation;
SD2 = two nights of sleep deprivation. S0-S4 = sessions during which tasks and
questionnaires were completed.

In addition, the mean sleepiness scores (an average of S0-S4) of SD2 were
significantly higher compared to BL such that subjects felt sleepier throughout

SD2 compared to BL (p < 0.05). However, average sleepiness scores in SD1
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were not significantly different compared to BL and to SD2.

3.1.3 Reaction time

Statistical analysis revealed faster reaction times during S4 compared to S1 in
the BL condition (p = 0.01) (Table 3.3). However, no significant differences

were found for averaged data (S1-S4) between BL, SD1 and SD2.

Table 3.3 Mean (SD) scores of the Simple Reaction Test (Reaction time).

Reaction time (ms)
BL SD1 SD2

S0 - - .
S1 305(16.8)  301(8.8) 301(14.2)
s2 289(19.8) 283 (15.1) 293 (19.8)
s3 288(21.9) 286 (11.4) 289 (23.2)
s4 282 (24.3)  288(16.7) 289 (18.6)
Mean |291(20.7) 290 (13.0) 293 (18.9)
scores

* BL S4 (p<0.01) compared to S1. All statistics are repeated measures ANOVA. BL =
baseline condition; SD1 = one night of sleep deprivation; SD2 = two nights of sleep
deprivation. S0-S4 = sessions during which tasks and questionnaires were completed.

3.2 Polysomnography

A repeated measures ANOVA revealed that each subject had their sleep
significantly reduced by an average of 3.8 + 0.4 hours per night on both SD1

and SD2, compared to BL (p < 0.05) (Table 3.4). The sleep and REM
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latencies (min) and the percentage of sleep stages in relation to TST for all
three conditions are also given in Table 3.4. During SD1, there was a
significant increase in percentage of slow wave sleep and decrease in
percentage in REM sleep compared to the BL condition. These changes

reverted to normal percentages of sleep during SD2.

Table 3.4 Mean (SD) percentages of sleep stages and latencies (min)

during polysomnographic recordings on baseline and sleep deprivation

conditions.

xperimental Percentage of TST TSTin SOL in ROL in
condition Mean (SD) minutes minutes minutes
Mean(SD) Mean (SD) Mean (SD)

Stage 1 Stage 2 SwWsS REM

BL 25(1.7) 49.9(9.8) 227(49) 223(4.8) 353.3(72.2) 9.2(5.1) 65.1 (15.2)
SD1 3.5(3.3) 453(6.6) 32.0(7.2) 17.2(6.7)* 218.9(24.5) 11.1(8.4) 69.3 (18.5)
SD2 1.7 (1.5# 54.2(10.8) 22.7(56)# 19.0(74) 231.0(25.6) 6.6 (4.5# 76.0 (39.6)

BL = baseline condition; SD1 = one night of sleep deprivation; SD2 = two nights of sleep
deprivation; SWS = slow wave sleep; REM = rapid eye movement; TST = total sleep time;
SOL = sleep onset latency; ROL = REM onset latency. Latencies are in minutes for SOL and
ROL. *significantly different from BL (p<0.05) and # significantly different compared to SD1
(p<0.05) (one-way ANOVA).

3.3 Exercise

All subjects exercised in an environment that did not differ significantly across
experimental days (temperature, humidity, air movement, barometric
pressure). The average changes in plasma lactate concentrations at the end

of exercise sessions across subjects and between conditions were not
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significantly different from each other (Table 3.5). No significant differences

were found when comparing SD1 and SD2 to BL minute ventilation (Vg).

Table 3.5

subjects and conditions.

Mean (SD) blood lactate and minute ventilation scores across

Su:)l:j)ect Blood Lactate (mmol/l) Minute Ventilation (I/min)

BL SD1 SD2 BL SD1 SD2
CL1 11.3(1.6) 4.6(04) 7.9(0.8) 86.7(7.7) 89.1(10.8)  89.3(7.4)
CL2 2.2(0.1) 25(0.5) 1.8(0.3) 73.6(8.8) 78.5(7.2) 66.2(8.4)
CL4 5.7 (1.8) 3.3(1.5) 5.9(25) 93.7(5.3) 90.7(1.5) 87.6(5.7)
CL5 1.8 (0.3) 3.0(0.3) 24(0.2) 82.6(7.7) 103.7(9.7)  78.5(7.2)
CL7 5.8 (3.5) 42(0.9) 6.6(2.5) 62.1(20.8) 66.2(8.4) 60.9(11.8)
CL8 5.8 (2.7) 6.4(23) 6.7(3.2) 63.7(15.1)  63.9(11.6) 55.9(6.9)
CcL9 3.1(1.8) 25(0.5) 3.7(24) 54.7(1.1) 55.6(1.9) 52.2(8.2)
cL10 2,7 (2.0) 43(1.8) 24(0.1) 49.7(1.3) 47.3(4.1) 56.9(5.2)
Mean 4.8 3.9 47 70.9 744 68.4
sD 1.7 1.2 1.9 15.9 19.4 14.7

Average blood lactate after four 40-minute exercise sessions is expressed in mmol/l. Minute
ventilation is expressed as I/min. BL = baseline condition; SD1 = one night of sleep

deprivation; SD2 = two nights of sleep deprivation. (p<0.05) (one-way ANOVA).

Subjects were also able to maintain their normal body weight between

exercise sessions during all experimental days: BL = 74.2 (12.2) kg; SD1 =

75.2 (13.6) kg; SD2 = 74.7 (13.9) kg (p = 0.00034). Although the distances

cycled in each condition were significantly different (p < 0.0001) between

subjects (minimum = 14.32 km; maximum = 29.71 km), the average total

distances cycled throughout the exercise day during three conditions (BL =
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93.2575; SD1 = 89.20375; SD2 = 89.24375) were not significantly different (p
= 0.88) (see Figure 3.2). Table 3.6 shows the variation in the average

distances covered by each subject in each condition.

Table 3.6  Mean and total distance covered by each subject, as well as the

absolute difference in distance from baseline (BL).

Average Distance per Total Distance per day Change from BL
session (km) (km) (km)
BL SD1 SD2 BL SD1 SD2 SD1 SD2
CcL1 15.02 16.15 16.64 60.08 64.58 66.56 1.13 1.62
CL3 26.1 23.93 26.15 104.4 95.73 104.6 -2.17 0.05
CL4 27.21 23.93 28.47 108.8 95.73 113.9 -3.28 1.26

CL5 | 29.71 26.35 25.55 118.9 105.4 102.2 -3.36 -4.16

CL7 24.26 26.15 22.53 97.04 104.6 90.12 1.89 -1.73
CL8 24.61 24.82 21.69 98.45 99.28 86.77 0.21 -2.92
CL9 22.95 22.76 22.98 91.8 91.04 91.93 -0.19 0.03
CL10 | 16.83 14.32 14.47 66.59 57.27 57.87 -2.51 -2.36
Mean | 23.34 22.30 22.31 93.26 89.20 89.24 -1.04 -1.03

Average distance of four 40-minute exercise sessions is expressed in km travelled. Total
distance is the sum of four 40-minute exercise session for each subject. Change from BL is
calculated based on the total distance covered in each condition. BL = baseline condition;
SD1 = one night of sleep deprivation; SD2 = two nights of sleep deprivation.
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Figure 3.2 Distances covered by each subject in the baseline and two

experimental conditions. BL = baseline condition, SD1 = one night of partial

sleep deprivation, SD2 = two nights of partial sleep deprivation, CL — CL10 =

subject codes.

Similarly, the average speed at which subjects cycled was not significantly

different across conditions (p = 0.36 repeated measures ANOVA). The mean

(SD) oxygen consumption during exercise, expressed as a percentage of

each subject's VO,max, did not differ significantly between conditions: BL =

68.2 (16.1) %, SD1 = 64.4 (18.8) % and SD2 = 64.7 (18.2) %) (p = 0.89).

During exercise, the mean heart rate was found to be significantly lower in the

first session of exercise compared to the third and the last session (p < 0.01)

for all conditions (see Figure 3.3). However, the average heart rate between
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conditions was not significantly different (BL = 146.1 (22.1) bpm, SD1 = 148.3

(24.0) bpm, SD2 = 142.4 (23.9) bpm) (p = 0.88).
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Figure 3.3 Mean heart rate over four exercise sessions (E1-E4) in the
baseline and two experimental conditions. BL = baseline condition, SD1 = one
night of partial sleep deprivation. SD2 = two nights of partial sleep deprivation.
*p < 0.05 compared to E1 in all conditions (one-way ANOVA). Heart rate at
the end of each exercise sessions did not differ significantly (p > 0.05)

between conditions.

3.4 Correlations

Sleep, mood, sleepiness and reaction times were correlated to exercise
variables and each other. None of the polysomnographic sleep variables
correlated significantly to distance, speed and Vg, however, %REM sleep

correlated significantly to %VOz.max (r = 0.99; p = 0.01). Of the four POMS
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subscales that were evidently affected by sleep deprivation, only depression (r

=-0.55; p = 0.03) was inversely correlated to subjective sleepiness.

Correlations of the other three subscales, anger (r = -0.45; p = 0.09), fatigue (r
= 0.40; p = 0.14) and vigour (r = -0.49; p = 0.06) to subjective sleepiness were
not found to be significant. Correlations between subjective mood ratings and
polysomnographic sleep variables revealed an inverse relationship between
fatigue on the POMS scale and stage 2 sleep (r =-0.99, p = 0.05).
Furthermore, stage 1 was positively correlated to depression (r = 0.99; p =
0.04), stage 2 to anger (r = 0.99; p = 0.02) and REM to vigour (r = 0.99; p =

0.05). Mood ratings were not correlated to any exercise variables.

There were inverse correlations between sleepiness and stage 1 sleep (r = -
0.55; p = 0.03), and SWS (r = -0.53; p = 0.04), as well as a positive correlation
between ROL (r = 0.53; p = 0.04) and sleepiness but no other correlations to
sleep variables were significant during BL, SD1 and SD2. Subjective
sleepiness was inversely correlated to distance cycled (r = -0.56; p = 0.03),

speed of cycling (r =-0.56; p = 0.03) and %VO,max (r = -0.51; p = 0.04).

No correlations were found between perceived sleepiness, sleep and exercise
variables or any of the POMS subscales with reaction time on BL, SD1 or

SD2.
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Table 3.7  Correlation matrix for mood, sleep and exercise parameters.

Fatigue| Anger | Vigour [Sleepiness| ROL |Stage 1|Stage 2| SWS | REM |VO2max|Distance|Speed

Depression 1.0 -0.55 0.99
1.0 -0.99

1.0 0.99

Fatigue

Anger

0.99

0.53 | 0.55 <0.53 -0.56
-0.51 -0.56

Vigour 1.0

Sleepiness 1.0
ROL 1.0

Stage 1

Stage 2
SWsS
REM

VO2max

1.0

1.0

1.0

1.0 | 0.99
1.0

Distance 1.0

1.0

Speed
Correlations in the matrix shown above are those which were significantly different at p<0.05.
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CHAPTER 4

DISCUSSION

41 Summary

This study tested the anecdotally-derived hypothesis that sleep deprivation
occurring the night immediately before an event does not negatively affect
performance, provided that one sleeps well the night before the sleep
deprivation night. Reducing the sleep of a group of eight cyclists to 4 hours
per night for one or two nights prior to prolonged exercise had only a few
quantifiable differences. Subjects experienced greater fatigue and reduced
vigour after both one night and two nights of sleep deprivation as compared to
the baseline condition. There was an increase in percentage SWS and a
decrease in percentage REM during the first night of sleep deprivation (SD1)
that were reversed after two nights of sleep deprivation (SD2). Exercise
performance variables (lactate levels, oxygen consumption, heart rate,
distance and speed) were not significantly different between the three
conditions. Sleepiness was inversely related to depression, percentage

stage1 and slow wave sleep, and positively correlated to REM onset latency.

4.2 Study limitations

The sleep protocol employed in this study did not include a recovery period
and therefore, made it difficult to quantify the distribution of sleep stages and

any possible rebound in sleep after each experimental condition. As seen
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here, SWS was restored (SD2 levels were similar to BL) while REM measures
were indicative of a slow return to basal levels after sleep deprivation. The
current study also neglected to measure reaction times of subjects on the
night prior to testing, as a true baseline measure (S0). This measurement is
necessary in order to make comparisons with subsequent measurements
taken during the experimental protocol. For exercise data, including distance,
speed, oxygen consumption and heart rate, variability would have been

reduced had the subjects been more comparable in age and level of fitness.

The exercise protocol in the current study was deemed exhaustive and the
average cumulative distance covered by each subject is evidence of the
importance of endurance capacity in completing the study. Measurements of
power for the purpose of exploring the effects of sleep loss on anaerobic
exercise was not part of the overall objectives of the study and was therefore
excluded. However, it may be useful in a further study to draw comparisons
between the effects of circadian rhythms and sleep loss on aerobic and
anaerobic exercise performance. A further shortcoming is the lack of relation
to a real life setting of endurance events because most 1-day events typically
take place continually, covering on average, 50 to 70km per event. In the
current study, the average cumulative distance covered is over 90km per day,
spread over four sessions. It may be beneficial for future research to closely
simulate a known endurance cycling or mountain biking event in order to allow

for more direct applicability of findings.
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In the current study, subjects were mostly detained within the boundaries of
the experiment during each condition, and had no unsupervised access to
their usual daily activities on the days of exercise recording (day 2 of SD1 and
SD2). A possible limitation of the protocol was our reliance on subjects to 1)
limit their own activity during the day after the first night of the SD2 condition
prior to exercise, and 2) avoid taking a nap during that same day when their

activity was not monitored.

4.3 Discussion of results

To test the subjective and objective performance effects in realistic terms, we
used a model of partial sleep deprivation similar to that experienced by ultra-
marathon athletes during events, as described herein as SD1 and SD2. The
SD1 condition in this study is employed to examine the effects of sleep
deprivation on the night prior to an event, provided that the athlete slept well
(7-8 hours) two nights before the event. The hypothesis for this protocol was,
as per anecdotal evidence, that exercise performance is not negatively
affected by the partial sleep loss that is often the result of an early and

anxious start to an ultra-marathon event.

On the contrary, SD2 is based on the assumption of losing up to 4 hours of
sleep on both nights leading up to an important event. This, according to
many athletes, is a cause for concern as performance is likely to dip as a

result of the partial sleep restriction. Therefore, the SD2 condition should see
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some performance deficits following the second night of deprivation in

response to the accumulated sleep debt, compared to SD1.

4.3.1 Mood

The outcomes of the POMS included higher TMD scores during several
sessions under sleep loss conditions compared to baseline. It is important to
note the outlying true baseline (S0) score, taken the night before any
intervention, and indicating anxiety. A meta-analysis (Pilcher and Huffcutt
1996) and other studies reported that losing at least 4 hours of sleep or more
per night for 2 or more consecutive nights, results in mood deficits (Dinges
1997; Meney 1998). In one experiment, subjects were studied on two different
occasions (control and sleep deprivation) of 2 nights each, with the results
showing a significant negative effect of sleep deprivation on most mood states
after night 1 but mood recovery on day 2 (Meney 1998). Another study
(Dinges 1997) explored the effects of shorter but cumulative bouts of sleep
deprivation over 7 consecutive days which resulted in longer-lasting mood
deficits. This general alteration in mood states suggests that the ultimate
damage in response to this sleep loss is a function of cumulative effects if the

sleep loss is not interrupted by naps.

We also found that, more specifically, reducing sleep by 4 hours per night on
either one or two consecutive nights resulted in considerably more subjective
fatigue and less vigour. Fatigue after sleep loss tended to increase to levels

higher than those after a baseline night, suggesting that subjects felt the tiring
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effects of sleep loss prior to any physical activity. Vigour worsened to low
levels as a result of sleep restriction thereby confirming the subjects’ low
levels of perceived physical and mental energy compared to baseline values.
Deteriorating energy levels after extended periods of sleep loss have been
reported before, where vigour and fatigue are worsened by the extent to which
the subject is deprived of up to 30 hours of sleep (Scott 2006). In that study, it
was evident that sleep deprivation was associated with significantly negative
disturbances to depression as well, as assessed by the POMS. This is
contrary to the current finding of reduced subjective depression in SD2 in
comparison to baseline. However, both fatigue and vigour were influenced by
partial sleep loss of up to four hours a night, whereas subjective depression
may take a while to surface. Our results did not show a significant difference
between the effects on subjects’ mood by sleep loss between SD1 and SD2,
contrary to our anecdotally-derived hypothesis; noteworthy differences were
seen only in comparison of the two sleep deprivation conditions to the
baseline condition. Furthermore, counter to findings by Dinges (1997), it can
be seen here that mood deficits occur long before sleep loss reaches
detrimental levels. Therefore, in line with the findings of Pilcher and Huffcutt's
(1996) and Meney (1998) meta-analyses, it is clear that mood is more
sensitive to sleep deprivation than any other variable, as seen with the effects
on our subjects during SD1. It may even be that mood recovery occurs on the
day after sleep deprivation (Meney 1998) thereby supporting the notion that
mood improvements can be seen after a night of sleep deprivation where

sleep loss is not cumulative.
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4.3.2 Sleepiness

Subjects reported on their perceived levels of sleepiness on the preceding
night and at the beginning of each session on the day of exercise testing in
each condition. In general, subjective sleepiness levels varied throughout the
period of testing from SO to S4. During the baseline condition, subjects
experienced expected levels of sleepiness, such that they felt sleepier on the
preceding night than during the day of testing. This was likely as a function of
circadian rhythms and possibly a result of the arousing effects of their physical
exertion throughout the day, compared to the night before testing. During
SD1, subjects reported being alert only until S3, but sleepiness surfaced
towards the end of the day with subjects feeling sleepiest in the final session
(S4). The faces scale also revealed that subjects felt the least alert during
SD2 from S0O. No proven recovery occurred during the day of testing (S1 —
S4), and on average, the SD2 condition yielded the highest levels of
sleepiness compared to baseline. This was, however, not significantly

different from perceived levels of sleepiness in SD1.

Although the sleep needs of the subjects involved in this study may have been
different under normal circumstances, it is clear that partial sleep loss of 3
hours per night for 2 consecutive nights exacerbated their sleepiness in
comparison to baseline conditions. This is in agreement with a previous report
on driving while sleepy (Powell et al. 2001) and is also comparable to much
earlier reports of measured daytime sleepiness when one experiences
prolonged (up to 7 consecutive days) partial sleep deprivation (Carskadon and

Dement 1981; Devoto 1999). On the contrary, according to Horne (1985), the
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effects of sleep deprivation on subjective sleepiness appear to stop
accumulating beyond the second night of restriction, suggesting that after the
initial changes experienced in daytime sleepiness, some adaptation to sleep
loss may occur. This adaptation is said to be due to the changes in sleep
architecture during sleep deprivation and it is important for further
investigations to explore this phenomenon by measuring levels of sleepiness

during a recovery period in addition to perceived sleepiness.

4.3.3 Reaction time

Cognitive and motor performance studies have previously used the simple
reaction time test to investigate the deleterious effects of sleep loss on the
speed of a subject’s reaction to a given stimulus. This test is usually not used
in isolation but rather as part of a range of performance tests including other
coordination, accuracy and attention tasks. For the purposes of this research,
we employed this speed test on the basis of its relevance to this protocol as
well as its simplicity and objectivity. As far as vigilance is concerned,
measures of psychomotor performance, as influenced by sleepiness and
alertness levels, were hardly affected by the partial loss of sleep in the current
study. These results were much like in a report that found no difference
between deprived and non-deprived subjects in simple reaction time,
vigilance, or selective attention tasks after one night of sleep loss (Forest and
Godbout 2000). However, upon waking, an early start after sleep deprivation
proved to diminish subjects’ alertness. This is evidenced by slow reaction to

stimuli during the first session of the baseline condition (S1) compared to
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subsequent trials, although significantly so in comparison to only the last

session (S4).

The subjects’ reaction to stimuli gradually improved as a function of the
number of times they attempted the simple reaction test, regardless of
perceived alertness levels. This is evidenced by the improvement in the speed
of reaction by the last session of the day, whereby, performance was better
than in the first session, although this was not statistically significantly. This
was clearly not as a result of learning as this phenomenon carried through all
conditions in randomised order. It has been suggested that there are
functional clocks in the human brain cortex that are associated with the
possible expression of circadian rhythm changes in reaction time, and that
these rhythms are lowest in the early hours of the day (Reilly 1998). Coupled
with this is the influence of the sleep homeostatic process that controls sleep
pressure between wakefulness and a sleep period (Van Dongen 2005). In this
study, increased amounts of slow wave sleep determined from the subjects’
polysomnographic records, was not seen to be correlated to reduced vigilance
from the simple reaction test. Our results were therefore not able to show that
there may be a relationship between the rate of improvement in
neurobehavioral functioning and rate of decline of slow-wave sleep and/or

slow-wave activity (Jewett 1999).
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4.3.4 Polysomnography

There is still a lack of consensus on the loss or maintenance of NREM stages
when sleep is partially restricted, but to this end, the current results point to
the maintenance of these stages at least for the sleep deprivation period
prescribed herein. The reduction in Stage 1 and slow wave sleep, as well as
the faster onset to sleep during SD2 in comparison to SD1 was likely as a
result of the first sleep deprived night during SD2, such that subjects felt the
effects of accumulated sleepiness from the night before. The unchanged
sleep onset and REM onset latencies in the SD1 condition suggest that there
was a correlation between subjective (faces scale) and objective
(polysomnography) data. On the contrary, subjects were as inclined to fall
asleep as was perceived and measured in the SD2 condition. In agreement
with Brunner’s (1993) findings, the percentage of SWS did not change during
the SD2 condition in comparison to baseline. The difference in the degree of
build up of both stage 3 and 4 is still unclear. However, our findings are in
agreement with previous research that points to the importance of the
restoration of SWS (Vgontzas 2007). The current report, therefore, supports
suggestions that the preservation of SWS with sleep deprivation implies that it
may have a more essential function than REM sleep. Furthermore, there was
an increase in SWS and a drop in REM on SD1 compared to a return to
normal values of SWS on SD2 and a seemingly slow REM rebound. It may be
more important to note that SWS was preserved, contrary to the reduction that
would usually be seen in patients that experience frequent arousals and
delayed sleep onset as a result of insomnia and obstructive sleep apnoea

(Schneider 2004).
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Athletes usually compromise their second half of the night when events
require an early start to the day. In support of the anecdotes of many long
distance athletes, the maintenance of SWS may be an important contributing
factor to maintaining restfulness and one’s physical performance following a
night of reduced sleep. The current study therefore, suggests that with sleep
loss taking place on the second half of the night, athletes are not likely to
experience an exercise performance deficit. Moreover, REM sleep was
significantly reduced following sleep loss compared to the baseline conditibn.
Because REM sleep is concentrated in the second half of the night, restricting
sleep to the first half of the night is expected to result in significant REM sleep
loss. This phenomenon also plays an important role in determining the time of
night during which an endurance athlete should rather sleep in order to avoid

performance deficits on the day of an event.

The current study, in addition to showing the importance of preserving SWS
after sleep loss, also found a correlation between %REM sleep and %VO,,
This shows the importance of REM sleep in maintaining optimal physical
performance. It, therefore, remains debatable 1) how circadian tendency,
determined by which half of the night one is sleep deprived, affects
subsequent athletic performance, and 2) which stage between SWS and REM
is most likely to help preserve an athlete’s physical performance following a

considerable degree of sleep loss



77

4.3.5 Exercise

Subjects all cycled under controlled environmental conditions at above 60% of
their individual aerobic capacities. Lactate levels remained unchanged and
subjects were able to maintain their body weight thereby confirming 1) the

\ fitness of individuals used for this research, 2) that they remained well
hydrated during testing, and 3) that they avoided any lifestyle changes that
may have brought about any loss of weight. Despite the differences in mood
states between the two conditions, SD1 and SD2 oxygen consumption figures
suggested that subjects were cycling with similar power. Generally, subjects
exercised at the highest work intensity during BL compared to both SD1 and
SD2, on the basis of the actual oxygen consumption results in a given 40-
minute bout. However, these results were not statistically significant.
Furthermore, although not significant, it is evident that subjects were able to
cycle greater distances during BL compared to both SD1 and SD2. These
findings imply that the effects of sleep deprivation of one night before an
event, without prior sleep loss (SD1), are not significantly different to those of
sleep loss of two consecutive nights (SD2). Even more importantly, the results
also suggest that athletes are most likely to perform at their best when they
have not lost any sleep in the build-up to an endurance event. These are
cycling or mountain biking events lasting one day but can be applicable to
staged races taking place over multiple days. Examples of such events may
include the Ngwenya Glass mountain bike challenge in Swaziland (65km in 1
day), the 94.7 cycle challenge (over 90km in 1 day), the Sani2C (over 250km

in 3 days) and even the 7-stage Cape Epic (averaging 108km at each stage).
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Although mood displays sensitivity to the reduction of normal sleep, the
degree of sleep loss that will significantly alter physical performance remains
unclear. lt is, therefore, important to establish the effects of one, two and more

consecutive nights of sleep loss, with a recovery period in further

investigations.
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CHAPTER 5

CONCLUSION

The current findings suggest that exercise measurements are not as sensitive
to partial sleep deprivation as subjective and cognitive indicators of
performance. Many trainers and exercise experts advocate for training hard,
eating well and gettihg enough sleep as true solutions to ensuring that an
athlete performs at optimum levels during competitive events. However,
anecdotes from athletes suggest that they do no place much emphasis on
resting well the night before an event, but rather on earlier nights in order to
avoid accumulated sleep loss. As has been the case in some studies, this
accumulated sleep loss begins to have negative effects on exercise
performance after more than 2 nights of sleep loss, especially where sleep
has only been reduced by one or two hours a night from the norm on

consecutive days.

This study was unable to prove that two nights of partial sleep deprivation
impacts exercise performance more than one night of sleep deprivation.
Although it seems that exercise performance a day or two after partial sleep
deprivation is essentially unaffected, there could be a limit to how much sleep
deprivation the body can take before the effects are evident. Although not
significant, the decline in physical performancé, as determined by oxygen
consumption (higher BL %VO, compared to SD1 and SD2) as well as cycling
distances (greater BL distances compared to SD1 and SD2), implies that

performance levels may be significantly affected by a higher degree of sleep
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loss than what the present study allowed.

Furthermore, endurance training develops the energy production systems
such that the demands of exercise activity can be met for the longest period of
physical activity. In order to improve endurance, athletes usually strive to push
their capacity to exercise longer and harder, an ability that can be limited by
fatigue and exhaustion. However, sustained training has been shown to
prolong the point at which this fatigue occurs, hence the decreased sensitivity
to the currently experienced levels of fatigue and exhaustion. The question, in
practice, remains: how fatigued do athletes have to be to have their

performance significantly affected by sleep loss?

As per the known and outlined limitations of the current study, the following
should be taken into account when designing further studies in an effort to
obtain clarity on the effects of a similar partial sleep deprivation protocol.
Firstly, in consideration of the distribution of REM sleep across a normal night
and for the purposes of further research into the effects of partial sleep loss on
exhaustive exercise performance, it may be valuable to test the differences in
restricting sleep to either the first or the second half of the night. Pearson
correlations revealed that the decrease in REM sleep duration during sleep
deprivation was related to the slightly compromised (not significantly so)
exercise performance as determined by %VO.,max seen during SD1 and SD2.
Therefore, it is now also necessary to test the relationship between the REM
sleep duration, as well as differences seen after REM recovery, and physical

performance measures. Furthermore, recording sleep for a further day or two
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under baseline conditions following the sleep deprivation protocol would be
useful in determining the expected REM and SWS rebound. In terms of
monitoring the daily activity of subjects, future studies should consider either
confining subjects to the sleep laboratory for the complete duration of the
study or making use of daily logs to monitor and record activity. Further
studies attempting to determine how much sleep athletes should have to
avoid performance decrements should take into account that under known
circumstances, endurance athletes beginning an event during the early hours
of the morning are not likely to miss more than 4 hours of sleep prior to the
event. In this case, it would be beneficial to employ an exhaustive exercise
protocol that simulates real life endurance events, as well as to include further

measurements of performance such as perceived exertion.

Finally, it is also important to note that the results of this study may be
restricted only to cycling and mountain biking, and other studies may find
different results in other endurance sports such as running, swimming and

rowing.
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GENERAL HEALTH
QUESTIONNAIRE ...

Please read this carefully:

We should like to know if you have had any medical complaints, and how your health has been in general,
over the past few weeks. Please answer ALL the questions on the following pages simply by underlining
the answer which you think most nearly applies to you. Remember that we want to know about present
and recent complaints, not those you had in the past.

It is important that you try to answer ALL the questions.

Thank you very much for your co-operation.

HAVE YOU RECENTLY:

1 — been feeling perfectly well and in good Better Same as Much worse
health? than usual us than usual

2 — been feeling in need of a good tonic? Not at all ‘”%o ? &her more Much more
@ n usual an usual than usual

3 — been feeling run down and out of sorts? jot at No mo Rather more Much more
t usua than usual than usual

4 — felt that you are ill? ot at all %@&v Rather more Much more
than usual than usual than usual

5 — been getting any pains in your h ? II No more Rather more Much more
E ‘”‘\ ‘ than usual than usual than usual

6 — been getting a feeling %s or t at all No more Rather more Much more
pressure in your hea than usual than usual than usual

7 — been able to concentratéon wha:e@) Better than  Same as Less than usual  Much less

you're doing? usual usual than usual

8 — been afraid that you were @ Not at all No more Rather more Much more
collapse in a public pl than usual than usual than usual

9 — been having hot or ells? Not at all No more Rather more Much more
than usual than usual than usual

10 — been perspising (sweating) a lot? Not at all No more Rather more Much more
@ than usual than usual than usual

11 — fountiyyougSelf waking early and unable Not at all No more Rather more Much more

to get back to sleep? than usual than usual than usual
12 — been getting up feeling your sleep hasn't  Notat all No more Rather more Much more

refreshed you? than usual than usual than usual
13 — been feeling too tired and exhausted Not at all No more Rather more Much more

even to eat? than usual than usual than usual

PLEASE TURN OVER



HAVE YOU RECENTLY:

14 — lost much sleep over worry? Not at all No more
than usual
15 — been feeling mentally alert and wide Better than Same as
awake? usual usual
16 — been feeling full of energy? Better than Same as
usual usual
17 — had difficulty in getting off to sleep? Not at all No more
than usual
18 — had difficulty in staying asleep once Not at all No more
you are off? than usual
19 — been having frightening or Not at all No more
unpleasant dreams? than usual
20 — been having restless, disturbed Not at all No more
nights? than usual
21 — been managing to keep yourself busy = More so
and occupied? than usual

22 — been taking longer over the things
you do?

Quick 0
than @ xw

23 — tended to lose interest in your Notiat all I%ore
ordinary activities? :M: usual
24 — been losing interest in your persqnal@ot at No more
appearance? 'ﬁ\ . \' than usual
'x P
M otible

25 — been taking less trouble wit r About same
clothes?

as usual
26 — been getting out of the'ouse as ore than Same as
much as usual? % sual usual
27 — been managing as well as mpst Better than About the
people would in your shoes? most same
28 — felt on the whole you ing Better than About the
things well? usual same
29 — been late getting toawvork, or getting Not at all No later than
started on y@ousework? usual
30 — beengatisfid with the way you've More About same
carried%qut your task? satisfied as usual
31 — been able to feel warmth and Better than About same
affection for those near to you? usual as usual
32 — been finding it easy to get on with Better than About same
other people? usual as usual
33 — spent much time chatting with More time About same
than usual as usual

people?

Rather more
than usual

Less alert
than usual

Less energy
than usual

Rather more
than usual

Rather more
than usual

G

Much more
than usual

Much less
alert

Much less
energetic

Much more
than usual

Mu@}e
d@" ual

Rather more™ . Much more

than usu

2

Rath

g{; ther less
@ an usual

Longer than
usual

Rather more
than usual

Rather more
than usual

Less trouble
than usual

Less than
usual

Rather less
well

Less well
than usual

Rather later
than usual

Less satisfied
than usual

Less well
than usual

Less well
than usual

Less than
usual

than usual

Much more
than usual

Much less
than usual

Much longer
than usual

Much more
than usual

Much more
than usual

Much less
trouble

Much less
than usual

Much less
well

Much less
well

Much later
than usual

Much less
satisfied

Much less
well

Much less
well

Much less
than usual

GO ON TO THE NEXT PAGE



HAVE YOU RECENTLY:

34 — kept feeling afraid to say anything
to people in case you made a fool of
yourself?

35 — felt that you are playing a useful part
in things?

36 — felt capable of making decisions
about things?

37 — felt you're just not able to make a
start on anything?

38 — felt yourself dreading everything that
you have to do?

39 — felt constantly under strain?

40 — felt you couldn’t overcome your
difficulties?

41 — been finding life a struggle all the
time?

42 — been able to enjoy your normal day-
to-day activities?

43 — been taking things hard?

44 — been getting edgy and bad- ®
tempered?

N . R
45 — been getting scared or panic * Not X

%

good reason?

46 — been able to face up t ur
problems?

47 — found everything getting on to % Not at all

you?
48 — had the feeling that p re
looking at you?
49 — been feeling unhQQ}nd depressed?
int dence in yourself?

51 — been thinking of yourself as a
worthless person?

50 — been ]g*

52 — felt that life is entirely hopeless?

53 — been feeling hopeful about your own
future?

Not at all

More so
than usual

More so
than usual
Not at all
Not at all
Not at all

Not at all

Not at all

$ all

ot at

More so than
usual

Not at all

Not at all

Not at all

Not at all
Not at all

More so than
usual

No more
than usual

Same as
usual

Same as
usual

No more
than usual

No more
than usual

No more
than usual

No more
than usual

More &amea
than gsual usﬂw :

NO re

QQ, more

sual

than usual

No more
than usual

Same as
usual

No more
than usual

No more
than usual

No more
than usual

No more
than usual

No more
than usual

No more
than usual

About
same as
usual

Rather more
than usual

Less useful
than usual

Less so than
usual

Rather more
than usual

Rather more
than usual

Rather more
than usual

@

ess so than
usual

Rather more
than usual

Rather more
than usual

Rather more
than usual

Less able than

usual

Rather more
than usual

Rather more
than usual

Rather more
than usual

Rather more
than usual

Rather more
than usual

Rather more
than usual

Less so than
usual

PLEASE TURN OVER

Qeghtmer

Much more
than usual

Much less
useful

Much less
capable

Much more
than usual

Much,

‘thag u 4p
Qm‘ .
Mﬁ more

Much more
than usual

Much more
than usual

Much less
than usual

Much more
than usual

Much more
than usual

Much more
than usual

Much less
able

Much more
than usual

Much more
than usual

Much more
than usual

Much more
than usual

Much more
than usual

Much more
than usual

Much less
hopeful




HAVE YOU RECENTLY:

54 — been feeling reasonably happy, all More so About same Less so than  Much less
things considered? than usual as usual usual than usual

55 — been feeling nervous and strung-up all Not at all No more Rather more ~ Much more
the time? than usual than usual than usual

56 — felt that life isn't worth living? Definitely No more Rather more ~ Much more

not than usual than usual than usual

57 — thought of the possibility that you Not at all | don't Has crossed  Definitely
might make away with yourself? think so my mind have

58 — found at times you couldn’t do Not at all No more Rather more ~ Much more
anything because your nerves were than usual than usual tha ual
too bad?

59 — found yourself wishing you were dead Not at all No more Rather morg “ﬁ&@ more
and away from it all? than usual than usual 4 than'usual

60 — found that the idea of taking your own  Definitely I don't %Deﬂnitely
life kept coming into your mind? not think so i has

) D. Goldberg & The Institute of Psychiatry, 1978
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Profile of Mood States

Subject’s Initials
Birth date

Date

Subject Code No.

Directions: Describe HOW YOU FEEL RIGHT NOW by checking one space after each
of the words listed below:

Quite a
FEELING Not at all Alittle  Mod. bit Extremely
Friendly 1 2 3 4 5
Tense 1 2 3 4 5
Angry 1 2 3 4 5
Worn Out 1 2 3 4 5
Unhappy 1 2 3 4 5
Clear-headed 1 2 3 4 5
Lively 1 2 3 4 5
Confused 1 2 3 4 5
Sorry for things done 1 2 3 4 5
Shaky 1 2 3 4 5
Listless 1 2 3 4 5
Peeved 1 2 3 4 5
Considerate 1 2 3 4 5
Sad 1 2 3 4 5
Active 1 2 3 4 5
On edge 1 2 3 4 5
Grouchy 1 2 3 4 5
Blue 1 2 3 4 5
Energetic 1 2 3 4 5
Panicky 1 2 3 4 5
Hopeless 1 2 3 4 5
Relaxed 1 2 3 4 5
Unworthy 1 2 3 4 5
Spiteful 1 2 3 4 5
Sympathetic 1 2 3 4 5
Uneasy 1 2 3 4 5
Restless 1 2 3 4 5
Unable to concentrate 1 2 3 4 5
Fatigued 1 2 3 4 5



Helpful
Annoyed
Discouraged
Resentful
Nervous
Lonely
Miserable
Muddled
Cheerful
Bitter
Exhausted
Anxious
Ready to fight
Good-natured
Gloomy
Desperate
Sluggish
Rebellious
Helpless
Weary
Bewildered
Alert
Deceived
Furious
Effacious
Trusting

Full of pep
Bad-tempered
Worthless
Forgetful
Carefree
Terrified
Guilty
Vigorous
Uncertain about things

Bushed

e ed el e el e e e e A e e ed e e el e e e e A A A A A A A A A A = A A e e e
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