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Thesis Abstract 

 
 

Introduction: Sleep is considered an important recovery behaviour for athletic 

success. However, relatively few studies have examined the effects of sleep on the 

sports-specific performances of athletes, particularly endurance athletes. Studies 

that have examined the effects of sleep loss on the performance of endurance 

athletes have not assessed performance using prolonged self-paced efforts (e.g., 

time-trials) that mimic the demands of many endurance sports (e.g., road cycling, 

triathlon). Further, no prior research has examined the cumulative effects of sleep 

restriction (i.e., reduced habitual sleep time) or sleep extension (i.e., increased 

habitual sleep time), over consecutive nights, on the performance of endurance 

athletes. In addition, although heart rate (HR) indices are popular for monitoring 

athletes’ fatigue status or ‘readiness to perform’, no prior research has examined 

whether these HR indices are sensitive to any effects of sleep on the readiness of 

endurance athletes. Understanding the effects of sleep on HR indices may help 

practitioners interpret such indices, and thus inform better athlete management 

decisions (e.g., sleep recommendations). Therefore, across two studies, the current 

research investigated the effects of a single night of total sleep deprivation (Study 

1), and three consecutive nights of both sleep restriction and sleep extension (Study 

2), on the performance of endurance athletes. Studies also investigated whether HR 

indices were sensitive to any effects of sleep on endurance athletes’ readiness to 

perform. Methods: Study 1 - Thirteen endurance athletes completed a crossover 

experiment comprising a normal sleep (NS) and total sleep deprivation (SD) 

condition. Each condition required completion of an endurance time-trial (TT) on 
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two consecutive days (D1, D2) separated by either normal sleep or total sleep 

deprivation. For each TT, finishing time and perceived exertion (RPE) were 

recorded. Prior to each TT, participants had their mood and psychomotor vigilance 

(PVT) assessed. Resting and exercising heart rate (HR) indices were examined, 

including the subjective to objective (RPE:HR) and internal to external (W:HR) 

intensity ratio for each TT. Study 2 - Nine endurance athletes completed a crossover 

experiment with three conditions: sleep restriction (SR), normal sleep (NS), and 

sleep extension (SE). Each condition required completion of an endurance TT on 

four consecutive days (D1 - D4). Participants slept habitually prior to the first day 

(D1); however, time in bed was either reduced by 30% (SR), remained normal 

(NS), or was extended by 30% (SE) on the three subsequent nights. Sleep was 

monitored using actigraphy to confirm sleep restriction and extension were 

achieved. For each TT, finishing time and RPE were recorded. Prior to each TT, 

participants had their mood and PVT assessed. Resting and exercising heart rate 

(HR) indices were examined, including the subjective to objective (RPE:HR), and 

internal to external (W:HR), intensity ratio for each TT. For both studies, data were 

analysed using Generalised Estimating Equations, and Pearson’s correlations 

examined relationships between changes in respective HR indices and changes TT 

finishing time within the SD condition (Study 1), and within the SR and SE 

conditions (Study 2). For Study 2, publishing constraints (e.g., word and referencing 

limits) prevented findings from being published in a single paper, thus findings 

concerning effects on endurance performance (Study 2a) and effects on HR indices 

(Study 2b) are presented separately. Results: Study 1 - TT finishing time on D2 of 

SD was 10% slower than on D2 of NS (64 ± 7 vs 59 ± 4 min, P < 0.01), and 11% 

slower than D1 of SD (58 ± 5 min, P < 0.01). The subjective to objective intensity 



 

Page | xxvii  

 

ratio (RPE:HR) for the TT was higher on D2 of SD compared with D2 of NS and 

D1 of SD (P < 0.01). There were no statistical differences between or within 

conditions for any other HR indices, and there were no significant correlations 

between changes in respective HR indices and changes TT finishing time within 

the SD condition. Mood disturbance and PVT mean response time increased on D2 

of SD compared with D2 of NS and D1 of SD. Study 2a - On nights D1, D2, and 

D3, total sleep time was longer (P < 0.001) in the SE condition (8.6 ± 1.0; 8.3 ± 

0.6; 8.2 ± 0.6 h, respectively), and shorter (P < 0.001) in the SR condition (4.7 ± 

0.8; 4.8 ± 0.8; 4.9 ± 0.4 h) compared with NS (7.1 ± 0.8; 6.5 ± 1.0; 6.9 ± 0.7 h). 

Compared with the NS condition, TT performance was slower (P < 0.02) on D3 of 

SR (58.8 ± 2.5 vs 60.4 ± 3.7 min) and faster (P < 0.02) on D4 of SE (58.7 ± 3.4 vs 

56.8 ± 3.1 min). RPE was not different between or within conditions. Compared 

with the NS condition, mood disturbance was higher and PVT mean response time 

slower, following sleep restriction. Compared with the NS condition, PVT mean 

response time was faster following sleep extension. Study 2b - The subjective to 

objective intensity ratio (RPE:HR) for the TT was lower on D4 of the SE condition 

compared with both NS and SR conditions (P < 0.02). Within the SR condition 

RPE:HR was higher on D3 and D4 compared with D1 (P < 0.02). Strong 

correlations were found between percentage changes in external to internal 

intensity ratio (W:HR) for the TT from D1 to D4 and changes in TT finishing time 

for both SR (r = -0.67, P < 0.05) and SE (r = -0.69, P < 0.05) conditions. There 

were no statistical differences between or within conditions for any other HR 

indices, and there were no other significant correlations. Conclusion: Sleep is an 

important recovery behaviour that optimises endurance performance. Compared 

with normal sleep, a single night of total sleep deprivation, and two consecutive 
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nights of sleep restriction, impaired endurance performance. In contrast, compared 

with normal sleep, three consecutive nights of sleep extension improved endurance 

performance. Findings suggest endurance athletes should aim to sleep > 8 hours 

per night to optimise performance. Findings may suggest that total sleep time 

accumulated over 1-3 nights affects endurance performance by altering the 

perceived exertion of a given exercise intensity. Intensity ratios recorded during 

high-intensity exercise (e.g., endurance races) that incorporate mean HR (i.e., 

RPE:HR, W:HR) may, to some extent, be sensitive to the effects of sleep on 

endurance athletes’ readiness to perform. No other HR index examined showed any 

sensitivity to the effect of sleep on endurance performance. Further research is 

required to examine relationships between sleep, endurance performance, and HR 

indices over longer timeframes and in other applied sport settings. Finally, an 

individualised sleep extension strategy that prescribed relative time-in-bed 

increases (e.g., +30% of habitual time-in-bed) and tailored bed / get-up times to 

individual chorotype effectively extended sleep, and may be a useful approach for 

practitioners recommending sleep extension to athletes.  
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1.1 Sleep: a not-so new frontier in sport science 

The question as to the importance of sleep has long been a focus of human inquiry.1 

Hippocrates (c. 460-375 BCE), the central figure in ancient Greek medicine, 

believed sleep was necessary for the maintenance of human health.1 Later, the 

Scottish surgeon and philosopher Robert MacNish prophetically described healthy 

sleep as necessary for the “renovation of bodily organs and mental faculties” in his 

1834 book ‘The Philosophy of Sleep’(Page 11).2 Despite these long-held intuitions, 

the absence of supportive empirical evidence led some researchers in the 20th 

century to suggest that sleep may serve no important function at all.3 This prompted 

the pioneering sleep researcher Alan Rechtschaffen to declare that “if sleep doesn’t 

serve an absolutely vital function, it’s the biggest mistake evolution ever made.”3 

In recent decades, research has indeed discovered sleep serves many vital functions 

such as up-regulating immune defence, removing metabolic waste from the brain, 

restoring brain energy stores, and consolidating the brain’s neural connections.4 As 

such, it is now accepted that sleep is essential for human health and survival.4 5 

In athletic populations too, sleep has long been considered important for recovery 

and performance.6 In 1923, The Boston Medical and Surgical Journal published an 

article in which sleep was identified as one of the “main considerations” that affect 

the training of athletes, recommending that athletes obtain “abundant sleep at 

regular hours”.6 The article also identified sleep disturbance as a symptom of an 

athlete “going stale”.6 Over the last 40 years, research has shown sleep affects many 

of the physiological (e.g., maximal oxygen uptake) and cognitive (e.g., reaction 

time) determinants of athletic performance, as well as exercise performance itself.7 

Thus, not surprisingly, regular healthy sleep is now considered essential for the 

recovery and performance of athletes.7-9 Indeed, a recent survey of team-sport 
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athletes found sleep was considered the most important recovery behaviour for 

athletic success.10 This growing appreciation of sleep in recent decades coincided 

with the development of new methods for monitoring sleep.11 While sleep 

monitoring traditionally required expensive laboratory equipment, actigraphy 

emerged as a valid objective means by which to study sleep without infringing on 

habitual routines.11 12 Consequently, over the last  ̴ 15 years, there has been a 

proliferation of research aimed at understanding athletes’ sleep,13 and it is now 

understood that athletes often sleep poorly, and are susceptible to sleep disturbances 

due to factors associated with training and competition (e.g., nervousness, late night 

competition).8 13 14 More recently, this improved understanding of athletes’ sleep 

has prompted the development of athlete-specific tools that screen for sleep 

disorders (e.g., Athlete Sleep Screening Questionnaire) and evaluate sleep 

behaviours (e.g., Athlete Sleep Behaviour Questionnaire).15 16 The use of such 

tools, along with strategies to extend time-in-bed, and/or provide sleep hygiene 

education, has proven effective for improving sleep outcomes in athletes.17-20 

1.2 Thesis rationale and objectives 

Despite the apparent consensus that sleep is important for athletic recovery and 

performance,7-10 relatively few studies have actually examined the effects of sleep 

on the sport-specific performance of trained athletes.7 20-26 Indeed, a recent review 

stated more research was needed to examine the effects of sleep loss on the sport-

specific performance of athletes in order to clarify whether the importance of sleep 

differs depending on the nature of the exercise or sport.7 Studies that have 

investigated sports-specific performances have often examined the effects of sleep 

on sports-specific skill execution.20 21 23 While those examining endurance athletes 

have reported equivocal findings, and have not assessed performance using 
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prolonged self-paced efforts (e.g., time trials lasting ≥ 60 minutes) akin to those 

required by many endurance sports, such as road cycling and triathlon.24-26 

Therefore, there is a need to examine the effects of sleep on the prolonged self-

paced endurance performance of endurance-trained athletes.  

Another issue of interest to practitioners is how to monitor athletes’ sleep and its 

effect on performance and health.27 In elite sporting contexts, the utility of wearable 

devices is limited, largely due to concerns over cost, accuracy, and/or violation of 

privacy.27 28 Therefore, sleep is typically monitored using simple subjective tools 

(e.g., visual analogue scales), despite evidence that subjective data does not always 

correlate with objective data.29 30 Given the barriers to monitoring sleep itself, it is 

important practitioners understand whether indices routinely used to monitor 

athletes’ fatigue status or ‘readiness to perform’ are sensitive to sleep. This will 

help practitioners better interpret readiness indices, and thus inform better athlete 

management decisions (e.g., sleep recommendations). Heart rate (HR) indices are 

popular for monitoring athlete readiness, and although there is evidence that HR 

regulation is influenced by prior sleep duration,31 32 it remains unclear whether HR 

indices are sensitive to any effects of sleep on athletes’ readiness to perform.       

Given the issues highlighted in this introduction, the current thesis aimed to: 

1. Examine the effects of total sleep time, ranging from total sleep 

deprivation to sleep extension, on the recovery of endurance performance 

over acute timeframes (i.e., 1-3 nights). 

2. Examine the effects of total sleep time, ranging from total sleep 

deprivation to sleep extension, on HR indices used to monitor athlete 
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readiness, and determine whether any changes in HR indices correspond 

to changes in endurance performance. 

1.3 Thesis structure 

This thesis comprises six chapters (Figure 1.1). Following the current introduction, 

Chapter 2 reviews literature on sleep and its importance for athletic recovery and 

performance. It highlights specific gaps in our understanding of the importance of 

sleep for the recovery of endurance performance. Chapter 2 includes excerpts from 

a systematic review and meta-analysis published by the author in the British 

Journal of Sports Medicine. Chapter 3 contains original research examining the 

effects of total sleep deprivation on endurance cycling performance and HR indices 

of athlete readiness (Study 1). This study has been published in the Journal of 

Sports Sciences. Chapter 4 contains original research examining the cumulative 

effects, over three consecutive nights, of both sleep restriction and sleep extension, 

on endurance cycling performance (Study 2a). This study has been published in 

Medicine and Science in Sports and Exercise. Chapter 5 contains original research 

examining the effects of both sleep restriction and sleep extension on HR indices 

of athlete readiness (Study 2b). This chapter is being prepared for publication. 

Chapters 4 and 5 report findings from a single study; however, due to publishing 

constraints (i.e., word and referencing limits), findings concerning endurance 

performance and HR responses were prepared for separate publications, and have 

thus been presented in separate chapters in this thesis. Finally, Chapter 6 provides 

a general discussion of the overarching findings of the research, their implications 

for athletes, and recommendations for future research. 
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Figure 1.1. Thesis structure. Overall structure showing individual chapters, and associated 

publications arising from the thesis.   
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2.1 Overview 

This literature review comprises two main sections. The first examines the 

endurance athlete, including the key determinants of endurance performance, the 

demands of training and competition, and the importance of recovery. The second 

section identifies sleep as an important recovery behaviour, examining the 

psychophysiological benefits of sleep for recovering athletes, the sleep challenges 

faced during training and competition, and the available strategies for improving 

sleep. This section includes a critical evaluation of previous literature examining 

the effects of sleep on endurance performance, particularly among endurance-

trained athletes, and highlights a need for research that systematically manipulates 

the sleep of endurance athletes to measure effects on performance. This is followed 

by an examination of tools used for monitoring sleep, and the barriers to their use 

in athletic populations. This section also reviews the sensitivity of HR to changes 

in sleep, thus rationalising an examination of the effects of sleep on HR indices 

commonly used to monitor athletes’ readiness to perform. Although the sleep and 

performance of endurance athletes is of primary concern for this thesis, the paucity 

of data on such athletes occasionally necessitates a wider examination of the 

literature concerning athletes or athletic performance in general. In such cases, the 

limitations of drawing inferences for endurance athletes are acknowledged.  

2.2 The endurance athlete 

Aerobic endurance describes the ability to sustain dynamic exercise, such as 

running and cycling, using large muscle groups.33 The energetic demands of 

aerobic endurance tasks are met predominantly by the combustion of carbohydrate 

and fat in the presence of oxygen (i.e., aerobic respiration).34 Thus, any continuous 

effort lasting around 75 seconds or more, whereby > 50%  of energy is derived from 
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aerobic respiration, can be considered an aerobic endurance task.33 Compared with 

anaerobic pathways, the relative contribution of aerobic respiration to overall 

energy supply increases with the duration of the task, such that longer endurance 

tasks rely almost exclusively on aerobic respiration.34 For instance, for a 60-minute 

cycling time-trial, more than 95% of energy is aerobically supplied.35 This thesis 

examines prolonged aerobic endurance performance. For brevity, henceforth the 

term ‘endurance’ will be used when describing ‘aerobic endurance’. 

As a necessary foundation with which to explain the findings of this thesis, the 

following sections review the potential mechanisms of fatigue that limit muscular 

force production during endurance exercise (section 2.2.1), and how these fatiguing 

mechanisms are thought to be centrally integrated with cognitive factors to dictate 

‘race-pace’ (section 2.2.2). Exercise economy is not examined in this thesis; 

however, for completeness, a very short section summarises its influence on 

endurance performance (section 2.2.3). This is followed by a brief review of the 

training and competition demands of endurance sports (section 2.2.4), which 

highlights the importance of recovery, and leads to a brief review of recovery 

strategies available to endurance athletes, whereby sleep is identified as a recovery 

behaviour requiring further examination (section 2.2.5). 

2.2.1 Fatigue: the limits of muscular force production 

The ability to prevent or delay ‘fatigue’ is critical for endurance performance.36 

Fatigue can be defined as an inability to maintain muscular force production,37 38 

typically in the presence of an increased perception of effort.39 The biological basis 

of fatigue has been the focus of study for over a century,40 with both peripheral (i.e., 

skeletal muscle) and central (i.e., central nervous system) origins identified.41  
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2.2.1.1 Peripheral fatigue 

Peripheral fatigue occurs when skeletal muscle is unable to generate force despite 

unchanged or increasing neural drive.42 The most influential model of peripheral 

fatigue, first postulated by Archibald Hill and colleagues in the 1920s, is the muscle 

anaerobiosis model.43-45 This model suggests that when the oxygen demands of the 

muscle exceed oxygen supply from the heart, muscle anaerobiosis will proliferate 

lactate accumulation and inhibit muscle contraction and/or relaxation.38 Subsequent 

research downplayed the role of lactate per se, and instead implicated other ‘toxic’ 

metabolites such as hydrogen ions (H+) and inorganic phosphate (Pi).
46 47 However, 

this has also been contested based on studies examining in situ human muscle.48 

Nonetheless, the notion that muscle anaerobiosis creates a metabolic milieu that 

inhibits contraction and/or relaxation is central to the peripheral fatigue hypothesis. 

As such, any mechanism that inhibits the supply or use of oxygen may indirectly 

cause peripheral fatigue. For example, plasma volume expansion following total 

sleep deprivation has been speculated to impair endurance performance by 

decreasing haemoglobin concentration (i.e., haemodilution) and thus reducing 

oxygen delivery.49 Likewise, the potential depletion of catecholamine stores 

following sleep loss,50 may impair endurance performance by attenuating the 

sympathetic activation of cardiac muscle required for oxygen delivery.51  

To avoid muscle anaerobiosis, endurance athletes require a high aerobic capacity52 

53. Maximal oxygen uptake (�̇�𝑂2 𝑚𝑎𝑥) is the upper limit of aerobic respiration and 

reflects the heart’s capacity to eject blood (i.e., cardiac output) and the muscle’s 

ability to extract oxygen (arterial-venous oxygen difference). �̇�𝑂2 𝑚𝑎𝑥 typically 

ranges between 70-90 mL⋅kg-1⋅min-1 in elite male endurance athletes,35 54 55 and is 

slightly lower in female athletes due in-part to differences in blood volume, body 
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fat percentage, and haemoglobin concentration.36 Although endurance athletes 

often have high �̇�𝑂2 𝑚𝑎𝑥 values, little time during a prolonged (e.g., ≥ 60 minutes) 

endurance race is spent at an intensity that elicits �̇�𝑂2 𝑚𝑎𝑥, which would induce 

muscle anaerobiosis.36 Rather, the highest sustainable pace during races typically 

corresponds to the maximal intensity at which energy supply remains almost 

exclusively oxidative. This intensity has been described as the second lactate, or 

anaerobic threshold (AT), and in this context, the AT is akin to ‘critical power’, or 

‘maximal lactate steady state’.56 Typically, the relative exercise intensity (i.e., 

percentage of �̇�𝑂2 𝑚𝑎𝑥) at which AT occurs is dictated by the oxidative capacity of 

mitochondria and the metabolite removal capacity of capillaries.57 58 In elite cyclists 

and rowers, respective AT values of 90% and 83% of �̇�𝑂2 𝑚𝑎𝑥 have been 

recorded,59 60 and elite cyclists’ AT strongly correlates (r = -0.9) with their time-

trial performance (> 60 minute duration) at the Tour de France.61   

2.2.1.2 Central fatigue  

Central fatigue occurs when the central nervous system (CNS) is unable to recruit 

sufficient motor units to sustain muscular force.62 Monitoring CNS activity during 

exercise is difficult, thus central fatigue has not been widely studied in athletes. 

Nonetheless, prolonged endurance exercise (e.g., 100-km cycling time-trial),63 

and/or hyperthermia64 65 are thought to be two causes of central fatigue. In fact, a 

core temperature threshold (e.g., 39°C) may exist above which motor activity is 

inhibited.64 66 Previous research found only  ̴ 50% of the potential activation of knee 

extensor muscles was achieved during maximal voluntary contraction after cycling 

to exhaustion in 40°C conditions, compared with  ̴ 80% of potential activation 

achieved after cycling in 18°C conditions.65  
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Serotonin is thought to be the primary neurotransmitter mediating central fatigue.67-

69 Prolonged exercise increases plasma levels of unbound tryptophan, a precursor 

of serotonin, which enters the CNS via the blood-brain barrier and increases brain 

serotonin levels.64 Alpha-motoneurons responsible for activating skeletal muscle 

receive serotonergic inputs,70 and increased serotonin may inhibit their activation.67 

69 Serotonin may also explain central fatigue induced by hyperthermia, as 

serotonergic neurons project to the hypothalamus, the thermoregulatory centre of 

the brain.64 Another mechanism implicated in central fatigue is the depletion of 

brain glycogen.71 Brain glycogen is an energy source for active neurons (e.g., motor 

neurons).71 Brain glycogen reduces during prolonged exercise and may down-

regulate motor unit recruitment to prevent energy depletion and neuronal death.71 

Whatever the precise mechanism, impaired endurance performances previously 

reported following sleep loss are unlikely the result of central fatigue,24 26 as 

impaired performances did not coincide with changes in the activation of knee 

extensor muscles during maximal contraction following either total sleep 

deprivation,26 or sleep restriction (i.e., a reduction in habitual sleep time).24  

2.2.1.3 Mental fatigue  

Models describing fatigue that is ‘central’ in origin have not traditionally 

distinguished between an inability of the CNS to recruit motor units, and an 

athlete’s unwillingness, or perceived inability, to maintain muscular force.66 This 

distinction has recently been made, and mental fatigue and central fatigue can thus 

be considered distinct phenomena.72 73 Mental fatigue is recognised as a change in 

psychobiological state,74 that leads to impaired cognitive performance and 

increased feelings of mental tiredness.75 Magnetic resonance imaging has shown 

central fatigue is predominantly associated with reduced activation of the 
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supplementary motor area of the brain, whereas mentally fatiguing tasks affect the 

pre-supplementary motor area and anterior cingulate cortex.73 This distinction is 

significant, as the supplementary motor area projects directly to motor neurons, 

whereas the pre-supplementary motor area projects to the pre-frontal cortex; a 

region synonymous with planning, decision making, problem solving, and self-

control (i.e., executive functions).76 Further, the anterior cingulate cortex plays an 

important role in emotion processing and self-regulation.77   

Adenosine accumulation in the brain is thought to be the primary mediator of 

mental fatigue.78 Adenosine is released as a by-product of ATP hydrolysis, and 

increased neural activity increases adenosine concentrations in the brain.79 80 

Adenosine accumulates with prolonged wakefulness (e.g., sleep deprivation) and 

dissipates during sleep.81 Its accumulation is also accelerated by intense physical 

activity.82 As an inhibitory neurotransmitter, adenosine lowers brain activity and 

inhibits the release other neurotransmitters, such as dopamine.78 81 Figure 2.1, 

proposes that mental fatigue induced by adenosine accumulation impairs endurance  

by increasing the perceived effort of exercise.78 Perceived effort is thought to reflect 

the neurocognitive processing of corollary signals sent from motor to sensory areas 

of the brain that signal the level of neural drive required to activate muscle.83 Thus, 

the inhibitory action of adenosine may create a milieu whereby greater neural 

activation is required to produce a given motor output.78 As an adenosine 

antagonist, caffeine is thought to improve athletic performance by blocking the 

inhibitory action of adenosine in the brain.84 Figure 2.1 also shows that mental 

fatigue is typically associated with decreased motivation, likely caused by the 

decreased release (i.e., via the inhibitory action of adenosine) of dopamine in the 

brain.78 The anterior cingulate cortex contains dopamine receptors that regulate 
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Figure 2.1. Schematic representation of the proposed mechanism of mental fatigue. Inhibitory 

action of adenosine in the brain directly increases perception of effort during exercise, and indirectly 

reduces dopamine release, which in-turn reduces motivation levels. Source: Martin et al.78 
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effort based decision making.85 For example, infusion of a dopamine receptor 

antagonist into the anterior cingulate cortex of rodents reduced their preference for 

high-effort high-reward options in favour of low-effort low-reward options.85 In 

humans, elevated dopamine increases the propensity to choose high-cost high-

reward options (i.e., behaviour orientation), and increases the actual effort invested 

into a task (i.e., behaviour intensity).86  

2.2.2 Integrated models for understanding endurance performance 

In the ‘real-world’ of endurance sport, the race pace adopted by an athlete is rarely 

constant.87 For example, the final sprint (i.e., “end spurt”) observed in most 

endurance races is faster, and requires greater muscle activation, than the pace 

adopted for most of the race. Therefore, one-dimensional, ‘linear’ models implying 

concentrations of a given chemical directly, and absolutely, affect muscle 

contractility or efferent brain activity are too simplistic.39 As such, models 

attempting to explain endurance performance suggest sensations of fatigue are 

centrally integrated with additional cognitive factors to dictate race pace.39 88  

The Central Governor Model can be credited for triggering the paradigm shift away 

from one-dimensional models of fatigue, towards a focus on central integration.89 

The model postulates that in order to preserve whole-body homeostasis and prevent 

organ failure, an upstream ‘governor’ continuously regulates the number of motor 

units recruited during exercise.39 It suggests that the subconscious brain selects the 

tolerable level of motor unit recruitment based on inputs from both feedback (e.g. 

H+ levels, muscle glycogen) and feedforward (e.g., neurotransmitter levels) 

mechanisms.38 When the integrated input suggests the current cost of exercise is a 

threat to homeostasis, an afferent signal is sent to the conscious brain triggering 
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sensations of fatigue, and increases in perceived effort, that discourage further 

muscle activation.39 Thus, fatigue and perceived effort gradually increase as 

exercise intensity approaches the upper limit set by the central governor, ensuring 

task disengagement occurs before catastrophic organ failure.38 According to the 

Central Governor Model, cognitive processing of situational factors (e.g., race 

importance, race distance, prior experiences), and the use of psychological skills 

(e.g., self-talk, imagery, goal-setting),33 90 allow athletes to resist sensations of 

fatigue and increase muscle activation so long as there is no threat to homeostasis.38 

More recently, the Psychobiological Model (PBM) has been proposed to explain 

endurance performance.91 The PBM agrees that both central and peripheral factors 

influence muscle activation; however, it downplays the notion that a life-

threatening disruption to homeostasis determines the upper limit of muscle 

activation.92 Rather, the PBM, which is based on motivational intensity theory, 

suggests the effort invested in a task reflects the importance of success,88 and that 

central and peripheral factors influence performance in-so-far as they alter either 

the perceived effort of the task, or motivation levels.91 93 As such, the tolerable limit 

of muscle activation occurs when either (1) the perceived effort required to 

maintain muscular force is equal to the maximal effort the athlete is willing to exert 

to succeed, or (2) the perceived effort required to maintain muscular force is equal 

to the maximum effort the athlete perceives they are capable of producing.94 

Proponents of the PBM suggest the perceived effort of exercise reflects the level of 

neural drive required to activate muscle95. Therefore, peripheral fatigue (e.g., H+ 

accumulation in muscle) may impair performance by increasing the neural drive, 

and thus the perceived effort, required to sustain muscular force95, and mental 

fatigue may impair performance by both increasing the perceived effort of exercise, 
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and decreasing motivation (Figure 2.1).78 The PBM suggests sensations of fatigue 

or pain do not directly down-regulate muscle activation, but rather indirectly affect 

muscle activation by reducing motivation (i.e., willingness to maintain force 

production).95 According to the PBM, cognitive processing of situational factors 

and the use of psychological skills may alter either perceived effort or motivation 

to ultimately shift the exercise intensity that is tolerable during a race.33 96 While 

integrated models explaining endurance performance continue to be revised,89 the 

PBM is widely used and accepted for explaining endurance performance, and thus 

it will be used in this thesis to interpret findings. 

2.2.3 Exercise economy: converting force into velocity 

While the level of muscular force production sustained during an endurance task is 

important, exercise economy also influences race pace. Exercise economy refers to 

the metabolic (i.e., oxygen) cost of producing a given velocity,36 and is similar to 

exercise efficiency, which refers to the metabolic cost of producing a given amount 

of mechanical work (e.g., Watts).97 A more economic athlete uses less oxygen for 

a given velocity, and is thus able to conserve energy, or increase velocity, compared 

with a less economic competitor.53 Differences in economy account for much of the 

variation in performance between endurance athletes.98 For example, the oxygen 

cost, relative to �̇�𝑂2 𝑚𝑎𝑥, of running 15 km hour-1 is a significant predictor of elite 

triathlon performance.99 Intrinsic factors including anthropometry (e.g., height, 

body composition), biomechanics (e.g., elastic energy, flexibility, technique) and 

physiology (e.g., muscle fibre composition) influence exercise economy.58 100 101 

While extrinsic factors associated with equipment (e.g., aerodynamics, shoe-

surface interface) and the environment (e.g., altitude, wind) also influence exercise 

economy.  
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2.2.4 The demands of endurance training and competition  

Endurance athletes undertake high training loads to improve fatigue resistance to 

physical work, and exercise economy.102 Internal training and/or competition load 

is often quantified as the product of session duration and intensity, which can be 

measured subjectively (e.g., RPE) or objectively (e.g., HR).103 Training loads of 

endurance athletes have increased significantly over the years; however, there has 

been a shift towards longer, less intense sessions.104 Among elite endurance 

athletes, > 70% of training is typically undertaken at relatively low intensities (i.e., 

lactate < 2 mmol⋅L-1), with intensity significantly increasing as competition 

approaches.105 Athletes also dedicate many hours to training; champion rowers 

train 12-15 hours per week,106 while a professional cyclist, and an Olympic 

champion cross country skier, were both found to train up to 18 hours per week.107 

108 An 80% increase in training load was observed over a five year period during 

which a road cyclist transitioned from an ‘amateur’ to a ‘professional’ racer107. In 

fact, road cycling is one of the most arduous endurance sports, with professionals 

pedalling > 30,000 km per year during training and competition, including 90-100 

competition days.52 59 109 During multi-day stage races, cyclists compete for 4-6 

hours per day on consecutive days.52 59 110 Given the high training and competition 

demands of endurance sport, it is no surprise that endurance athletes are susceptible 

to overuse injuries, including tendinitis, stress fractures, and back pain,111-113 as 

well as upper respiratory tract infections caused by suppressed immune function.114 

Moreover, the psychological stress of high training loads has been associated with 

elevated levels of anxiety among endurance athletes.115 Thus, in order to tolerate 

the demands of training and competition, and optimise performance, it is important 

that endurance athletes prioritise recovery. 
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2.2.5 The recovery of endurance performance 

Recovery can be defined as a multi-faceted (e.g., psychological, physiological, 

social) time-sensitive process required to re-establish athletic performance.116 

Sufficient recovery restores or helps improve performance,117 whereas insufficient 

recovery leads to performance stagnation, accumulated fatigue, and in severe cases, 

injury and illness.118 119 The time-course of recovery is athlete-specific, and 

depends on the severity of psychophysiological stress incurred during training and 

competition.116 Approaches to recovery can be passive, active, or proactive.120 121 

Passive recovery requires little or no active involvement from the athlete, and 

includes sleeping, resting, and interventions applied to an inactive athlete, such as 

massage, compression garments, water immersion, and cryotherapy.120 Active 

recovery typically involves light physical activity immediately after training or 

competition (i.e., “cool down”) that is primarily intended to facilitate removal of 

the metabolic by-products of exercise.120 122 While active recovery involves action-

oriented behaviours that are typically prescribed by practitioners, proactive 

recovery refers to self-determined action-oriented behaviours that an athlete deems 

important for recovery; and can include light physical activity, diet choices, social 

activities, relaxation techniques, and sleep hygiene.120  

 Although many strategies / interventions are purported to promote recovery,116 123 

124 research does not always support their use among endurance athletes.125 126 For 

example, both compression garments,125 and massage,126 have demonstrated little 

positive effect on the recovery of endurance performance. In contrast, it is well-

established that adequate dietary protein and carbohydrate is essential for the 

recovery of endurance performance.127 128 For example, endurance exercise 

depletes muscle glycogen, the predominant energy source during high-intensity 
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endurance tasks, thus post-exercise carbohydrate ingestion restores muscle 

glycogen and performance capacity.129 Another recovery behaviour that is 

generally associated with physical and mental well-being is sleep.130 While sleep 

itself is a passive recovery behaviour, proactive behaviours, such as the adoption 

of healthy sleep hygiene, or the deliberate extension of time-in-bed, can improve 

the quality and / or quantity of sleep.18 20 131 However, few studies have examined 

the effects of sleep on the recovery of endurance performance, especially among 

endurance athletes.24-26  

2.3 Sleep: an important recovery behaviour 

This section begins by outlining the characteristics and regulatory mechanisms of 

normal human sleep (section 2.3.1). This is followed by a review of the potential 

psychophysiological benefits of sleep for recovering athletes (section 2.3.2). An 

examination of sleep loss in athletic populations follows, which includes a 

discussion of some of the causes of sleep loss among athletes, as well as a critical 

evaluation of previous research examining the effects of sleep loss on endurance 

performance (section 2.3.3). An examination of sleep extension in athletic 

populations discusses strategies for extending athletes’ sleep, and provides a critical 

evaluation of previous research examining the impact of sleep extension on athletic 

performance (section 2.3.4). The final section reviews current approaches and 

barriers to monitoring sleep and its effects on athletes. This section highlights that 

despite the popularity of HR indices for monitoring athletes’ readiness, an 

investigation of their sensitivity to any effects of sleep on athletes’ readiness has 

not been undertaken (section 2.3.5). Figure 2.2 provides a schematic representation 

of the topics discussed in the following sections, and highlights the specific line of 

inquiry (i.e., in bold) that is the focus of this thesis. 
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Figure 2.2. Schematic representation of factors affecting athletes’ sleep and their relationship with 

recovery and performance. Factors related to training and competition may negatively affect sleep 

either directly (e.g., hyperarousal due to nervousness) or indirectly by reducing sleep opportunity 

(e.g., early morning training) or interfering with healthy sleep hygiene (e.g., athletes consuming 

caffeine before evening competition). In contrast, efforts to increase sleep opportunity (e.g., increase 

time-in-bed, napping) and educate athletes on sleep hygiene can positively affect sleep. Sleep can 

be assessed by measuring either sleep quantity (i.e., total sleep time) or quality (e.g., frequency of 

arousals across the night). Both sleep quantity and quality may influence recovery (e.g., via effects 

on metabolism, cognition, immunity, and brain plasticity) and thus affect subsequent performance. 

Given the likely impact of sleep on athletes’ recovery and performance, there is a desire to monitor 

sleep, and its effects on recovery and performance. Pathway in bold identifies the line of inquiry 

that is the focus of this thesis. 
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2.3.1 Normal human sleep 

Sleep is a reversible behavioural state characterised by immobility and reduced 

perceptual awareness of the environment.132 There are two separate sleep states; 

rapid eye movement (REM) and non-REM sleep.133 Non-REM sleep is comprised 

of four stages, whereby the depth of sleep and arousal threshold increases with each 

stage, such that stages 1 and 2 constitute shallow sleep, and stages 3 and 4 constitute 

deep or slow wave sleep (SWS).133 REM sleep is characterised by high levels of 

brain activity and complete loss of muscle tone.134 A normal sleep cycle involves a 

progression through the stages of non-REM sleep followed by a brief period of 

REM sleep.135 This process takes approximately 70-120 minutes and is repeated 

throughout the night.132 Within cycles, the time spent in each sleep stage changes 

across the sleep period, with SWS concentrated in earlier cycles and REM sleep 

concentrated in later cycles.135  

The regulation of sleep is attributed to the interaction of two processes; the 

homeostatic process (i.e., sleep need or pressure) and the circadian process (i.e., 

biological clock).136 137 This two-process model, shown in Figure 2.3, suggests the 

homeostatic need for sleep, which accumulates during wakefulness and dissipates 

during sleep, interacts with daily oscillations in physiologic, behavioural and 

cognitive functions (i.e. circadian variations) to determine sleep and wake 

thresholds.138 139 Adenosine is the primary neurotransmitter moderating the 

homeostatic process by inhibiting the action of wake promoting neurons (e.g., 

cholinergic neurons).81 It accumulates in the extracellular space of the brain during 

wakefulness as a by-product of the ATP breakdown required for brain activity.81 A 

cluster of hypothalamic neurons called the superchiasmatic nucleus (i.e., circadian 

pacemaker’) controls the circadian process. 
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Figure 2.3. The two-process model of sleep regulation. 

The two-process model of sleep regulation. Thick black line represents sleep need (S), which 

increases during wakefulness (W-abscissa) and decreases during sleep (S-abscissa). Its variation is 

restricted to a range (dotted lines) which represent fluctuations in the arousing influence of the 

circadian process. Sleep need increases over time until the current upper limit of circadian arousal 

is reached (i.e., arousal level not high enough to prevent sleep onset). Sleep need decreases during 

sleep until the lower limit of circadian arousal is reached (i.e., arousal level not low enough to 

prevent waking). Source: Beersma & Gordijn139
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The molecular oscillations of the superchiasmatic nucleus are principally entrained 

by the light-dark cycle, such that exposure to light in the morning synchronises 

circadian rhythms with the external day / night environment.140  

Although the two-process model identifies the main processes involved in sleep-

wake regulation,141 several additional factors affect sleep tendency.136 142 143 For 

example, sleep inertia has been included as a ‘third process’ in some models for its 

effects on sleep tendency immediately after waking.142 While frequent (i.e., hourly) 

so-called ultradian rhythms, such as the cycling between Non-REM and REM sleep 

states, are also known to influence sleep-wake thresholds.143 Finally, the effects of 

decisions, stress, and even pain can transiently modulate the underlying circadian 

process and alter sleep-wake thresholds.136  

2.3.2 Recovery benefits of sleep for athletes 

Athletes identify sleep as an important recovery behaviour for athletic success,10 

and indeed there is some empirical evidence to support this (sections 2.3.3.3, 

2.3.4.2, and 2.3.4.3). There is also evidence that sleep may moderate injury risk.144-

147 A survey of national age-group athletes found sleeping > 8 hours per night 

reduced injury risk by 61%.144 And among college athletes, daytime sleepiness 

greatly increased the likelihood of sustaining a sports-related concussion.147 There 

are many physiological processes occurring during sleep that may augment 

recovery.8 These processes broadly affect (1) metabolic functions (2), cognitive 

functions, (3) immune functions, or (4) brain plasticity.  

2.3.2.1 Sleep and metabolism 

The metabolic functions of sleep, particularly SWS, may be crucial for athletes 

needing to conserve and replenish energy,148 149 150 as well as promote tissue growth 
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and repair.151 152 All physiological processes require energy, and sleep may have 

evolved as a strategy to conserve energy when food was scarce.134 148 The reduction 

in energy expenditure during sleep corresponds to the energy expended during prior 

weakefulenss.149 150 Indeed, SWS has the lowest metabolic rate of all sleep 

stages,153 and increases as a proportion of total sleep time when daily energy 

expenditure increases.149 Sleep also removes metabolic waste from the brain,154 and 

replenishes brain glycogen stores, a critical energy substrate required for brain 

activity.148 In fact, adenosine accumulates in the brain as a by-product of ATP 

hydrolysis,124 129 and this accumulation of adenosine drives sleep propensity and 

increases the expression of SWS during subsequent sleep that is necessary for brain 

glycogen resynthesis.148 155 156 Sleep also up-regulates anabolic pathways.151 152 

Growth hormone and testosterone promote tissue growth / repair by stimulating 

protein synthesis and 24-hour plasma levels of these hormones peak shortly after 

sleep onset, during the first episode of SWS.157-159 In contrast, sleep disruptions 

supresses nocturnal growth hormone secretion.160 161 SWS is also negatively 

correlated with the release of the catabolic hormone cortisol,162 163 a key hormone 

that signals skeletal muscle atrophy.164 To illustrate the importance of SWS for 

athletic recovery, Figure 2.4 shows that when the sleep of six experienced marathon 

runners was monitored for four nights following a 92-kilometre ultra-marathon, 

SWS as a percentage of total sleep time increased.165 Similarly, when the sleep of 

elite female swimmers was monitored across an entire competitive season, SWS 

formed a high percentage of total sleep time during peak training periods (i.e., 31%) 

but was significantly reduced following pre-competition taper (i.e., 16%).166 More 

recently, adolescent soccer players training 14 hours per week obtained 6% more 

SWS and 5% less REM sleep than controls training just 1.5 hours per week.167
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Figure 2.4. Slow wave sleep as a percentage of total sleep before and after completion of a 92-km 

ultramarathon. Control reflects mean of two nights sleep, one recorded two weeks prior to-, and 

another two weeks post, the ultramarathon. Source: Shapiro168
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2.3.2.2 Sleep and cognition 

Sleep loss impairs daytime cognitive function, perhaps due to an accumulation of 

metabolic by-products, such as adenosine, that inhibit brain activity.78 81 Indeed, 

sleep loss decreases metabolic activity in the brain, particularly in the thalamus, the 

pre-frontal, and the anterior cingulate cortex.169 170 These regions govern many 

cognitive processes including executive functions, emotions, and attention.170 

Consequently, sleep loss impairs decision making, particularly in situations that 

require innovative solutions, or flexibility in changing environments.171 172 Athletes 

are routinely confronted by such situations, particularly in sports involving an 

adversarial opponent (e.g., team sports).173 Sleep loss also impairs reaction time 

and / or psychomotor vigilance.174 Sleep restriction for a single night slowed the 

reaction times and decreased the attentional capacities of handball goalkeepers.175 

Such effects not only have implications for goalkeepers, but also for other athletes 

reliant on reaction time and attentional capacity (e.g., cricketers, motor racing 

drivers).7 Seep loss also increases feelings of depression, confusion, and mood 

disturbance.174 176 177 Indeed, inadequate sleep is believed to be a key contributing 

factor to poor mental health among athletes.28 178 Sleep disturbances have been 

associated with feelings of fatigue in overreached triathletes,179 and decreased total 

sleep time during training negatively affected subjective wellbeing in female youth 

athletes.180 Sleep loss also impairs the ability to communicate effectively and to 

demonstrate empathy,171 which may impair the ability to develop strong, 

productive relationships with coaches and teammates. 
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2.3.2.3 Sleep and immunity 

The relationship between sleep and immune function is well-established.130 

Healthy sleep improves resistance to infection,181 and the time-course of wound 

healing.182 Plasma levels of pro-inflammatory cytokines peak during SWS.130 183 184 

In fact, several pro-inflammatory cytokines have been shown to promote SWS.185 

Therefore, in addition to the metabolic factors discussed, increases in pro-

inflammatory cytokines, which have been observed following endurance training 

among rowers,186 may explain higher amounts of SWS in athletes.165 166 The pro-

inflammatory milieu of SWS may help repair the cellular damage induced by 

training or competition, and defend against infection.130 Indeed, sleep disturbances 

have been associated with a higher risk of infection among triathletes.179 Given 

endurance training can supress immune function and increase the risk of upper 

respiratory tract infection,187 healthy sleep is likely crucial for the immunity of 

endurance athletes.181 While a transitory pro-inflammatory state during sleep may 

promote acute recovery, a persistent and systemic increase in inflammation is 

associated with inadequate recovery and overtraining.188 Sleep restriction has been 

shown to increase 24-hour levels of pro-inflammatory cytokines,188 189 and may 

thus contribute to the chronic inflammation that is believed to explain many of the 

symptoms of overtraining.176 For example, chronic inflammation increases plasma 

levels of catecholamine and cortisol,188 hormones which can negatively affect 

mood and up-regulate catabolic metabolism.164 188 190  

2.3.2.4 Sleep and brain plasticity 

Sleep helps to process and commit to long-term memory information acquired 

throughout the day.191 Both declarative (e.g., recall of events),192 193 and procedural 

memories (e.g., motor skills)194 195 are consolidated during sleep. For example, 
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improvements in motor skill execution following sleep are greater than those 

observed over a similar timeframe without sleep.196 Even daytime naps as short as 

six minutes have been shown to improve free recall.193 Individual sleep stages may 

influence learning and memory in different ways; however, most sleep stages seem 

to play a role in brain plasticity.196 197 For example, the extent of overnight motor 

skill improvement recorded after exposure to a motor task has been strongly 

correlated with the percentage of subsequent Stage 2 Non-REM sleep (r = 0.66, P 

< 0.05).196 The effects of sleep on brain plasticity are likely important for the 

technical (e.g., skill acquisition) and tactical learning of athletes. Accordingly, 

sleep extension (i.e., increased habitual sleep time) has been shown to improve the 

shooting accuracy of college basketballers,198 and the serving accuracy of college 

tennis players23. 

2.3.3 Sleep loss in athletic populations 

Although sleep is considered an important recovery behaviour,8 10 199 athletes are 

vulnerable to sleep disturbances,14 200 and often fail to achieve the minimum 7 hours 

per night at 85% sleep efficiency (i.e., percentage of time-in-bed spent asleep) 

recommended for optimal health.13 201 202 The author recently published a 

systematic review and meta-analysis in the British Journal of Sports Medicine 

characterising athletes’ sleep, and factors associated with training and competition 

that negatively affect sleep (Appendix A).13 The following sections (sections 

2.3.3.1 and 2.3.3.2) include excerpts from the ‘results’ and ‘discussion’ of that 

publication, and highlight that sleep loss is common and sometimes unavoidable in 

athletes. For brevity, only sections discussing commonly experienced sleep 

challenges that may affect endurance athletes are included. For a more 

comprehensive discussion of the sleep challenges faced by athletes, including the 
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effects of hypoxia, and air-travel, the reader is referred to the published paper,13 

and other reviews by Gupta and colleagues,14 and Nédélec and colleagues.8 For 

consistency within the thesis, the author has made minor changes to the structure 

and syntax of published excerpts. Following sections discussing sleep challenges 

faced by athletes, there is a critical review of research that has examined the effects 

of sleep loss on endurance performance (section 2.3.3.3).    

2.3.3.1 Effects of competition on athletes’ sleep 

Qualitative assessments suggest pre-competition sleep disturbances are prevalent 

among athletes.200 203 204 However, the author’s systematic review and meta-

analyses did not find consistent objective evidence of this.13 Compared with 

training, total sleep time was shorter the night before a race among cyclists,205 but 

longer the night before a match among Australian rules footballers.206 207 

Individual-sport athletes were reported to have shorter sleep times, and lower sleep 

efficiency than team-sport athletes during out of competition training.208 However, 

when sleep was examined prior to competition, comparisons of individual- and 

team-sport athletes have delivered equivocal findings.203 200 Nonetheless, it is 

suggested that individual-sport athletes,203 particularly those competing in 

aesthetic-sports (e.g., gymnastics), may be most susceptible to sleep 

disturbances.209 In addition, while it has been found that sleep efficiency during 

training was lower in males compared with females,210 there is some evidence that 

prior to competition, sleep disturbances are more prevalent among females.203 209 

The principal cause of pre-competition sleep disturbance is nervousness or thoughts 

about competition.200 203 Individual-sport athletes (e.g., most endurance athletes) 

may experience particularly high levels of anxiety because they cannot share the 

psychological burden of competition with team members,203 208 209 which may be 
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further exacerbated in aesthetic-sport athletes whose success depends on the 

judgement of others.209  

Athletes rarely achieve total sleep time or sleep efficiency recommendations on the 

night of competition.13 Total sleep time is typically 60 minutes shorter the night of 

competition compared with pre-competition nights (i.e., the 1-2 nights immediately 

preceding competition day).13 Moreover, on the night of evening competition (i.e., 

start time ≥ 6 pm), sleep time is typically 80 minutes shorter and sleep efficiency 

3-4% lower, than pre-competition nights.13 Reductions in sleep time the night of 

competition are often attributed to a delay in bedtime that reduces overall time-in-

bed.211-216 Several factors may explain delayed bedtimes, and lower sleep 

efficiency, on the night of competition. For example, increased circulating 

cortisol,217 sympathetic hyperactivity,218 elevated core body temperature,219 and 

muscle pain,220 may persist post-competition and increase arousal.221 222 Cortisol 

levels following a race have been strongly (r = -0.90, P < 0.05) correlated with sleep 

efficiency in swimmers.223 While elevated cortisol post-competition was associated 

with a reduction in total sleep time the night of competition in netballers.217 

Additionally, the ergogenic use of caffeine224, and exposure to bright light (e.g., 

stadium lighting), may interfere with neurological processes that promote sleep.84 

225 In support, increases in salivary caffeine on match day have been moderately 

correlated with increases in sleep latency (r = 0.53, P < 0.05), and decreases in sleep 

efficiency (r = 0.52, P < 0.05) in rugby union players.224 Finally, delayed bedtimes 

may be attributed to post-competition recovery / medical interventions, meetings, 

travel, and media commitments.226 212  



 

Page | 32 

  

2.3.3.2 Effects of training on athletes’ sleep 

Total sleep time is shorter prior to training days than prior to rest days,212 227-229 

particularly when training starts before 0700, as in rugby league players during pre-

season,212 and rowers / swimmers preparing for competition.227 229 A study that 

examined the effect of different training start times found athletes who started 

training between 0500 and 0600 obtained less than 5 hours of sleep, and those who 

started between 1000 and 1100 obtained more than 7 hours.228 It is speculated that 

shorter sleep times reported for individual-sport athletes compared with team-sport 

athletes may reflect a tendency for individual sports to commence training early in 

the morning.208 While athletes try to offset the effects of early training by going to 

bed earlier, it is often difficult to prevent reductions in total sleep time.228 For 

example, on a training camp, rowers woke approximately 2.5 hours earlier on 

training days compared with rest days, but went to bed just 25 minutes earlier the 

night before.227 The inability to go to bed early has been attributed to the fact that 

most social engagements are scheduled in the evening, and the so-called ‘forbidden 

zone’ - a period of heightened arousal mediated by the body’s circadian rhythms - 

typically reduces sleep propensity between 2000 and 2200.228 230 

Total sleep time and sleep efficiency have been reported to reduce following large 

increases (>25%) in training load.179 231-233 In contrast, most studies that suggest 

sleep is unaffected, or even improves with higher training loads have not examined 

large increases in load, but rather subtle within-subject changes in load.166 212 234 235 

Therefore, reductions in total sleep time and sleep efficiency may reflect a negative 

adaptation to training in response to large increases in training load. Heavy training 

can lead to increases in circulating cortisol,236 and sympathetic activity,237 both of 

which may prevent the normal down-regulation of the human stress systems (i.e., 
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hypothalamic-pituitary-adrenal, sympathy-adrenal-medullary) required for healthy 

sleep.238 239 In support, changes in resting alpha-amylase, a marker of sympathetic 

activity, have been moderately correlated (r = -0.54, p < 0.05) with changes in sleep 

efficiency among synchronised swimmers.232 It is also possible that increases in 

training load may disturb sleep via pain associated with muscle soreness, and 

frequent micturition in the night associated with rehydration efforts. 

2.3.3.3 Sleep loss and endurance performance 

This thesis examines effects of both total sleep deprivation and sleep restriction 

(i.e., reduced habitual sleep time) on the performance of endurance athletes. 

Therefore, this section critically reviews previous literature examining effects of 

total sleep deprivation and sleep restriction on endurance performance. Although 

effects on the performance of endurance athletes is of primary interest, this section 

also includes studies that examined untrained populations.    

Two studies have investigated effects of total sleep deprivation on the performance 

of endurance athletes, and these studies have contradictory findings.25 26 Compared 

with normal sleep, one night without sleep reduced time-to-exhaustion in 

endurance athletes by  ̴ 1.5 minutes across a ~20-minute incremental cycling test 

that followed a 40-minute preload exercise period at 50-65% maximal aerobic 

power.26 Whereas 25-30 hours of sleep deprivation did not affect time-to-

exhaustion in distance runners during a short  ̴ 13-minute incremental cycling test.25 

A limitation of these studies is that performance was assessed using time-to-

exhaustion protocols whereby exercise intensity was externally controlled.25 26 

Such protocols have less ecological validity for endurance athletes who typically 

compete in self-paced time-trials or races.240 Another study that did not strictly 
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examine endurance athletes found distance covered by team-sport athletes during 

a 50-minute intermittent-sprint protocol was lower after 30 hours of total sleep 

deprivation than after normal sleep.241  However, again, the intermittent nature of 

this testing protocol has limited ecological validity for endurance athletes who 

undertake sustained efforts (e.g., road cyclists, triathletes).240   

Most studies examining effects of total sleep deprivation in untrained populations 

have reported impaired endurance performances.25 242-245 Sleep deprivation has 

been found to reduce running, walking, and cycling time-to-exhaustion.25 242-244 A 

single night of sleep deprivation also led to a 3% reduction in distance covered by 

active males during a 30-minute treadmill run that followed a 30-minute preload 

run at 60% �̇�𝑂2 𝑚𝑎𝑥.245 Despite these findings, some studies have found total sleep 

deprivation did not impair endurance performance.246 247 Sixty hours without sleep 

did not affect time-to-exhaustion in female students undertaking a  ̴ 20-minute 

incremental cycling test.246   

Three studies have investigated the effects of sleep restriction on the performance 

of endurance athletes, and these report contradictory findings.24 248 249 Compared 

with 7.1 hours sleep, a single night of 2.4 hours sleep prior to a 3-km cycling time-

trial slowed the performance of trained cyclists by 4%.24 While this study used a 

time-trial to assess performance, it’s duration was relatively short compared with 

the prolonged efforts (e.g., ≥ 60 minutes) often undertaken by endurance athletes 

(e.g., cyclists). In addition, the severe sleep restriction protocol (i.e., > 4-hour 

reduction in sleep time) used has limited ecological validity as athletes typically 

experience more subtle sleep restriction (i.e., < 3-hour reduction in sleep time) 

during training and competition.13 Other studies examining effects of sleep 
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restriction on endurance athletes also used severe sleep restriction protocols. For 

example, the maximal workload achieved by endurance athletes during an 

incremental test that followed a period of constant-load submaximal exercise 

decreased by 5% (i.e., from 309 to 293 W) when prior sleep opportunity was 

reduced by four hours (total sleep time not reported),248 but was unaffected when 

prior sleep opportunity was reduced by three hours.249   

Four studies have investigated the effects of sleep restriction on the performance 

of untrained participants.250-252 Two studies assessed performance by recording 

distance covered during an intermittent running test.251 252 Compared with normal 

sleep, reducing sleep opportunity to 3-4 hours for one night (total sleep time not 

reported) did not affect distance covered in the morning,251 but reduced distance 

covered in the evening.252 Two studies have investigated the impact of consecutive 

nights of sleep restriction on endurance performance,250 253 but none of these has 

examined endurance athletes despite the fact that endurance athletes routinely train, 

and compete (e.g., cycling tour races), on consecutive days. Nonetheless, compared 

with normal sleep, three consecutive nights of 2.5 hours sleep did not affect time-

to-exhaustion of healthy males during a short incremental treadmill test.250 

Similarly, 400-m swim performances over four consecutive days were unaffected 

when sleep was restricted to 2.5 hours per night on intervening nights compared 

with when participants slept normally on intervening nights.253 Importantly, while 

participants were identified as ‘swimmers’, no information on training history was 

provided, and finishing times > 7 minutes suggest they were not well-trained.253  

Several limitations of previous research justify further investigation of the effects 

of sleep loss on endurance performance. First, few studies have examined effects 
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of sleep loss on the performance of endurance athletes, and these studies report 

contradictory findings.24-26 248 249 Second, sleep restriction protocols have tended to 

reduce nightly sleep time by ≥ 3 hours,24 248 251 252 250 253 which has limited 

ecological validity in athletes, who typically experience more subtle sleep 

restriction.13 Third, while two studies have examined the effects of sleep restriction 

over consecutive nights on the performance of untrained participants,250 253 no such 

study has been undertaken on endurance athletes. Fourth, most research to date has 

not monitored sleep prior to experimental interventions,24-26 248 249 and thus findings 

may be confounded by discrepancies in cumulative sleep time (e.g., an accumulated 

sleep debt) between experimental conditions that occurred prior to testing.  

Finally, a primary criticism of research to date is that most studies examining the 

effects of sleep loss on endurance performance have used time-to-exhaustion or 

workload-at-exhaustion tests.25 26 242-244 248 249 These tests have limited ecological 

validity for endurance athletes.240 Cyclists routinely compete in time-trials but 

rarely in events that require cycling at a constant-load until exhaustion. Compared 

with protocols in which intensity is externally controlled, time-trials require self-

regulation of pacing, and thus have different psychological demands. In cyclists, 

plasma glucose oxidation was greater during variable-intensity exercise (i.e., time-

trials) than during constant-load exercise of the same duration and mean power 

output.254 Previous research found no significant correlation between time-to-

exhaustion at ventilatory threshold and cycling performance during a triathlon,255 

but a strong correlation (r = 0.8, P < 0.05) between time-trials undertaken in 

laboratory and ‘real world’ competition settings.256. Importantly, time-trials also 

have better internal reliability than time-to-exhaustion tests.240 When the reliability 

of protocols of similar duration (i.e., one hour) and intensity were compared in 
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endurance athletes, the mean coefficient of variation for finishing time was 27% 

for a time-to-exhaustion test but 3% for a time-trial.257    

In summary, the literature seems to suggest sleep loss is more likely to impair 

endurance performances of longer duration (e.g., > 30 min); following more severe 

sleep loss (e.g., > 3 hours); or following extended periods of wake after sleep loss. 

However, several limitations of previous research justify further examination of the 

effects of sleep loss on endurance performance: 

1. Few studies have investigated the effects of total sleep deprivation or sleep 

restriction on the performance of endurance athletes, and these report 

contradictory findings.24-26 248 249  

2. Studies examining effects of sleep restriction on endurance performance 

have adopted severe sleep restriction protocols (e.g., ≥ 3 hour reduction in 

sleep time / sleep opportunity)24 248 251 252 250 253 that have limited ecological 

validity in athletes who typically experience more subtle sleep restriction 

(e.g., < 3 hour reduction in sleep time).13  

3. Although endurance athletes train and occasionally compete (e.g., road 

cyclists) on consecutive days, no prior research has investigated the 

cumulative effects of sleep restriction over consecutive nights on the 

performance of endurance athletes.  

4. Studies have typically not monitored sleep prior to experimental 

interventions,24-26 248 249 and so it is possible that differences in sleep prior 

to interventions have confounded findings.  

5. Studies that have examined effects of sleep loss on the performance of 

endurance athletes have used short (< 15-minute) performance tests,24 25 
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and/or time-to-exhaustion / workload-at-exhaustion tests,25 26 248 249 that 

have limited ecological validity for many endurance athletes. 

2.3.4 Sleep extension in athletic populations 

Sleep extension refers to an increase in habitual sleep time that is typically 

prescribed under the assumption that a residual sleep debt exists.20 258 Athletes may 

incur a sleep debt due to inadequate habitual sleep (i.e., chronic sleep debt), or an 

acute disruption to habitual sleep, such as on the night of competition (i.e., acute 

sleep debt). In either case, sleep extension will help resolve, or at least reduce, the 

accrued sleep debt.258 Practitioners and researchers have explored strategies to 

extend athletes’ sleep, which typically focus on increasing sleep opportunity (i.e., 

via extending nightly time-in-bed, or allowing daytime nap opportunities) and / or 

sleep hygiene education. However, despite growing interest in extending athletes’ 

sleep, relatively few studies have examined the effects of sleep extension on the 

sports-specific performance of trained athletes.20 23 The following sections examine 

strategies for extending athletes’ sleep (section 2.3.4.1), and review literature 

examining the effects of both nightly sleep extension (section 2.3.4.2) and daytime 

napping (section 2.3.4.3) on athletic performance.  

2.3.4.1 Strategies for extending athletes’ sleep 

Providing increased opportunities for sleep, via extending nightly time-in-bed, or 

undertaking daytime naps, is essential for facilitating sleep extension.20 23 259 In 

college basketballers, prescribing a minimum 10 hours in bed per night increased 

nightly sleep time from 6.7 to 8.5 hours per night.20 While in college tennis players, 

prescribing 9 hours in bed per night increased self-reported sleep time from 7.1 to 

8.9 hours per night.23 Moreover, when rugby players were encouraged to sleep 10 
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hours per night during pre-season, total sleep time increased by 6.3%.259 In 

addition, among soccer players, sleep obtained during a two-hour daytime nap 

opportunity was able to compensate for sleep lost by reducing nightly time-in-bed 

by two hours.260  Interestingly, to date, studies aiming to extend sleep have 

prescribed absolute time-in-bed targets (e.g., 10 hours per night) for all athletes. 

While this has proven effective, such an approach does not account for individual 

differences in sleep needs or lifestyle preferences. For example, absolute time-in-

bed targets for some athletes (e.g., anxious athletes, genetically short sleepers)261 

may be counterproductive, as excessive time-in-bed is a key behavioural 

mechanism known to perpetuate insomnia.262 Therefore, it is possible that 

individualised approaches to sleep extension, which may include relative increases 

in nightly time-in-bed (e.g., 30% increase in habitual sleep time), and / or the 

tailoring of bedtimes and get-up times to individual chronotype, may be more 

effective in applied sport settings. Accordingly, the research in this thesis adopts an 

individualised approach to prescribing sleep extension. 

Sleep extension is also facilitated by adopting behaviours that promote healthy 

sleep (i.e., sleep hygiene). Such behaviours include maintaining a consistent sleep 

/ wake schedule, exposure to natural light during the day, maintaining a cool (e.g., 

16-20° C), dark, and quiet bedroom, avoiding screens and reducing light in the 

evening, and avoiding caffeine in the late afternoon.16 263-265 A 60-minute sleep 

hygiene education session, that included advice on relaxation strategies (e.g., 

progressive muscle relaxation), increased total sleep time among elite netballers by 

an average of 22 minutes per night during pre-season.131 Similarly, sleep hygiene 

advice increased total sleep time following strenuous training among professional 

tennis players.266 While a crossover study examining semi-professional soccer 
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players found that a sleep hygiene intervention increased total sleep time from four 

to six hours on the night of a match.19 Sleep hygiene education can also improve 

other aspects of athletes’ sleep.18 16 17 For example, sleep hygiene education 

improved sleep efficiency among professional Australian rules footballers,18 and 

combining sleep hygiene education with individualised advice informed by 

responses to the Athlete Sleep Behaviour Questionnaire – a tool developed to 

identify maladaptive sleep habits in athletes - improved the sleep efficiency, sleep 

onset latency, and sleep onset variance, of international cricketers.16 17  

In addition to examining the effects of  general sleep hygiene, researchers have also 

examined the impact of isolated behaviours or interventions on athletes’ sleep, such 

as electronic device use,267-269 red-light treatment,270 diet,271 brainwave 

entrainment,272 mattress quality,273 muscle relaxation,274 cryostimulation,232 275 and 

hot showers.276 For example, although avoidance of light emitting devices before 

bed is recommended, the use of such devices may not affect athletes’ sleep.267 277 

In contrast, progressive muscle relaxation reduced sleep onset latency in dancers 

with high anxiety,274 and cryostimulation extended nightly sleep time among elite 

synchronised swimmers during a heavy training period.232 

2.3.4.2 Nightly sleep extension and athletic performance 

There is mounting evidence that nightly sleep extension improves human function 

and performance. In non-athletes, sleep extension has been shown to improve 

alertness, psychomotor vigilance, mood,278 and pain tolerance.279 Among tennis 

players, extended sleep following strenuous training reduced next-day perceived 

soreness.266 Among rugby players, extended sleep during pre-season reduced 

salivary cortisol and improved reaction times during a psychomotor vigilance 
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task.259 In female track athletes, extending sleep time by an average of 20 minutes 

per night for one week, improved mood and peak power during a 30-second 

Wingate test.280 And in college athletes there is evidence that sleep extension may 

improve reactive strength measured during a ‘drop-jump’ test.281 Moreover, in 

military tactical athletes, four nights of sleep extension improved reaction time, 

executive function, standing jump distance, and motivation levels.282  

Given evidence demonstrating the benefits of sleep extension for human function, 

it is surprising that only two peer-reviewed studies have examined the effects of 

nightly sleep extension on the sports-specific performance of athletes.20 23 When 

nine collegiate basketballers spent at least 10 hours in bed per night for 5-7 weeks, 

mean nightly sleep time measured via actigraphy increased by almost 2 hours per 

night during the sleep extension period.20 Sleep extension led to a 9% improvement 

in both 3-point field goal and free throw shooting accuracy, as well as 

improvements in sprint times, mood states, and psychomotor vigilance.20 However, 

this study did not have a control arm, so improvements may have been attributable 

to normal training adaptation across the intervention period rather than sleep 

extension per se. In another study, college tennis players had their serving accuracy 

assessed (i.e., percentage of ‘second serves’ that hit a circular target deep in the 

service box) before and after one-week of sleep extension that required players 

obtain at least 9 hours of sleep per night. Compared with their normal sleep, players 

self-reported sleeping 1.7 hours per night more during the sleep extension period, 

and serving accuracy improved from 36% to 42%23. However, as previously 

highlighted, self-reported sleep data often correlates poorly with objective data,29 

30, and thus it is not certain that athletes actually slept more than normal during the 

sleep extension period. In another, non-peer-reviewed study, the time-in-bed of five 
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college swimmers was extended to 10 hours per night for a period of 6-7 weeks, 

and was reported to improve 15-metre sprint times, reaction times, tumble-turn 

times, and overall mood.198 However, again, this study did not include a control 

arm, thus findings may reflect normal training adaptations rather than any effects 

of sleep extension. Finally, while not strictly investigating sleep extension, a novel 

study examining the sleep of Australian Under-21 netballers during a one-week 

national championship, found that members of successful teams (i.e., placed first 

or second) averaged  ̴ 1 hour more sleep per night more during the tournament than 

members of unsuccessful teams (Figure 2.5).283   

Based on the current review, three key limitations of previous research justify the 

need to examine the effects of nightly sleep extension on the performance of 

endurance athletes: 

1. No study has examined the effects of nightly sleep extension on endurance 

performance. Thus, more specifically, no study has examined the effects of 

sleep extension on the sports-specific performance of endurance athletes. 

2. While two peer-reviewed studies have examined the effects of sleep 

extension on athletic performance (i.e., basketball, tennis), one did not have 

a control arm,20 and the other used self-reported sleep to confirm sleep 

extension.23 Thus, no previous study has both objectively confirmed sleep 

extension and incorporated a control condition, in order to examine whether 

sleep extension affects athletic performance. 

3. No prior study has examined the efficacy of an individualised sleep 

extension strategy for extending the nightly sleep time of athletes.
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Figure 2.5. Sleep characteristics of netball teams during national championship tournament.  

Results presented (means and 95% confidence intervals) based on final finishing position for four 

of seven state representative Under-21 teams competing in the tournament for (A) Time in Bed, (B) 

Sleep Duration, and (C) Sleep Efficiency. # Different (P ≤ 0.05) to both team 1 and 2. * Different 

(P ≤ 0.05) to team 1, 2, and 4. Source: Juliff283
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2.3.4.3 Napping and athletic performance 

Daytime napping is effective for extending 24-hour sleep time, particularly when 

nightly sleep is disturbed.260 Nap frequency (i.e., percentage of days on which a 

nap is taken) is typically < 20% among elite athletes,208 284 285 with team sport 

athletes less likely to nap than individual-sport athletes.286 However, a recent 

survey of professional soccer players found 95% of players napped for at least 30-

minutes prior to evening matches.287 There is evidence that napping improves 

athletic performance.288-294 For example, compared with a control (i.e., no nap) 

condition, a 20-minute nap improved the time-to-exhaustion of endurance runners 

habitually sleeping  ̴ 6.4 hours per night, but did not improve the time-to-exhaustion 

of runners sleeping  ̴ 7.5 hours per night.288 This led authors to suggest that napping 

may only benefit athletic performance among athletes not habitually sleeping > 7 

hours per night,288 as is recommended for optimal health.202 In agreement, A 20-

minute nap did not affect 30-second Wingate performance of amateur athletes that 

habitually slept > 8 hours per night.295 Similarly, while a 30-minute nap among 

national-level karate athletes did not affect squat jump performance, napping did 

overcome squat jump performance decrements associated with prior sleep 

restriction.290 In professional netballers, napping for less than 20 minutes on match 

days improved overall player performance as judged by coaching staff.289 In 

healthy adults, daytime naps of 25, 35, and 45 minutes improved the distance 

covered during a 5-minute shuttle run.291 While a 30-minute lunch-time nap 

following partial sleep deprivation improved 20-metre sprint times in healthy 

adults.292 Interestingly, napping for ≤ 30 minutes led to impaired 20-metre sprint 

performance among adolescent athletes, where it was speculated that sleep inertia 

may have impaired performance.296  



 

Page | 45  

 

2.3.5 Monitoring sleep in athletic populations 

Given the potential importance of sleep for athletes’ health and performance, there 

is a strong desire to monitor athletes’ sleep and address sleep problems.27 Athlete-

specific tools that screen for sleep problems (e.g., Athlete Sleep Screening 

Questionnaire) and evaluate sleep hygiene (e.g., Athlete Sleep Behaviour 

Questionnaire),15 16 are intended for relatively infrequent use (i.e., not daily) and 

are thus not overly burdensome for athletes. In contrast, frequent (e.g., daily) 

monitoring of sleep and / or sleepiness is difficult, as data must be accurate and 

rapidly available, whilst also collected with minimal impost on the athlete. A recent 

survey found 44% of coaches and support staff working within high performance 

team-sport do not monitor their athletes’ sleep.297 The main barriers to monitoring 

sleep identified were a lack of resources, time, and knowledge.297 This section will 

review available tools for monitoring sleep and limitations to their use with athletes.  

Polysomnography (PSG) provides a composite measure of electrical activity 

occurring in the brain, heart, and muscles of the face and lower extremities, and is 

the ‘gold standard’ for sleep monitoring.132 133 298 While polysomnography has been 

useful in athletic populations for investigating sleep pathologies,299 and sleep 

disruptions caused by concussion,300 it is expensive and typically requires 

specialised laboratory equipment, making it impractical for frequent use in the 

field.301 Although, more recently, portable polysomnography systems have 

demonstrated good agreement with traditional polysomnography,302 such systems 

still require electroencephalogram electrodes to be worn, which may be considered 

invasive and an unnecessary burden by athletes.  
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Athletes’ sleep is typically monitored using subjective tools (e.g., visual analogue 

scales, diaries).285 297 303 304 A recent survey of practitioners working in elite sport 

found that almost 80% of practitioners that monitor sleep use subjective methods.297 

Subjective tools are inexpensive and thus useful for monitoring large cohorts of 

athletes. While reductions in subjective sleep quality are used to indicate elevations 

in athletes’ stress,119 305 the accuracy of such assessments is questionable as 

subjective sleep data often correlates poorly with objective data.29 30 In addition, 

subjective sleep assessments are likely susceptible to bias due to recall error,27 as 

well as ‘respondent fatigue’ arising from repeated assessments over extended 

periods that can result in athletes responding in a random manner.119 

Research-grade activity monitors provide objective sleep data without affecting the 

habitual sleep routine of athletes.210 286 301 Activity monitors, usually worn on the 

wrist, have embedded accelerometers that detect movement, and device-specific 

algorithms assess recorded movements across successive epochs (e.g., one-minute) 

to determine sleep / wake states.11 298 306 307 Actigraphy provides summary measures 

such as ‘total sleep time’ and ‘sleep efficiency’ (i.e., the percentage of time-in-bed 

spent asleep).11 298 Comparison with polysomnography has shown activity monitors 

to be valid and reliable devices for monitoring sleep in athletes.11 298 301 308-312 For 

example, in elite cyclists, an activity monitor demonstrated 87% and 90% 

agreement (i.e., percentage of epochs correctly identified) with PSG using medium 

(i.e., > 40 counts⋅min-1 scored ‘wake’) and high (i.e., > 80 counts⋅min-1 scored 

‘wake’) thresholds respectively.301 Actigraphy tends to overestimate total sleep 

time due to quiescent wakefulness being misidentified as sleep.30 310 313 However, 

this bias is minimised when used in combination with sleep diaries.298 Although 

among athletes, actigraphy may actually underestimate total sleep time, as frequent 
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movements during sleep are common among athletes and may be misidentified as 

‘wake’.301 Although useful for research purposes, activity monitors have limited 

utility in the field because they are relatively expensive (e.g., $1000 USD per 

monitor), and data typically requires retrospective analysis, as well as expertise to 

consolidate and interpret.27 Thus, research grade activity monitors have limited 

utility for informing ‘real-time’ athlete management decisions. In a recent 

interview, Tom Allen, Sport Scientist at Arsenal Football Club stated:305 

“We look for the most bang for our buck. If there is one (wearable technology) that 

provides us with reasonable information that can add to the story and it’s quick, 

then that will win over another which gives us really good information but takes a 

day to get it. We need to be as efficient as possible.”  

Consumer-grade wearable devices claiming to monitor sleep are also becoming 

increasingly available. Such devices (e.g., Fitbit, Whoop, Oura Ring) are relatively 

inexpensive and provide data in ‘real-time’. However, most consumer-grade 

devices have no published data demonstrating their agreement with PSG,27 or have 

shown poor agreement with PSG.314 Nonetheless, recent validation studies have 

indicated some devices (e.g., Oura Ring, Fitbit Charge 2) may demonstrate 

acceptable agreement with PSG.315 316 For example, a validation study of the Oura 

Ring found estimated total sleep time was within the a-priori clinically acceptable 

range (i.e., ≤ 30 minute difference) for 87.8% of participants examined.316. 

However, further research is required, as validation studies to date have examined 

the sleep of non-athletes for just a single night.315 316 Thus, it is unclear whether 

devices are accurate over long periods and/or in athletic populations. In any case, 

the use of consumer-grade wearable devices also raises ethical issues over privacy, 
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including who should have access to data.28 Moreover, athletes may view such 

devices as an unnecessary invasion of privacy. As such, it is recommended that any 

use of sleep monitoring devices should be voluntary and conducted under the 

guidance of sleep experts intent on educating athletes about their sleep.28 297  

In summary, the literature reviewed in this section highlights several barriers to 

monitoring athletes’ sleep: 

1. Polysomnography, the ‘gold standard’ for sleep monitoring, while useful 

for screening purposes or investigating sleep pathologies, is impractical for 

frequent monitoring of athletes in the field.  

2. Subjective tools (e.g., visual analogue scales) are practical and popular for 

monitoring athletes’ sleep; however, they are susceptible to bias, and data 

does not necessarily correlate with objective sleep outcomes.  

3. Research-grade activity monitors are valid and useful for research 

purposes; however, they are typically expensive, require expertise to use, 

an often cannot provide actionable ‘real-time’ data. 

4. Some consumer-grade activity monitors demonstrate acceptable agreement 

with PSG; however, it is unclear whether they are accurate over extended 

periods in athletic populations. 

5.  Athletes may view the use of any wearable sleep-monitoring device as an 

excessive burden and/or a privacy concern.  

6. Practitioners often believe they lack the resources, time, and knowledge to 

monitor athletes’ sleep.   
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2.3.6 Monitoring the effects of sleep on athletes’ readiness 

Whilst it is important to monitor sleep itself, there is also value in understanding 

the influence of sleep on popular athlete monitoring indices, such as those used for 

monitoring athletes’ wellbeing and / or ‘readiness to perform’. This is particularly 

true given the barriers to monitoring sleep itself, including concerns over privacy, 

and the need for expertise in analysing sleep data. Understanding the effects of sleep 

on indices already used to assess athlete readiness may help practitioners better 

interpret such indices by knowing whether sleep is a moderating factor and thus 

help inform better athlete management decisions (e.g., facilitation of sleep 

extension). It would also allow sleep to be considered in existing athlete monitoring 

protocols without the additional athlete burden, or need for specific sleep-

monitoring expertise, that is associated with monitoring sleep itself.     

There is evidence that subjective wellbeing assessments are sensitive to sleep.20 227 

Subjective tools include the Profile of Mood States (POMS),317 the Recovery Stress 

Questionnaire for Sport (REST-Q),318 and the Acute / Short Recovery and Stress 

Scales (ARSS / SRSS).319 Such tools assess multiple aspects of wellbeing in a time-

efficient and inexpensive manner,320 and are recommended for identifying fatigued 

or overtrained athletes.119 Sleep extension for 5-7 weeks improved POMS subscale 

scores for ‘vigour’ and ‘fatigue’ among college basketballers.20 While one night of 

sleep restriction decreased SRSS scores for ‘overall recovery’ and increased scores 

for ‘negative emotional state’ among elite junior rowers.227 However, it’s important 

to note that subjective wellbeing assessments are susceptible to bias when athletes 

want to be seen in a positive light (e.g., to ensure team selection), or when they 

want to appear fatigued so that training demands are reduced.119 Also, repeated 

wellbeing assessments can lead to respondent fatigue.119  
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Heart rate (HR) is another popular measure used to assess athletes’ readiness. It is 

popular because it is not susceptible to subjective bias, it’s inexpensive, and data 

can be rapidly available and interpreted.321 However, it is unclear whether HR 

indices often used to monitor athlete readiness are sensitive to sleep.  

2.3.6.1 Using heart rate to monitor athletes’ readiness 

The rationale for using HR indices to monitor athlete readiness is based on the 

assumption that changes in cardiac autonomic activity reflect changes in autonomic 

nervous system balance (i.e., parasympathetic vs sympathetic tone), cardiac 

function, and / or haemodynamics that can provide an insight into an athletes’ 

ability to perform.322 323 For example, progressive overload training over several 

weeks in middle distance runners led to a gradual reduction in HR variability due 

to an increase in sympathetic tone that is indicative of heightened autonomic 

stress.324 Prolonged exercise has also been shown to reduce the fractional 

shortening of cardiac muscle in fatigued athletes, leading to a reduction in stroke 

volume that requires a compensatory increase in HR during exercise to sustain 

cardiac output.325 Likewise, metabolic by-products released during exercise signal 

afferent nerves and chemoreceptors to increase sympathetic activity and exercising 

HR, and may also slow HR recovery post-exercise.326 327  

The efficacy of HR indices to monitor changes in athletes’ readiness has been 

previously reviewed by Buchheit,321 and Bellenger and colleagues,306 and the 

author is referred to these reviews for a thorough discussion of the topic. 

Collectively, the evidence indicates several HR indices are effective for monitoring 

the acute fatigue induced by isolated endurance-based exercise sessions, as well as 

the accumulated fatigue and fitness improvements induced by extended endurance-



 

Page | 51  

 

based training blocks.321 However, while previous research has typically examined 

the effects of training and / or competition on HR indices,321 323 the current thesis 

will systematically examine the effects of total sleep time on HR indices. 

Definitions, monitoring techniques, and typical responses of HR indices examined 

in this thesis are outlined below: 

 Resting heart rate: Mean resting HR is typically derived from short (5-10 

 minute) recordings taken in the supine or seated position upon waking.321 

 These conditions are favoured because of the stable conditions they 

 provide (e.g., same time of day, same posture, quiet environment etc.).321 

 Acute bouts of fatiguing endurance exercise have been shown to increase 

 resting HR,325 328 whereas fitness improvements lower resting HR.329  

Resting heart rate variability: Heart rate variability refers to the

 variation in time between successive heart beats (i.e., R-R intervals).330 It is 

useful for its ability to assess the balance between sympathetic and 

 parasympathetic activity.331-334 The natural logarithm of the square root of 

 the mean sum of squared differences between adjacent R-R intervals 

 (i.e., Ln rMSSD), which reflects levels of parasympathetic activity, is 

recommended for athlete monitoring because it can be derived from short 

(e.g., 5-minute) HR recordings and its sensitivity to respiratory rate is 

low.321 Reduced HR variability is typically associated with accumulated 

fatigue.324 335-341 However, elite endurance athletes occasionally have such 

high parasympathetic predominance that acetylcholine receptors become 

saturated, and thus the normal HR variability associated with respiration is 

eliminated.342 
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 Maximal rate of heart rate increase: The maximal rate of HR increase 

 (rHRI) recorded during constant-load submaximal exercise indicates 

 autonomic nervous system responsiveness, particularly parasympathetic 

 withdrawal, during the transition from rest to exercise.343-349 The rHRI is 

 derived from the first derivative maxima of exponential or sigmoidal 

 functions fitted to the HR kinetic response to exercise; however, for 

 endurance athletes, using the exponential response to exercise at 60% 

 �̇�𝑂2 𝑚𝑎𝑥 is recommended.348 The rHRI was faster in endurance 

 athletes following two-weeks of light training compared with two-weeks 

 of overload training.349 While the acute fatigue induced by a 2-hour 

 treadmill run led to a reduction in rHRI that correlated (r = 0.6, P < 0.05) 

 with the reduction in work completed during a cycling time-trial.347 

 Steady-state heart rate: Mean steady-state HR recorded during 

 constant-load  submaximal exercise is recommended for its ability to 

 inform on changes in relative exercise intensity (i.e., the physiological 

 cost of exercising at a given workload).321 Steady-state HR is usually 

 averaged over the final minute of a relatively short (e.g., 5 minutes) 

 constant-load exercise test, and tends to increase with accumulated 

 fatigue,350 351 and decrease with improved fitness.333 352 353  

 Heart rate recovery: Typically measured as the magnitude of change in 

 HR (i.e., in beats⋅min-1) within 60 seconds of stopping exercise,354 HR 

 recovery reflects the interaction between sympathetic withdrawal and 

 parasympathetic reactivation that occurs following exercise.355 356 Cross-

 sectional studies show HR recovery is greater in trained versus untrained 
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 individuals,357-359 and fitness improvements often lead to faster HR 

 recovery.353 360-362 Reduced HR recovery tends to indicate an accumulation 

 of fatigue.363-365 However, in elite endurance athletes, greater HR recovery 

 has been associated with short-term performance decrements,366-369 and 

 may reflect reduced sympathetic responsiveness during exercise, or reduced 

 sensitivity of adrenergic receptors.366 367 Therefore, interpretation of HR 

 recovery should be made in the context of the current training phase / load 

 and the perceived exertion of exercise.368 

 Exercise intensity ratios: Recent studies have shown that incorporating 

 HR indices into intensity ratios (e.g., subjective to objective, external to 

 internal) can also inform practitioners about athletes’ fatigue status.109 370 

 Exercising HR collected during training or competition is typically used to 

 assess either the internal physiological cost of completing an external 

 workload (i.e., internal to external intensity ratio), or the perceived exertion 

 required for a  given internal load (i.e., subjective to objective intensity 

 ratio).371-373 The relationship between HR and running velocity (m⋅min-1) 

 decreased as fatigue accumulated across a match in professional 

 footballers.370 While Figure 2.6 shows that ratios for mean power to mean 

 HR (i.e., W:HR), and  perceived exertion to mean HR (i.e., RPE:HR), 

 increased with fatigue across a three-week tour race among  cyclists.109 

2.3.6.2 Using heart rate to monitor the effects of sleep on readiness 

There is a close coupling of central and autonomic nervous system activity during 

sleep.374 Indeed, parasympathetic activity increases and sympathetic activity 

decreases during sleep.238 375 
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Figure 2.6. Intensity ratios among professional cyclists during baseline training and three weeks of 

a Grand Tour. Perceived exertion, RPE; mean HR, HR; and mean power, W; obtained during 

baseline training and Grand Tour race stages and computed to determine subjective to objective 

intensity ratio (RPE:HR) and external to internal intensity ratio (PO:HR). AU, arbitrary units. * 

Different to baseline training (P<0.05). ϯ Different to week 1 (P<0.05). Source: Sanders et al.109
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This is evidenced by research showing that, compared with wakefulness, sleep is 

associated with increases in HR variability,238 376 reductions in HR,374 377 and 

reductions in circulating catecholamines – a marker of sympathetic activity.378-380 

When comparing sleep stages, parasympathetic activity is higher during stages 2-4 

of non-REM compared with REM sleep,377 381 while sympathetic activity increases 

during REM sleep.382 The coupling of central and autonomic nervous system 

activity is further demonstrated by research showing nightly HR variability can 

identify and distinguish sleep stages.383-385 Moreover, sleep disorders such as 

insomnia and sleep apnoea are associated with night time sympathetic 

hyperactivity.221 386 Similarly, insomnia symptoms in athletes are thought to reflect 

sympathetic hyperactivity before and during sleep.14 Among soccer players, HR 

variability (i.e., Ln rMSSD) during sleep was reduced (P < 0.001) following 

training and matches compared with nights following rest days.387  

Research has also investigated the effects of sleep, specifically sleep loss, on 

daytime HR regulation. While there is some evidence that total sleep deprivation 

does not affect HR,245 388-390 there is also evidence that total sleep deprivation 

reduces both resting,244 390-392 and exercising (e.g., steady-state) HR for a given 

workload.51 393-395 Total sleep deprivation has been shown to either not affect,389 396 

or reduce daytime plasma catecholamine levels.244 While analysis of HR variability 

suggests there may be a shift towards parasympathetic predominance following 

total sleep deprivation,391 392 which may serve to protect against cardiac overload.391 

393 397 It has also been speculated that lower HR, and increased HR variability, 

following sleep deprivation may reflect an exhaustion of catecholamine supply, that 

dampens the HR response to sympathetic activity,393 397 Otherwise, increases in 

plasma volume that normally occur over prolonged periods of wakefulness may 
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trigger baroreflex-mediated reductions in HR.49 246 In contrast, most studies show 

sleep restriction either does not affect HR,251 398 or increases both resting,399-403 and 

exercising HR for a given workload.249 404 Moreover, sleep restriction has been 

shown to reduce resting HR variability due to elevated sympathetic modulation of 

the heart.398 405 Sleep restriction has also been associated with increases in urinary 

and plasma catecholamines.405-407 In summary, total sleep deprivation tends to 

decrease HR and increase HR variability,51 244 390-395 whereas sleep restriction tends 

to increase HR and reduce HR variability.249 398-405 These findings encourage 

speculation that sleep restriction may be a stress that shifts autonomic balance 

towards sympathetic predominance, whereas total sleep deprivation may be such a 

severe stress that it exhausts catecholamine supply, or triggers protective 

mechanisms that result in parasympathetic predominance. Nonetheless, it is also 

noted that several studies show daytime HR is unaffected by sleep loss.245 251 388-390 

398 Discrepant findings between studies may reflect differences in HR recording 

conditions (e.g., posture, time-of-day, prior activity), the severity of sleep 

restirction, and / or participant characteristics (e.g., fitness, age, sex).    

Although sleep loss may alter daytime HR regulation, and HR indices are widely 

used for athlete monitoring, no prior research has examined the sensitivity of HR 

indices to any effects of sleep on athletes’ readiness. However, in non-athletes, 

previous research has shown that HR variability can track decrements in 

psychomotor vigilance caused by sleep loss.408 409 One study examined healthy men 

across a 40-hour total sleep deprivation period that required a 10-minute 

psychomotor vigilance task to be completed every two hours.408  This study found 

that participants’ HR variability measured using either power spectral density in 

the 0.02-0.08 Hz range, or the mean of the standard deviation of all R-R intervals, 
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strongly correlated (r = 0.7, P < 0.05) with lapses in psychomotor vigilance across 

the sleep deprivation period.408 Another study examined healthy males over five 

consecutive nights of sleep restriction (i.e., 4 hours sleep per night) that required a 

10-minute psychomotor vigilance task to be completed four times each day.409 This 

study also found that power spectral density in the 0.01-0.08 Hz range correlated (r 

= 0.60, P < 0.05) with lapses in psychomotor vigilance.409 Authors of both studies 

recommended HR variability be used in lieu of more invasive or expensive tools to 

monitor fatigue induced by sleep loss in occupational settings.408 409 Importantly, 

the HR variability indices used in these studies are not recommended for athletes, 

as they typically require long HR recordings and are sensitive to breathing rate.321 

In contrast, tests used for monitoring athletes are preferably short (e.g., ≤ 5 minutes) 

and relatively simple to administer. Nonetheless, these findings pose the question; 

do changes in HR variability, or any other HR index, caused by sleep loss or sleep 

extension, similarly track changes in athletic performance?   

2.4 Research objectives 

Sleep may be an important recovery behaviour for athletic success.10 410 However, 

to date, few studies have investigated the impact of sleep on the performance of 

endurance athletes.24-26 248 249 Studies that have investigated effects of sleep loss 

(i.e., total sleep deprivation or sleep restriction) on the performance of endurance 

athletes report contradictory findings, and have not assessed performance using 

prolonged self-paced time-trials that mimic the efforts required by many endurance 

sports (e.g., road cycling, triathlon).24-26 248 249 Further, although endurance athletes 

train, and occasionally compete, on consecutive days, no prior research has 

examined the cumulative effects of sleep restriction (i.e., reduced habitual sleep 

time) or sleep extension (i.e., increased habitual sleep time) over consecutive nights 
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on the performance of endurance athletes. Thus, it remains unclear the extent to 

which cumulative sleep time affects the performance of endurance athletes.  

Monitoring athletes’ sleep may help practitioners understand sleep challenges faced 

by athletes and explore the effects of sleep on athletic performance. However, 

current monitoring tools have limitations for use with athletes; mostly due to 

concerns over their cost and practicality (e.g., PSG, research-grade devices), their 

accuracy (e.g., subjective tools, consumer-grade devices), and their intrusion on 

athletes’ privacy.27 Therefore, not surprisingly, many practitioners do not monitor 

their athletes’ sleep due to a perceived lack of time, resources, and knowledge.297 

An alternate approach is to better understand the effects of sleep on existing indices 

used for monitoring athlete readiness. This could improve practitioners’ ability to 

interpret readiness indices and thus inform better athlete management decisions 

(e.g., facilitation of sleep extension). Heart rate indices are widely used to monitor 

athletes’ readiness,321 323 and sleep loss has been shown to alter HR regulation.51 244 

249 390-395 398-405 However, it remains unclear whether prior sleep time moderates the 

relationship between HR indices and athletes’ readiness to perform.          

The primary aim of this thesis was to investigate whether total sleep time, 

accumulated over 1-3 nights, affects the recovery of prolonged self-paced 

endurance performance among endurance athletes. The secondary aim of this thesis 

was to investigate whether HR indices used for monitoring athletes’ readiness were 

sensitive to any effects of total sleep time on the recovery of endurance 

performance. Data collected in addressing these aims also allowed for an 

exploration of potential mechanisms through which sleep may affect endurance 

performance. The specific aims of the two studies included in this thesis were: 
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 Study 1: The aims of Study 1 were to (1) examine the effect of a single 

 night of total sleep deprivation on the recovery of endurance cycling 

 performance, and (2) to examine whether HR indices were sensitive to any 

 effects of total sleep deprivation on athletes’ readiness to perform. 

 Study 2: The aims of Study 2 were to (1) examine the effects of three 

 consecutive nights of sleep restriction and sleep extension on the recovery 

 of endurance cycling performance (Study 2a), and (2) to examine 

 whether HR indices were sensitive to any effects of sleep restriction or sleep 

 extension on athletes’  readiness to perform (Study 2b).
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Chapter 3: Study 1 

 
 

This chapter is presented as per the manuscript accepted for publication in the 

Journal of Sports Sciences. However, online supplementary material referenced in 

the accepted manuscript has been included in this chapter, thus table numbers differ 

to the accepted manuscript:   

 

Roberts SSH, Teo W-P, Aisbett B, Warmington SA. Effects of total sleep 

deprivation on endurance cycling performance and heart rate indices used for 

monitoring athlete readiness. J Sports Sci. 2019;37(23):2691-701. 
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3.1 Abstract  

Introduction: This study investigated effects of total sleep deprivation on self-

paced endurance performance, and heart rate (HR) indices of athletes’ “readiness 

to perform”. Methods: Endurance athletes (n = 13) completed a crossover 

experiment comprising a normal sleep (NS) and sleep deprivation (SD) condition. 

Each required completion of an endurance time-trial (TT) on consecutive days (D1, 

D2) separated by normal sleep or total sleep deprivation. Finishing time, perceived 

exertion (RPE), mood, psychomotor vigilance (PVT), and HR responses were 

assessed. Results: Time on D2 of SD was 10% slower than on D2 of NS (64 ± 7 

vs 59 ± 4 min, P < 0.01), and 11% slower than D1 of SD (58 ± 5 min, P < 0.01). 

Subjective to objective (RPE: mean HR) intensity ratio was higher on D2 of SD 

compared with D2 of NS and D1 of SD (P < 0.01). Mood disturbance and PVT 

mean response time increased on D2 of SD compared with D2 of NS and D1 of 

SD. Anaerobic threshold and change in TT time were correlated (R = -0.73, P < 

0.01). Conclusion: Sleep helps to optimise endurance performance. Subjective to 

objective intensity ratios appear sensitive to effects of sleep on athletes’ readiness 

to perform. Research examining more subtle sleep manipulation is required.  

3.2 Introduction 

Sleep is considered an important recovery behaviour for athletic success; however, 

athletes often sleep poorly during training and competition periods.13 Sleep 

disturbances have been attributed to pre-competition thoughts or nervousness,200 

post-competition hyperarousal,287 transmeridian travel,411 and early-morning 

training sessions.228 Several studies have examined the effects of sleep loss on the 

performance of endurance-trained athletes.24-26 248 249 However, these studies report 

contradictory findings, and have often used short (i.e., < 15 minutes) performance 
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tests,24 25 or time-to-exhaustion25 26 / workload-at-exhaustion248 249 tests, that do not 

reflect the prolonged (e.g., ≥ 60 minutes) self-paced nature of many endurance 

sports (e.g. road cycling). For example, compared with a normal night of sleep (7.1 

hours), reducing sleep to 2.4 hours the night before a 3 km time-trial slowed 

performance by 4%.24 While the maximal workload achieved by endurance athletes 

during an incremental test that followed a 20-minute submaximal preload decreased 

when prior sleep opportunity was reduced by four hours,248 but was unaffected 

when sleep opportunity was reduced by three hours.249 Furthermore, studies 

investigating total sleep deprivation have shown that, compared with normal sleep, 

one night without sleep reduced the time-to-exhaustion of endurance athletes 

during a ~20-minute incremental test that followed a 40-minute preload at 50-65% 

of �̇�𝑂2 𝑚𝑎𝑥.26 Whereas 25-30 hours of sleep deprivation did not affect the time-to-

exhaustion of distance runners but reduced the time-to-exhaustion of volleyball 

players.25 Given the equivocal findings to date, and the paucity of data examining 

self-paced performance, further investigation of the effects of sleep deprivation on 

endurance performance is required.   

The mechanisms underpinning impaired endurance performances following sleep 

loss remain unclear. Previous research found endurance performance decrements 

following total sleep deprivation did not coincide with impaired neuromuscular 

function (i.e., central fatigue).26 However, there is a close coupling of central and 

autonomic nervous system activity during sleep,374 and sleep loss has been shown 

to alter cardiac autonomic function.31 390 For example, sleep restriction has been 

shown to decrease daytime HR variability compared with sleep extension.31 Altered 

cardiac autonomic function may explain, to some extent, endurance performance 

decrements previously reported. If so, HR indices typically used for athlete 
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monitoring may be sensitive to the effects of prior sleep on athletes’ fatigue status 

(i.e., “readiness to perform”). HR indices can inform the training (e.g., load) and 

competition (e.g., game-time) adjustments required to optimise performance, and 

are popular because data can be easily collected and quickly interpreted.109 321 HR 

indices can be recorded at rest (e.g., HR variability) or during exercise (e.g., 

intensity ratios).321 For example, reduced resting HR variability has been reported 

in fatigued Nordic-skiers,340 whereas increased HR variability occurred with fitness 

improvements in runners.412 Moreover, subjective to objective, and external to 

internal intensity ratios incorporating mean HR have been shown to increase in 

professional cyclists during a three-week grand tour.109 However, no study has 

investigated whether such routinely measured athletic indices are sensitive to the 

acute effects of prior sleep.  

This study aimed to (1) quantify the effect of a single night of sleep deprivation on 

prolonged endurance cycling performance, and (2) examine whether HR indices 

used for athlete monitoring are sensitive to any effects of sleep deprivation on 

athletes’ readiness to perform. 

3.3 Methods 

Participants 

Thirteen males (mean ± SD, Age = 33 ± 6 years; �̇�𝑂2 𝑚𝑎𝑥 = 64 ± 7 mL·kg-1⋅min-1) 

were recruited from cycling (n=8) and triathlon (n=5) clubs. Participants were 

considered ‘trained’ according to adapted criteria for classifying cyclists (≥ 1 year 

of competitive racing, ≥ 3 × training sessions per week, �̇�𝑂2 𝑚𝑎𝑥 ≥ 55 mL·kg-1·min-

1)35. To screen for pre-existing sleep problems and high anxiety, inclusion criteria 

required a score of ≤ 5 in the Pittsburgh Sleep Quality Index (PSQI) and ≤ 40 in the 
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State-Trait Anxiety Inventory (STAI-Y).413 414 Participants were not permitted to 

be undertaking shift work or taking medication that may affect sleep. The 

Morningness-Eveningness Questionnaire categorised participants as ‘intermediate’ 

(n = 8) and ‘moderate morning’ types (n = 5).415 Participants were not high caffeine 

consumers (mean ± SD, 2 ± 1 caffeine products per day). The study was approved 

the Deakin University Human Research Ethics Committee and informed written 

consent to participate was obtained. 

Study design 

Participants completed a randomised counterbalanced crossover study comprising 

two conditions; normal sleep (NS) and sleep deprivation (SD). Prior to testing, three 

familiarisation sessions required completion of an incremental test, and two 

practice time-trials (TT). Each condition comprised six consecutive days and nights 

(-2, -1, D1, D2, +1, +2) during which sleep, morning HR, training load, and diet 

were monitored (Figure 3.1). Dietary monitoring served to control for potential 

differences in energy availability between conditions. Diet was recorded (e.g., 8am: 

2 slices of toast with jam) for the duration of the first condition and replicated for 

the second condition. Caffeine, alcohol, and exercise (excluding that required for 

the study) was prohibited on days -1 to D2. However, to accommodate preferred 

preparation and recovery strategies, participants were permitted to undertake light 

exercise on days -2, +1 and +2. Training load was quantified according to methods 

previously described.416 There were no differences between conditions on days 

prior to-, or post, laboratory testing (Table 3.1). On D1 and D2, testing was 

conducted at the Deakin University Human Research and Performance Laboratory, 

whereby endurance performance, subjective mood, psychometric vigilance, plasma 

volume, plasma catecholamines, and HR responses during exercise were assessed.
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Figure 3.1. Data collection timeline. Training load and diet were recorded daily. Resting heart rate and heart rate variability (HR / HRV), total sleep time, sleep efficiency, and 

subjective sleep quality were monitored every day / night (-2 to +2). On laboratory testing days (D1, D2) participants initially completed mood, psychomotor vigilance, and plasma 

volume assessments. Participants then completed a five-minute constant load submaximal exercise test, which served as a warm-up, before an endurance time-trial. Heart rate 

responses to the submaximal exercise test and the time-trial were assessed. Perceived exertion (RPE) upon completion of the time-trial, and plasma catecholamine pre- and post 

the time-trial, were also assessed. The study intervention (i.e., normal sleep or total sleep deprivation) occurred on night D1.
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Table 3.1. Self-reported training load.  

 

Data shows arbitrary units for the product of session exercise time (min) and perceived exertion 

(CR-10 scale).412 Participants recorded all exercise undertaken during each condition (-2 to +2) 

including laboratory TTs on D1 and D2. Note: Although training was prohibited on day -1, two 

participants were required to undertake very light exercise to commute to employment. This exercise 

was replicated for both conditions. There were no differences between conditions on days -2, -1, 

D1, +1, or +2.  * Different (P < 0.01) compared with D2 of normal sleep. Data shows mean ± SD.

 

 

 

Training Load 

Days -2 -1 D1 D2 +1 +2 

Sleep Deprivation 427±417 43±83 507±66 564±48* 277±210 529±223 

Normal Sleep 388±259 43±84 520±47 517±42 357±353 569±488
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Upon completion of testing on D1 of SD, participants undertook their usual daily 

activities before returning to the laboratory at 9:00 pm to undertake overnight sleep 

deprivation under supervision of the research team. Testing on D2 commenced at 

the same time of day as on D1, therefore, when considering the time required for 

participants to wake and travel to the laboratory on D1 of SD, participants were 

sleep deprived for  ̴ 25 h prior to commencement of testing on D2. During sleep 

deprivation, participants undertook sedentary activities (e.g., watched TV) and 

consumed water ad libitum in low light (<20 lux) conditions. No other food or drink 

was permitted, other than the participant’s usual breakfast the morning of D2. 

Participants slept habitually at home on all other nights of the study. All laboratory 

testing commenced between 06:00–09:00 am to control for circadian variation. 

There was a six-day washout period between conditions. 

Familiarisation sessions 

Incremental test 

On a cycle ergometer (Excalibur Sport, Lode, Groningen, Netherlands) controlled 

using compatible software (Lode Ergometry Manager 9, Lode, Groningen, 

Netherlands), the incremental test commenced at 75W and increased by 50W every 

three minutes. After nine minutes, workload increased by 25W every minute until 

volitional exhaustion. Gas was analysed using an Innocor metabolic system (DK-

5260, Innovision, Odense, Denmark) to determine maximal oxygen uptake 

(�̇�𝑂2 𝑚𝑎𝑥) and anaerobic threshold (AT).417 

Time-trial protocol 

Target workload for the TT was equivalent to the estimated energy expended when 

cycling at AT for one hour:  
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𝑊𝑜𝑟𝑘 (𝑘𝐽) =
(𝑊𝐴𝑇  × 3600)

1000
 

whereby the linear relationship between oxygen uptake (�̇�𝑂2) and power (𝑊) was 

calculated for the first three workloads of the incremental test, and the resulting 

regression used to calculate power at AT (𝑊𝐴𝑇). Pedalling resistance was 

determined according to the formula. 

𝑊𝐴𝑇 = 𝐿𝑖𝑛𝑒𝑎𝑟 𝐹𝑎𝑐𝑡𝑜𝑟 × 𝑃𝑟𝑒𝑓𝑒𝑟𝑟𝑒𝑑 𝑝𝑒𝑑𝑎𝑙 𝑟𝑎𝑡𝑒 2 

whereby the linear factor ensured 𝑊𝐴𝑇 was achieved at the participant’s preferred 

pedal rate per minute (rev⋅min-1). There is a strong correlation between power at 

AT and one-hour TT performance (r = 0.8, P < 0.05).418 During the TT, work 

completed (kJ) was displayed on a computer screen, but no other feedback was 

provided. Participants completed two practice TTs so that pacing strategies could 

be refined.  

Experimental conditions 

Sleep 

Participants wore an activity monitor (Actical MiniMitter/Philips Respironics, 

Bend, OR) on their non-dominant wrist for all sleep periods. The Actical device is 

an objective, validated tool for indirectly monitoring sleep.298 The monitor recorded 

activity counts in one-minute epochs. Raw scores were downloaded using a device 

specific interface unit (ActiReader, Philips Respironics, Bend, OR) and processed 

with a manufacturer algorithm (Actical v3.10) set to a medium threshold (<40 

counts·min-1 scored as sleep) to distinguish between sleep-wake states. This 

threshold has demonstrated 87% agreement with polysomnography in cyclists.301 

Participants recorded bed- and wake-times in a diary in order to crosscheck 
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sleep/wake states identified with actigraphy. The total sleep obtained (i.e., total 

sleep time – TST), and the percentage of time in bed spent asleep (i.e., sleep 

efficiency) were calculated for all sleep periods. While careful monitoring of 

participants during sleep deprivation ensured no napping occurred, actigraphy data 

was nonetheless analysed for the sleep deprivation periods for confirmation. To 

evaluate 24-hour patterns, aggregate TST for all sleep periods from the end of a 

night’s main sleep to the end of the next night’s main sleep was calculated. Mean 

SE was calculated for all sleep episodes during the same period. Upon waking, 

participants rated sleep quality according to a 5-point Likert scale (i.e., 1 = Very 

Good, 2 = Good, 3 = Average, 4 = Poor, 5 = Very Poor).  

Time-trial outcomes 

Finishing time (minutes), peak HR, mean HR, and mean power (W) were recorded 

for each TT. Upon completion of the TT, participants recorded the perceived 

exertion (RPE) required to complete the TT on a CR-10 scale.419 The CR-10 scale 

was chosen as previous research used this scale to examine intensity ratios in 

professional cyclists.109 The external to internal intensity ratio (mean power to 

mean HR; W:HR), and subjective to objective intensity ratio (perceived exertion to 

mean HR; RPE:HR) were analysed.109  

A subset of participants (n = 7) had plasma catecholamines monitored as a measure 

of sympathetic nervous system activity. Blood was collected immediately prior to 

the warm-up (i.e., submaximal exercise test, see Preliminary testing) and within 

five minutes of completing the TT. On each occasion, 8 mL of whole blood was 

collected (K2EDTA, BD Vacutainer, Franklin Lakes, NJ), and then spun for 10 

minutes at 3000 rev·min-1 (Heraeus Megafuge 8R, Thermo Fisher Scientific, 
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Waltham, MA). Plasma was extracted and stored at -80°C for later analysis. 

Catecholamines were assayed in duplicate using a single ELISA kit (Abnova, 

KA1877, Taipei City, Taiwan) for both adrenaline and noradrenaline. 

Preliminary testing 

Participants undertook a series of tests prior to the TT (Figure 1). Subjective mood 

was assessed using the Profile of Mood States (POMS), which assessed the feelings 

of participants “right now” across 65 mood descriptors using a 5-point Likert scale, 

providing scores for total mood disturbance, tension, depression, anger, vigour, 

fatigue, and confusion.420 Participants then completed a validated touchscreen 

version of the psychomotor vigilance task (PVT) on a tablet device using the 

application sleep-2-Peak (v2.2.1, Proactive Life LLC, New York, NY).421 The PVT 

measured reaction times to visual stimuli occurring at varying time intervals over 

10 minutes. Mean reaction time, and the number of lapses > 500 milliseconds were 

recorded. Both the POMS and PVT have shown sensitivity to total sleep 

deprivation and served as positive controls to confirm expected mood disturbances 

and psychomotor impairments caused by sleep loss.422 423  

Potential changes in plasma volume, which have been reported following total sleep 

deprivation and may influence HR regulation,394 were indirectly assessed using 

capillary blood samples424. Hemoglobin (g⋅dL-1) was determined using a Hemo 

Control Hemoglobin Analyser (EFK Diagnostics, Cardiff, UK), and hematocrit (%) 

was manually read from a centrifuged sample (Sigma 1-15, Sigma 

Laborzentrifugen GmbH, Germany). 

A submaximal exercise test, which served as a warm-up for the TT, required 

participants to cycle for five minutes at a workload corresponding to 60%�̇�𝑂2 𝑚𝑎𝑥 . 
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Participants rested on the ergometer for at least two minutes prior to the test, and 

were not pre-warned when the test was to begin in order to avoid an anticipatory 

increase in HR. Upon completion, participants rested on the ergometer for one 

minute. Data were transferred to Table Curve 2D software (SYSTAT Software Inc., 

San Jose, CA) and fitted to a mono-exponential function: 

𝐻𝑅 (𝑏𝑒𝑎𝑡𝑠 ⋅ 𝑚𝑖𝑛−1) = 𝑎 + 𝐴 (1 − 𝑒
−(𝑡−𝑇𝐷)

𝜏 ) 

Where; a is baseline HR (beats⋅min-1); A is the amplitude of HR response 

(beats⋅min-1); t is time (s); TD is the time delay before HR increases (s); and τ is 

the curvature parameter (s). Curve fitting constraints applied to ensure an optimal 

fit have been previously described.348 Steady-state HR (i.e., mean HR for final 

minute of exercise), external to internal intensity ratio (i.e., power to steady-state 

HR; W:HR), and HR recovery (beats⋅min-1 recovered) were recorded. Additionally, 

cardiac autonomic responsiveness at the onset of exercise was assessed using the 

maximal rate of HR increase (rHRI, beats⋅min-1⋅s-1) derived from the first 

derivative maxima of the function according to: 

𝐻𝑅 (𝑏𝑒𝑎𝑡𝑠 ⋅ 𝑚𝑖𝑛−1 ⋅ 𝑠−1) =  
𝐴 (𝑒−1(

𝑡−𝑇𝐷
𝜏

))

𝜏
 

Daily heart rate and heart rate variability 

Participants recorded R-R series data for seven minutes, in the supine position, 

every morning upon waking (V800 HR Monitor, Polar, Kempele, Finland). 

Recording HR upon waking is optimal because testing conditions are highly 

standardised (i.e., same bed, same time of day, low light)321. The data were 

uploaded to the Polar FlowSync (v2.6.2) interface, and then exported to Kubios 
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HRV software (v3.0.1 University of Eastern Finland, Finland). Artefacts and 

ectopic beats were visually identified and interpolated with the cubic spline method 

using the lowest detection threshold necessary. The last five minutes of each R-R 

series was analysed, as the first two minutes served as a stabilisation period. Mean 

HR and the natural logarithm of the square root of the mean sum of the squared 

differences between R-R intervals (Ln rMSSD) were calculated.  

Statistical analysis 

Mean and SD were calculated for all variables. Generalised Estimating Equations 

with exchangeable correlation structures and robust standard errors analysed mean 

changes in outcome variables. Initial models tested for period and carryover effects; 

however, no such effects were found (P > 0.05). Models then analysed two- or 

three-way interactions for the factors; ‘condition’, ‘day’, and ‘pre-post’ time point 

(i.e., catecholamines only). Where interactions were significant (P < 0.05), pairwise 

models were run for each ‘day’ or ‘pre-post’ time point. A p-value < 0.025 was 

used to account for multiple analyses. Additional models analysed main effects of 

‘day’ within a condition, and main effects of ‘day’ for each ‘pre-post’ time point 

within a condition. A p-value <0.05 was used. Data from days / nights -2 and -1 

served as baseline values in separate models for data collected over six days / 

nights. Cohen’s d effect sizes were calculated for significant differences between 

conditions. 

Anaerobic threshold (AT) is indicative of cardiorespiratory fitness and increases 

with endurance training.425 Therefore, to examine the relationship between 

cardiorespiratory fitness or training history and athletes’ response to total sleep 

deprivation, a Pearson correlation and linear regression examined the relationship 
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between AT and the change in TT finishing time from D1 to D2 of the SD 

condition. Correlations and linear regressions also examined relationships between 

changes in HR indices and changes in TT finishing time in the SD condition. 

Percentage changes were examined to account for individual differences in HR 

regulation and TT finishing times. Analyses were performed in IBM SPSS statistics 

for Windows (v24.0, New York, NY). 

3.4 Results 

Sleep 

Table 3.2 shows TST was shorter in the SD condition on night D1 (P < 0.001, d 

=11.8) and longer on night D2 (P < 0.001, d =2.5) compared with NS. Within the 

SD condition, TST was shorter on night D1 and longer on night D2, compared with 

baseline nights -2 and -1 (P < 0.001). Within the NS condition, TST was longer on 

night D2 compared with baseline nights -2 (P < 0.01) and -1 (P < 0.02). Neither 

sleep efficiency nor sleep quality were recorded on night D1 of SD, as participants 

did not sleep. However, there were no differences in sleep efficiency or sleep 

quality between conditions on any other night. Within the SD condition, sleep 

efficiency was higher on night D2 compared with -2 and -1 (P < 0.05). Within the 

SD condition, sleep quality was better on night D2 compared with baseline nights 

-2 and -1 (P < 0.01)
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Table 3.2. Morning heart rate, and nightly sleep outcomes recorded across the six days / nights of each condition.  

 

 

 

 

 

 

 

 

Heart rate data recorded the morning of the day indicated (-2 to +2). Sleep data recorded the night of the day indicated (-2 to +2). D1-D2, laboratory-testing 

days; TST, total sleep time; h, hours; SE, sleep efficiency; SQ, subjective sleep quality; au, arbitrary units; HR, mean heart rate; beats⋅min-1, beats per minute; 

Ln rMSSD, natural logarithm of the square root of the mean sum of the squared differences between adjacent R-R intervals; ms, milliseconds. * Different (P < 

0.025) to normal sleep condition. + Different (P < 0.05) to -1 of condition. ^ Different (P < 0.05) to -2 of condition.  Data shows mean ± SD.

 Days -2 -1 D1 D2 +1 +2 

Sleep Deprivation 

HR (beats⋅min-1) 53±6 52±6 53±7 50±6 51±9* 54±7+ 

Ln rMSSD (ms) 4.26±0.53 4.26±0.44 4.26±0.52 4.39±0.52 4.19±0.41 4.19±0.43 

Total sleep time (h) 5.9±1.4 5.9±1.0 0.0±0.0*+^ 9.7±1.7*+^ 6.1±0.8 5.8±0.7 

Sleep efficiency (%) 82±10 82±10 NA 84±7+^ 81±10 80±9 

Sleep quality (au) 3±1 3±1 NA 2±1+^ 3±1 3±1 

Normal Sleep 

HR (beats⋅min-1) 54±8 53±9 53±7 53±8 55±9 55±9 

Ln rMSSD (ms) 4.22±0.47 4.18±0.40 4.26±0.42 4.19±0.46 4.16±0.52 4.21±0.37 

Total sleep time (h) 5.9±1.0 5.9±1.2 5.9±1.0 6.5±0.9+^ 5.8±0.9 5.8±0.8 

Sleep efficiency (%) 

 Efficiency (%) 

82±11 83±7 81±10 82±8 82±7 81±8 

Sleep quality (au) 3±1 3±1 3±1 3±1 3±1 3±1 
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Time-trial  

Finishing time (Figure 3.2A) was slower on D2 of SD compared with D2 of NS (P 

< 0.01, d =1.0), and D1 of SD (P < 0.01). Mean power, mean HR, and peak HR 

were lower (P < 0.01) on D2 of SD compared with D2 of NS (d = 0.3, 1.0, 0.7, 

respectively), and D1 of SD (Table 3.3). There were no differences in RPE between 

or within conditions. Subjective to objective (RPE:HR) intensity ratio was higher 

(P < 0.01) on D2 of SD compared with D2 of NS (d =0.8), and D1 of SD (Figure 

3.2B). There were no differences in external to internal (W:HR) intensity ratio 

between or within conditions (Figure 3.2C). 

No differences in adrenaline concentration were found for either the ‘pre’ (SD: D1, 

60 ± 19, D2 60 ± 40; NS: D1, 53 ± 27, D2, 45 ± 18 pg⋅mL-1) or ‘post’ (SD: D1, 200 

± 132, D2, 112 ± 54; NS: D1, 229 ± 130, D2, 147 ± 117 pg⋅mL-1) time points 

between conditions, or between days within condition (P > 0.05). Noradrenaline 

was higher post TT on D2 of SD (2213 ± 495 pg⋅mL-1) compared with D1 of SD 

(1916 ± 722 pg⋅mL-1, P < 0.05). No other differences in noradrenaline were found 

for ‘pre’ (SD: D1, 770 ± 333, D2, 636 ± 279; NS: D1, 688 ± 386, D2, 836 ± 231 

pg⋅mL-1) or ‘post’ (NS: D1, 2238 ± 699, D2, 1956 ± 444 pg⋅mL-1) time points.  
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Figure 3.2. Time-trial (TT) finishing time (A), subjective to objective intensity ratio, RPE:HR (B), 

and external to internal intensity ratio, W:HR (C) for normal sleep (black circles) and sleep 

deprivation (white circles) conditions. *Different (P<0.05) compared with testing day one (D1) of 

same condition. ^Different (P<0.025) compared with testing day two (D2) of Normal Sleep 

condition. Data presented as mean ± SD.
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Table 3.3. Time-trial outcomes.  

 

*Different (P < 0.05) compared with D1 of sleep deprivation condition. ^Different (P < 0.025) 

compared with D2 of normal sleep condition. Data shows mean ± SD.

 Normal Sleep Sleep Deprivation 

Days D1 D2 D1 D2 

Finishing Time (min) 58.4±4.3 58.7±4.0 57.9±3.8 64.3±7.4*^ 

Peak HR (beats⋅min-1) 174±11 174±11 175±11 165±14*^ 

Mean HR (beats⋅min-1) 162±11 161±8 162±10 151±13*^ 

Mean Power (W) 239±59 238±58 241±58 222±66*^ 

RPE (CR-10 scale) 8.9±0.8 8.8±0.9 8.8±1.1 8.8±1.0 

W:HR 1.48±0.31 1.48±0.35 1.49±0.31 1.47±0.32 

RPE:HR (×100) 5.49±0.34 5.47±0.40 5.43±0.54 5.83±0.51*^ 



  

Page | 79  

  

Preliminary testing 

Table 3.4 shows total mood disturbance, confusion, and fatigue were higher (P < 

0.01) on D2 of SD compared with D2 of NS (d = 1.0, 1.1, 1.1, respectively) and D1 

of SD. Vigour was lower (P < 0.01) on D2 of SD compared with D2 of NS (d =1.3) 

and D1 of SD. PVT mean response time was longer (P < 0.01) on D2 of SD 

compared with D2 of NS (d =1.3) and D1 of SD. PVT lapses were higher (P < 

0.01) on D2 of SD compared with D2 of NS (d =1.4) and D1 of SD. Neither the 

HR response to the submaximal exercise test, nor the estimated change in plasma 

volume from D1 to D2, was different between or within conditions (Table 3.4). 

Daily heart rate and heart rate variability 

Ln rMSSD was not different for any day between or within conditions. Compared 

with NS, mean HR was lower (P < 0.01) in the SD condition on +1. In the SD 

condition, mean HR was higher (P < 0.05) on +2 compared with baseline -1 (Table 

3.2). There were no differences in mean HR between conditions. 

Correlations 

A strong correlation was found between participants’ AT and the percentage 

change in TT finishing time from D1 to D2 of the SD condition (R = -0.73, R2 = 

0.53, P < 0.01, Figure 3.3A). Although one participant was identified as a potential 

outlier (i.e., change in TT performance > 3 × SD of the sample mean), removal of 

this participant from the analysis only slightly reduced the strength of this 

correlation (R = -0.65, R2 = 0.42, P < 0.03, Figure 3.3B). There were no significant 

correlations between changes in respective HR indices and changes in TT finishing 

time either with (Figure 3.4), or without the outlier participant (P > 0.05).  
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Table 3.4. Preliminary testing outcomes recorded prior to time-trials.  

 

*Different (P < 0.05) compared with D1 of sleep deprivation condition. ^Different (P < 0.025) 

compared with D2 of normal sleep condition. Data shows mean ± SD.

 Normal Sleep Sleep Deprivation 

Days D1 D2 D1 D2 

Profile of Mood States     

Total Mood Disturbance 9±21 6±11 7±17 22±21*^ 

Anger 4±3 4±3 4±3 3±2 

Confusion 6±4 5±2 5±3 9±5*^ 

Depression 5±5 4±4 4±4 4±3 

Fatigue 5±5 5±3 5±6 10±6*^ 

Tension 7±5 5±4 8±7 7±5 

Vigour 18±5 17±4 19±5 11±5*^ 

Psychomotor Vigilance Task     

Mean Response (ms) 365±36 352±35 355±31 403±43*^ 

Lapses (>500ms) 3±2 2±2 2±2 7±5*^ 

Submaximal Exercise Test     

Baseline HR (beats⋅min-1) 66±10 66±13 65±9 65±10 

HR Amplitude (beats⋅min-1) 63±10 64±10 63±10 63±11 

Time Delay (s) 0.2±0.8 0.7±1.3 0.9±1.5 1.1±1.6 

Tau (s) 22.1±6.8 22.6±6.7 20.9±3.8 22.7±5.4 

Power (W) 185±44 185±44 185±44 185±44 

Steady-state HR 130±8 132±7 130±8 129±7 

W:HR 1.43±0.33 1.41±0.35 1.42±0.32 1.44±0.35 

rHRI (beats⋅min-1⋅sec-1) 3.2±1.1 3.3±1.3 3.2±0.5 3.1±1.0 

HR recovery (beats⋅min-1) 46±9 44±10 42±9 44±7 

Plasma volume assessment     

Haematocrit (%) 42±3 41±3 42±3 42±2 

Haemoglobin (g⋅dL-1) 14.5±1.2 14.6±1.3 14.5±1.2 14.5±0.8 

Change in plasma volume (%) - -0.2±6.7 - -0.7±5.8 
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Figure 3.3. Correlations between individual anaerobic threshold (AT) and percentage change in 

time-trial finishing time from D1 to D2 of the sleep deprivation condition. Panels show correlation 

for all participants (A) and following the removal of a single outlier participant that recorded a 

change in TT finishing time of 31.4% (a change >3×SD of the sample) (B).
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Figure 3.4. Correlations between percentage changes in TT finishing time from D1 to D2 of the SD condition and 

changes in resting mean HR (A); resting Ln rMSSD (B); maximal rate of heart rate increase at onset of the 

submaximal exercise test, rHRI (C); steady-state HR during the submaximal exercise test (D); external to internal 

intensity ratio at steady-state of the submaximal exercise test, steady-state W:HR (E); HR recovery post 

submaximal exercise test (F); external to internal intensity ratio for the TT, TT W:HR (G); and subjective to 

objective intensity ratio for the TT, TT RPE:HR (H). There were no statistically significant correlations (P > 0.05).  
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3.5 Discussion 

This study examined effects of a single night of total sleep deprivation on prolonged 

( ̴ 60-minute) self-paced endurance cycling performance. Compared with normal 

sleep, total sleep deprivation impaired performance by 10% (5 min) and increased 

subjective to objective intensity ratio (RPE:HR) during exercise. However, sleep 

deprivation did not affect other HR indices often used for monitoring athletes’ 

readiness or fatigue status.  

Sleep deprivation and endurance performance 

Few studies have examined the effects of sleep loss on self-paced endurance 

performance, and this study is the first to do so using a prolonged  ̴ 60-minute TT 

protocol intended to mimic the psychophysiological demands of many endurance 

sports (e.g., road cycling, triathlon).61 426 While total sleep deprivation is 

uncommon, athletes often experience severe sleep loss, particularly on the night of 

competition.13 Therefore, our findings are pertinent for endurance athletes who 

routinely compete or train on consecutive days (e.g., road cyclists). Previous studies 

examining the effects of sleep loss on self-paced endurance performance have 

reported similar findings.24 241 245 In team sport athletes, total sleep deprivation 

slowed intermittent sprint times across a 50-minute exercise protocol.241 While in 

active males, total sleep deprivation reduced distance covered during a 30-minute 

treadmill run that followed a 30-minute preload at 60% �̇�𝑂2 𝑚𝑎𝑥.245 Similarly, one 

night of severe sleep restriction (i.e., reduced habitual total sleep time), whereby 

cyclists slept just 2.4 hours prior to undertaking a 3 km time-trial, led to a 4% slower 

finishing time compared with performance following a normal night of sleep (7.1 

hours).24  
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Other studies investigating the effects of total sleep deprivation on endurance 

performance have assessed time-to-exhaustion at prescribed workloads.26 242-244 

Most studies have found that total sleep deprivation reduces walking,242 243 and 

cycling time-to-exhaustion.26 244 However, in endurance athletes, time-to-

exhaustion has been shown to be both unaffected,25 and reduced following total 

sleep deprivation.26 Such discrepant findings may reflect differences in the duration 

of the endurance task used to assess performance. For example, total sleep 

deprivation reduced the time-to-exhaustion of endurance athletes during a  ̴ 20-

minute incremental test that followed a 40-minute submaximal exercise preload,26 

but did not reduce the time-to-exhaustion of endurance runners during a  ̴ 12-minute 

stand-alone test.25 We speculate that longer time-to-exhaustion efforts are more 

likely to be impaired by sleep deprivation, as these tasks require more sustained 

periods of self-regulation.  

The strong negative correlation between AT and percentage change in TT time in 

the SD condition (Figure 3.3) suggests cardiorespiratory fitness or training history 

may also moderate the effect of total sleep deprivation on endurance performance. 

Anaerobic threshold has been shown to increase with endurance training,425 and the 

high thresholds recorded in elite endurance athletes have been attributed to their 

history of strenuous training.60 Thus, Figure 3.3 suggests fitter or better-trained 

athletes may be less susceptible to performance impairment following total sleep 

deprivation. This is consistent with a previous study that found total sleep 

deprivation reduced time-to-exhaustion in volleyball players, but not endurance-

trained runners.25 Previously, it was demonstrated that professional cyclists were 

more resistant to mental fatigue than recreational cyclists, and it was speculated 

that endurance training develops critical mental capacities that help athletes better 
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tolerate mental fatigue,427 which might explain the strong correlation between AT 

and change in TT time in the SD condition. Future research should examine the 

impact of sleep deprivation on the endurance performance of athletes with differing 

fitness levels to further explore this issue. In addition, research should examine 

whether psychological interventions33 can mitigate the effects of sleep loss on 

performance.  

Sleep deprivation and perception of effort 

Sleep deprivation led to a reduction in mean HR and power output during the TT, 

but did not reduce perceived exertion (Table 3.3). In addition, POMS scores for 

fatigue, confusion, and total mood disturbance increased. While sleep deprivation 

also increased PVT mean response time and number of lapses (Table 3.4). These 

findings are consistent with previous research showing total sleep deprivation 

slows reaction times, reduces time-to-exhaustion, and increases RPE at a given 

exercise intensity.26 242 Previous research has found no impact of sleep deprivation 

on neuromuscular function, suggesting central fatigue does not impair 

performance.26 However, mental fatigue can be considered distinct from central 

fatigue in that it increases the perceived exertion required for muscle activation, 

rather than inhibits muscle activation itself.72 While mental fatigue was not directly 

measured in the present study, effects on performance and perceived exertion 

observed following sleep deprivation parallel the effects previously reported 

following mentally fatiguing tasks.74 Furthermore, perturbations in mood and 

psychomotor vigilance, as observed in the present study, are recommended as 

surrogate indications of mental fatigue when working with athletes in the field.72 

Therefore, current findings suggest sleep deprivation may have impaired 

performance by exacerbating mental fatigue during exercise.  
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Perceived exertion is a measure of the conscious effort required to overcome 

fatigue,38 94 and reflects the level of central motor drive required to recruit muscle.83 

According to the psychobiological model, athletes disengage from an endurance 

task when the perceived effort required exceeds the maximum effort they are 

willing to exert, or believe they are capable of.94 Perceived exertion was 

consistently near maximal (e.g., 9 ± 1) between conditions, suggesting the 

perceived effort athletes were willing to exert was unaffected by sleep deprivation. 

However, sleep deprivation increased the perceived exertion of a given power 

output, thus reducing mean power output during the TT.  

It is difficult to elucidate the mechanisms that increase mental fatigue, and/or 

perceived exertion for a given workload, during endurance exercise. However, an 

increase in extracellular cerebral adenosine is thought to be the primary mediator.78 

Adenosine accumulates in the brain during wakefulness, and as an inhibitory 

neurotransmitter,81 may increase perceived exertion via increases in the neural 

activity required for muscle activation,83 or for important higher-order cognitive 

processes, such as self-regulation of pacing or pain.96 428 Another factor that may, 

to some extent, explain the current findings is a reduction in muscle glycogen, as 

total sleep deprivation previously led to modest (e.g., ~65 mmol.kg-1dw) reductions 

in muscle glycogen, which may signal fatigue in order to down-regulate muscle 

activation and prevent glycogen depletion.241  

Sleep deprivation and heart rate indices 

Sleep deprivation led to reductions in mean and peak HR, and an increase in 

RPE:HR, during the TT. While mean HR monitored in isolation during self-paced 

efforts has limited utility, when combined with subjective metrics to compare 
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perceived intensity with actual (i.e., physiological) intensity, it can provide 

insightful information about the perceived ‘cost’ of exercise.371 Increases in 

RPE:HR were recently reported in professional cyclists when exercise load 

increased during a three-week grand tour, and it was suggested RPE:HR may be a 

useful tool for monitoring fatigue during competition.109 While the present findings 

provide evidence that this ratio is moderated, to some extent, by prior sleep time, 

further research is required to determine whether more subtle sleep manipulations 

influence RPE:HR. Interestingly, there was no significant correlation between the 

change in RPE:HR and the change in TT time in the sleep deprivation condition 

(Figure 4.4). Therefore, while an increase in RPE:HR following sleep loss suggests 

endurance performance may be impaired, the magnitude of RPE:HR increase is not 

necessarily indicative of the magnitude of performance impairment. Sleep 

deprivation did not perturb other HR indices recorded at rest, or during the 

submaximal exercise test. Thus, collectively, findings highlight the importance of 

including psychometrics, such as RPE, in athlete monitoring protocols. 

Increased subjective to objective intensity ratio (RPE:HR) was indicative of lower 

mean HR, rather than increased RPE, following sleep deprivation. Lower mean HR 

will occur with a drop in workload, which we speculate is caused by down 

regulation of pacing due to mental fatigue. However, additional peripheral factors 

speculated to lower exercising HR following sleep deprivation  include increases 

in plasma volume,394 395 reduced supply of catecholamines,51 243 or decreased 

sensitivity of catecholamine receptors.109 In the present study, estimated changes in 

plasma volume from D1 to D2 were consistent between conditions (Table 3.4), and 

sleep deprivation did not affect adrenaline concentrations. However, sleep 

deprivation did lead to higher noradrenaline concentration post TT on D2 compared 
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with D1 of SD. Such elevated noradrenaline levels despite lower peak HR on D2 

compared with D1 of SD, suggest a decrease in catecholamine receptor sensitivity 

may have occurred. Indeed, perhaps decreased receptor sensitivity is a contributing 

mechanism explaining the increase in perceived exertion for a given workload 

following sleep deprivation (i.e., due to increased neural activation of cardiac 

muscle). Nonetheless, given previous research has found time-to-exhaustion 

reduced following sleep deprivation without any change in plasma catecholamines 

or mean HR,243 and that we found no statistical difference in plasma catecholamines 

between conditions on D2 despite a difference in TT performance, any potential 

decrease in catecholamine receptor sensitivity is unlikely to fully explain 

performance decrements following sleep deprivation.  

Limitations  

The present study recruited well-trained male athletes, thus generalising findings 

for elite or female athletes may require caution. The study analysed HR indices 

typically used for monitoring athletes in the field. Therefore, findings do not 

represent an exhaustive examination of cardiac autonomic function. Caffeine 

withdrawal symptoms peak 20-50 hours post-abstinence,429 thus TT performances 

on D1 may have been impaired by withdrawal symptoms. However, given the 

crossover nature of the study, this is unlikely to influence conclusions. Finally, 

participants’ normal sleep duration ( ̴ 6 hours, Table 3.2) was less than the 7 hours 

per night recommended for good health202, thus findings may not reflect the effects 

of sleep deprivation on athletes who habitually sleep longer. Nonetheless, athletes 

often sleep   ̴6 hours per night during training and competition periods,13 therefore, 

conclusions remain relevant for athletic populations. 
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Conclusion 

Sleep is important for optimising endurance performance, as total sleep deprivation 

impaired prolonged ( ̴ 60-minute) self-paced endurance performance by 10%. 

Subjective to objective intensity ratios (e.g., RPE:HR) may be sensitive to the 

effects of sleep on the fatigue status, or readiness, of endurance athletes. Results 

highlight the importance of psychometric indices in athlete monitoring protocols. 

Future research should examine more subtle manipulations of sleep in athletes.  

 



 

Page | 90 

 

 



  

Page | 91  

  

 

 

 

 

 

 

 

 

 

 

Chapter 4: Study 2a 

 
 

This chapter is presented as per the manuscript accepted for publication in Medicine 

and Science in Sports and Exercise. However, online supplementary material 

referenced in the accepted manuscript has been included in this chapter, thus table 

numbers differ to the accepted manuscript:   

 

Roberts SSH, Teo W-P, Aisbett B, Warmington SA. Extended sleep maintains 

 endurance performance better than normal or restricted sleep. Med Sci 

 Sports Exerc 2019;51(12):2516-523. 
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4.1 Abstract 

Purpose: The cumulative influence of sleep time on endurance performance 

remains unclear. This study examined effects of three consecutive nights of both 

sleep extension and restriction on endurance cycling performance. Methods: 

Endurance cyclists/triathletes (n = 9) completed a counterbalanced crossover 

experiment with three conditions; sleep restriction (SR), normal sleep (NS), and 

sleep extension (SE). Each condition comprised seven days/nights of data 

collection (-2, -1, D1, D2, D3, D4, +1). Sleep was monitored using actigraphy 

throughout. Participants completed testing sessions on days D1-D4 that included 

an endurance time-trial (TT), mood, and psychomotor vigilance assessment. 

Perceived exertion (RPE) was monitored throughout each TT. Participants slept 

habitually prior to D1; however, time in bed was reduced by 30% (SR), remained 

normal (NS), or extended by 30% (SE) on nights D1, D2, and D3. Data were 

analysed using Generalised Estimating Equations. Results: On nights D1, D2, and 

D3, total sleep time was longer (P < 0.001) in the SE condition (8.6 ± 1.0; 8.3 ± 

0.6; 8.2 ± 0.6 h, respectively), and shorter (P < 0.001) in the SR condition (4.7 ± 

0.8; 4.8 ± 0.8; 4.9 ± 0.4 h) compared with NS (7.1 ± 0.8; 6.5 ± 1.0; 6.9 ± 0.7 h). 

Compared with NS, TT performance was slower (P < 0.02) on D3 of SR (58.8 ± 

2.5 vs 60.4 ± 3.7min) and faster (P < 0.02) on D4 of SE (58.7 ± 3.4 vs 56.8 ± 

3.1min). RPE was not different between or within conditions. Compared with NS, 

mood disturbance was higher, and psychomotor vigilance impaired, following 

sleep restriction. Compared with NS, psychomotor vigilance improved following 

sleep extension. Conclusion: Sleep extension for three nights led to better 

maintenance of endurance performance compared with normal and restricted sleep. 

Sleep restriction impaired performance. Cumulative sleep time affects performance 
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by altering the perceived exertion of a given exercise intensity. Endurance athletes 

should sleep > 8 hours per night to optimise performance.  

4.2 Introduction 

Endurance athletes experience high levels of physical and psychological stress 

during training and competition.52 For example, elite road cyclists pedal more than 

30,000 km⋅yr-1, and during stage races, will compete for 4-6 h⋅day-1 on consecutive 

days.52 Sleep is considered an important recovery behaviour that may help athletes 

tolerate such demands;7 however, the influence of sleep on endurance performance 

remains unclear. 

No study, to our knowledge, has investigated the effects of sleep extension (i.e., 

increased habitual total sleep time) on endurance performance. In non-endurance 

athletes, sleep extension has been reported to improve the serving accuracy of 

tennis players,23 and the shooting accuracy and sprint times of basketballers.20 

However, in the latter study, the absence of a control arm suggests improvements 

may have been attributable to training adaptations rather than sleep extension.20 

Studies investigating effects of sleep restriction (i.e., decreased habitual total sleep 

time) on endurance performance have reported equivocal findings.24 248-250 252 430 

Moreover, these studies have often recruited untrained participants,250 252 430 

assessed performance using relatively brief (<30 minutes) intermittent252 430 or 

graded exercise tests,250 or examined effects of a single night of sleep restriction.24 

249 252 430  

Given many endurance athletes (e.g., road cyclists) train or compete for prolonged 

periods (≥ 60 minutes), and on consecutive days, and in light of evidence that 

athletes’ sleep is often disturbed during training and competition,13 further 
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investigation of the cumulative effects of sleep time on endurance performance is 

required. The present study examined the effects of both sleep extension and 

restriction across three consecutive nights on endurance cycling performance.  

4.3 Methods 

Participants 

Nine males (mean ± SD, Age: 30 ± 6 years, �̇�𝑂2 𝑚𝑎𝑥: 63 ± 6 mL·kg-1⋅min-1) were 

recruited from cycling (n = 7) and triathlon (n = 2) clubs. Athletes were considered 

‘trained’ according to adapted criteria for classifying cyclists (≥ 1 year competitive 

racing, ≥ 3 training sessions per week, �̇�𝑂2 𝑚𝑎𝑥 ≥ 55 mL⋅kg-1⋅min-1).35 To screen 

for sleep problems and high anxiety, inclusion criteria required a score ≤ 5 in the 

Pittsburgh Sleep Quality Index (PSQI),414 and ≤ 40 in the State-Trait Anxiety 

Inventory (STAI-Y).413 Participants did not habitually consume high levels of 

caffeine (mean ± SD, caffeine products per day: 2±1). The Morningness-

Eveningness Questionnaire determined participants were mostly ‘moderate 

morning’ types (n = 5), with the remainder being ‘definite morning’ (n = 2) or 

‘intermediate’ (n = 2) types.415 The study was approved the Deakin University 

Human Research Ethics Committee, and informed consent was obtained before 

participation. 

Overview 

Participants completed a counterbalanced crossover experiment with three 

conditions; sleep restriction (SR), normal sleep (NS), and sleep extension (SE). 

Beforehand, participants had their habitual sleep monitored for a minimum four 

nights, and undertook two familiarisation sessions comprising an incremental 

exercise test and a practice time-trial (TT), respectively. Each condition comprised 

seven consecutive days / nights (-2, -1, D1, D2, D3, D4, +1) of data collection 
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(Figure 4.1). Participants undertook four testing sessions (D1-D4) at the Deakin 

University Human Research and Performance Laboratory. During these sessions, 

participants completed an endurance TT, subjective mood evaluation, and a 

psychomotor vigilance task. For all conditions, participants slept habitually prior to 

D1. However, for the three subsequent ‘intervention’ nights (D1, D2, D3), habitual 

‘time-in-bed’ was either reduced by 30% (SR), extended by 30% (SE), or remained 

normal (NS). Required time in bed for the intervention nights was calculated 

according to participants’ habitual sleep recorded prior to the experiment. 

Participants were prescribed bedtimes and get-up times on nights D1, D2, and D3 

to ensure the required time in bed was achieved. Bedtimes and get-up times were 

tailored to individual chorotype to maximise the likelihood of modifying ‘total 

sleep time’ rather than simply ‘time-in-bed’. For example, sleep extension for a 

‘morning type’ was prescribed by predominantly advancing bedtime rather than 

delaying get-up time. To minimise the effect of circadian variations on 

performance, all testing commenced between 6:00-9:00 am. Testing start times 

were consistent for each participant on D1 of each condition, and on D2, D3, and 

D4 of the NS condition (mean ± SD, start-time, 7:08 am ± 31 min). Testing start 

times on D2, D3, and D4 of the SE condition were slightly later to allow for 

prescribed time in bed increases (mean ± SD, start time, 7:48 am ± 37 min). Testing 

start times on D2, D3, and D4 of the SR condition were slightly earlier to reduce 

idle time after waking and thus minimise the risk falling back asleep (start-time, 

6:32 am ± 30 min). No circadian variation in prolonged (e.g., 60-minute) endurance 

performance has been established for time of day differences such as those that 

occurred in the present study (e.g., 6:30am vs 7:50am).431
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Figure 4.1. Overview of data collection across the seven days / nights of each condition. Training load and diet were self-reported every day. Total sleep time, sleep efficiency, 

and subjective sleep quality were monitored throughout (-2 to +1). Bedtimes were prescribed on nights D1 to D3 according to the experimental condition being undertaken. 

Laboratory testing was undertaken on days D1 to D4.
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All participants had either morning or intermediate chronotypes, and all routinely 

trained in the morning. Thus, all testing was undertaken at a time when participants 

would normally be awake,415 and when they would often be training. Consumption 

of caffeine and alcohol was prohibited on days -1 to D4. Athletes were experienced 

racers, so dietary requirements were self-determined. However, to prevent 

discrepancies in energy availability, athletes recorded (e.g., 7 am; 1 cup oats with 

milk) and replicated their dietary intake for each condition. Exercise was prohibited 

on days -1 to D4 (other than that required for the experiment). However, to 

accommodate preferred preparation and recovery strategies, participants were 

permitted to exercise lightly on days -2, +1, and +2, and were required to replicate 

this exercise between conditions. Participants recorded all exercise so load could 

be quantified.416 No differences between conditions were noted on days prior to, or 

post laboratory testing (Table 4.1). A minimum seven-day washout period was 

required between D4 of a condition and D1 of the next condition. 

Incremental test 

On a cycle ergometer (Excalibur Sport, Lode, Groningen, Netherlands) controlled 

using compatible software (Lode Ergometry Manager 9, Lode, Groningen, 

Netherlands) participants cycled for three minutes at 75, 125, and 175 W 

respectively, before workload increased by 25 W every minute until volitional 

exhaustion. An Innocor metabolic system (DK-5260, Innovision, Odense, 

Denmark) determined maximal oxygen uptake (�̇�𝑂2 𝑚𝑎𝑥) and anaerobic threshold 

(AT). 
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Table 4.1. Self-reported training load.  

 

Data shows arbitrary units for the product of exercise time (min) and session perceived exertion 

(CR-10 scale).412 Participants recorded all exercise sessions undertaken for the duration of each 

condition (-2 to +2), including laboratory TTs on days D1-D4. Participants were required to avoid 

exercise on day -1 prior to the commencement of laboratory testing the next day. + Different (P < 

0.025) compared with sleep extension. Data shows mean ± SD. 

Day -2 -1 D1 D2 D3 D4 +1 +2 

Sleep Restriction 405±139 0±0 538±45 543±56 564±55 572±63+ 258±153 342±101 

Normal Sleep 392±134 0±0 545±29 541±51 555±32 555±56+ 
252±150 387±117 

Sleep Extension 403±111 0±0 543±46 532±56 543±47 531±47 267±113 395±106 
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Time-trial protocol 

Target work for the TT was the estimated work expended when cycling at AT for 

one hour: 

𝑊𝑜𝑟𝑘 (𝑘𝐽) =
(𝑊𝐴𝑇  × 3600)

1000
 

Power at AT (𝑊𝐴𝑇) was determined from a regression of the relationship between 

oxygen uptake (�̇�𝑂2) and power (𝑊) for the first three workloads of the 

incremental test. The ergometer was set to linear mode and pedalling resistance was 

calculated according to the following formula:   

 𝑊𝐴𝑇 = 𝐿𝑖𝑛𝑒𝑎𝑟 𝐹𝑎𝑐𝑡𝑜𝑟 × 𝑃𝑟𝑒𝑓𝑒𝑟𝑟𝑒𝑑 𝑃𝑒𝑑𝑎𝑙 𝑅𝑎𝑡𝑒2 

where the linear factor ensured 𝑊𝐴𝑇 ocurred at the participant’s preferred pedal rate 

per minute (rev⋅min-1). A strong correlation has been demonstrated between 𝑊𝐴𝑇 

and one-hour TT performance (r = 0.8, P<0.05).418 Participants completed one 

practice TT to refine their pacing strategy. During the TT, work completed (kJ) was 

displayed on a computer screen. No other feedback or encouragement was 

provided. 

Measures 

Sleep 

Participants wore activity monitors (Actical MiniMitter / Philips Respironics, 

Bend, OR) on their non-dominant wrist from day -2 to +2 to monitor sleep.301 310 

Activity counts were recorded in one-minute epochs and downloaded using a 

device specific interface unit (ActiReader, Philips Respironics, Bend, OR). Raw 

data was processed with a validated manufacturer proprietary algorithm (Actical 

v3.10) set to a medium sleep-wake threshold (<40 counts.min-1 scored sleep).301 310 
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This threshold has shown 87% agreement with polysomnography when identifying 

sleep and wake states in elite cyclists.301 In order to verify, or identify misclassified 

sleep / wake states, participants completed a sleep diary that required them to record 

the time of day (i.e., to the nearest minute) they ‘began attempting to sleep’, and 

the time of day they ‘woke up for the last time’ for all sleep episodes.432 No daytime 

naps were permitted from day -1 until completion of testing on D4. For all sleep 

episodes, the total amount of sleep obtained (i.e., total sleep time – TST), and the 

percentage of time in bed spent asleep (i.e., sleep efficiency) were determined. For 

analysis, TST was aggregated from the end of one night’s main sleep to the end of 

the next night’s main sleep. Mean sleep efficiency was calculated for all sleep 

episodes during the same period. Subjective sleep quality (SQ) was recorded in the 

sleep diary upon waking each morning on a 5-point Likert scale (i.e., 1=Very Good, 

2=Good, 3=Average, 4=Poor, 5=Very Poor). 

Time-trial  

Overall finishing time (minutes) was recorded. Target work was divided into four 

equal splits and perceived exertion (6-20 scale) recorded during the final minute of 

splits 1-3, and immediately upon completion of split four.419   

Preliminary testing 

Prior to the TT, upon arriving at the laboratory, participants completed 

psychometric testing. The Profile of Mood States (POMS) assessed the feelings of 

participants “right now” across 65 mood descriptors, providing scores for total 

mood disturbance, tension, depression, anger, vigour, fatigue, and confusion.420 

Participants completed a touchscreen version of the psychomotor vigilance task 

(PVT) on a tablet device using the application sleep-2-Peak (v2.2.1, Proactive Life 

LLC, New York, NY). This version of the PVT has been validated against 
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traditional PVT methods.421 The PVT measured reaction times to visual stimuli 

occurring at varying intervals over 10 minutes. Mean response time and the number 

of lapses >500 milliseconds were recorded.  

Statistical analysis 

Mean and SD were calculated for all variables. Generalised Estimating Equations 

with exchangeable correlation structures and robust standard errors analysed mean 

changes in outcome variables. Initial models tested for period and carryover effects, 

however no such effects were found (P > 0.05). Models analysed two-, or three-

way interactions for the factors ‘condition’, ‘day’, and ‘split’ (RPE only). Where 

interactions were significant (P < 0.05), pairwise models were run for each ‘day’. 

A p-value < 0.025 was used to account for multiple comparisons. Additional 

models analysed main effects of ‘day’ for each condition. A p-value < 0.05 was 

used. For sleep variables, nights -2 and -1 served as baseline values in separate 

models. For all other variables, D1 served as a baseline value. Analyses were 

performed in IBM SPSS statistics for Windows (v24.0,Armonk,NY). 

4.4 Results 

Sleep 

Total sleep time (Figure 4.2A) on nights D1, D2, and D3 was longer (P < 0.001) in 

the SE condition (8.6 ± 1.0; 8.3 ± 0.6; 8.2 ± 0.6 h, respectively), and shorter (P < 

0.001) in the SR condition (4.7 ± 0.8; 4.8 ± 0.8; 4.9 ± 0.4 h), compared with NS 

(7.1 ± 0.8; 6.5 ± 1.0; 6.9 ± 0.7 h). On night -2 (i.e., two nights prior to 

commencement of laboratory testing) TST was longer (P < 0.01) in the SR 

condition (7.4 ± 1.0 h) compared with SE (6.9 ± 1.0 h). On night D4 (i.e., following 

the final laboratory testing session) TST was longer in the SR condition (7.5 ± 0.8 

h) compared with SE (6.6 ± 0.9 h, P < 0.001) and NS (7.1 ± 0.7 h, P < 0.02), while
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Figure 4.2. Total sleep time (A), sleep efficiency (B) and subjective sleep quality (C) for sleep restriction (red 

line), normal sleep (black line) and sleep extension (green line) conditions. Data shows mean ± SD. Shaded 

area represents the nights where bedtime interventions were implemented. # Different (P < 0.025) to both 

normal sleep and sleep restriction. * Different (P < 0.025) to both normal sleep and sleep extension. + Difference 

(P < 0.025) between sleep restriction and sleep extension only. ^ Difference (P < 0.025) between normal sleep 

and sleep extension only. a,b Differences (P < 0.05) within sleep restriction condition compared with -1 (a) and 

-2 (b). c,d Differences (P < 0.05) within sleep extension condition compared with -1 (c) and -2 (d). e,f Differences 

(P < 0.05) within normal sleep condition compared with -1 (e) and -2 (f)    
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TST was also longer (P < 0.02) in the NS condition compared with SE. On night 

+1, TST tended (P = 0.025) to be longer in the SR (7.6 ± 1.8 h) condition compared 

with SE (6.6 ± 1.3 h).  

Within the SR condition, TST was shorter (P < 0.01) on nights D1, D2, and D3 

compared with nights -2 and -1, longer (P < 0.02) on night +1 compared with night 

-1, and shorter (P < 0.01) on night -1 compared with night -2. Within the NS 

condition, TST was shorter (P < 0.05) on nights -1 and D2 compared with night -

2, and longer (P < 0.05) on nights D1 and D4 compared with night -1. Within the 

SE condition, TST was longer (P < 0.01) on nights D1, D2, and D3 compared with 

nights -2 and -1.   

On night D2, sleep efficiency (Figure 4.2B) was lower (P < 0.01) in the SE 

condition (88 ± 5%) compared with SR (91 ± 3%) and NS (91 ± 4%). On night D3, 

sleep efficiency was lower (P < 0.025) in the SE condition (86 ± 5%) compared 

with SR (90 ± 4%) and NS (90 ± 5%). Within the SR condition, sleep efficiency 

was higher (P < 0.01) on night D2 compared with baseline night -2. 

On night D3, sleep quality (Figure 4.2C) was better (P < 0.01) in the NS condition 

(2.7 ± 1.0) compared with SE (3.3 ± 0.7). On night D4, sleep quality tended to be 

better (P = 0.039) in the SR condition (2.8 ± 1.3) compared with SE (3.6 ± 0.9). 

Within the SR condition, sleep quality was better (P < 0.05) on night D3 compared 

with baseline night -2. Within the NS condition, sleep quality was worse (P < 0.05) 

on night D4 compared with baseline night -1 Within the SE condition, sleep quality 

was worse (P < 0.05) on night D4 compared with baseline nights -2 and -1. 

See Table 4.2 for a numerical summary of sleep outcomes. This table was submitted 

as supplementary material for the accepted manuscript. 
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  -2 -1 D1 D2 D3 D4 +1 

Sleep Restriction 

 

Bedtime (hh:mm) 22:08±00:40 22:30±01:06 23:52±00:33 23:50±00:30 23:48±00:20 21:54±28 22:22±01:12 

Get-up time (hh:mm) 06:32±00:26 05:42±00:36 05:02±00:21 05:08±00:24 05:12±00:16 06:12±26 06:46±00:48 

Time-in-bed (h) 8.4±1.1 7.2±1.7 5.2±0.9 5.3±0.9 5.4±0.6 8.3±0.9 8.4±2.0 

Total sleep time (h) 7.4±1.0 6.5±1.5 4.7±0.8 4.8±0.8 4.9±0.4 7.5±0.8 7.6±1.8 

Sleep efficiency (%) 88±6 90±4 90±5 91±3 90±4 90±5 90±6 

Sleep quality (au) 3.2±1.0 2.8±1.1 3.1±1.2 3.3±1.1 2.9±1.0 2.8±1.3 3.0±1.2 

 TT Time (min) - - 57.6±1.7 59.5±2.0 60.4±3.7 62.0±5.2 - 

TT Power (W) - - 273±42 266±44^ 263±54 257±62+^ - 

Normal Sleep 

 

Bedtime (hh:mm) 22:10±00:22 22:22±00:34 22:05±00:33 22:26±00:44 22:08±00:27 22:08±00:26 22:32±00:35 

Get-up time (hh:mm) 06:16±00:20 05:40±00:20 05:47±00:21 05:38±00:22 05:49±00:21 06:02±00:22 06:20±00:25 

Time-in-bed (h) 8.1±0.7 7.3±0.9 7.7±0.9 7.2±1.1 7.7±0.8 7.9±0.8 7.8±1.0 

Total sleep time (h) 7.1±0.5 6.6±0.8 7.1±0.8 6.5±1.0 6.9±0.7 7.1±0.7 7.0±0.9 

Sleep efficiency (%) 88±10 91±6 92±5 91±4 90±5 90±5 90±5 

Sleep quality (au) 3.0±0.9 2.7±1.1 2.7±1.0 2.8±1.1 2.7±1.0 3.0±1.0 3.1±1.1 

TT Time (min) - - 58.4±2.1 58.0±2.8 58.8±2.5 58.7±3.4 - 

TT Power (W) - - 270±44 272±48 269±46* 269±52+ - 

Sleep Extension 

 

Bedtime (hh:mm) 22:18±00:39 22:03±00:46 20:46±00:38 20:50±00:25 20:54±00:23 22:56±00:31 22:37±00:51 

Get-up time (hh:mm) 06:06±00:27 06:09±00:44 06:22±00:28 06:14±00:17 06:24±00:19 06:26±00:29 06:07±00:39 

Time-in-bed (h) 7.8±1.1 8.1±1.5 9.6±1.1 9.4±0.7 9.5±0.7 7.5±1.0 7.5±1.5 

Total sleep time (h) 6.9±1.0 7.2±1.4 8.6±1.0 8.3±0.6 8.2±0.6 6.6±0.9 6.6±1.3 

Sleep efficiency (%) 89±6 88±6 90±5 88±5 86±5 88±6 88±4 

Sleep quality (au) 3.0±1.0 2.9±0.9 3.0±1.1 2.8±0.8 3.3±0.7 3.6±0.9 2.9±0.6 

 TT Time (min) - - 57.4±3.4 57.0±3.9 58.2±4.4 56.8±3.1 - 

TT Power (W) - - 274±52 276±55 271±58 277±50 - 

Table 4.2. Sleep and time-trial outcomes for each of the experimental conditions.   

 

Sleep data collected the night of the day listed (i.e., -2 to +2). Time-trial (TT) data recorded the morning of the day listed (i.e., -2 to +2). D1-D4, testing days; hh:mm, hours: minutes; au, 

arbitrary units; h, hours; min, minutes; W, watts. Statistical analysis of sleep and TT finishing time data is provided in the manuscript. For TT power data, + different (P<0.025) compared with 

sleep extension, * different (P<0.025) compared with normal sleep, ^ different (P<0.05) compared with D1 of condition. NB: Additional analysis found no difference (P>0.05) between conditions 

when comparing the sum of TST over the 48 hours (i.e., sum -2 and -1) prior to laboratory testing (mean ± SD, sleep restriction, 13.9±2.4; normal sleep, 13.7±1.1; sleep extension, 14.1±2.0 h). 

Data shows mean ± SD. 
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Time-Trial Performance 

Shown in Figure 4.3, time was slower (P<0.02) on D3 of SR (60.4±3.7min) 

compared with NS (58.8 ± 2.5 min). Time was slower (P < 0.02) on D4 of SR (62.0 

± 5.2 min) and NS (58.7 ± 3.4 min) compared with SE (56.8 ± 3.1 min). Within the 

SR condition, time was slower (P < 0.05) on D2 and D4 compared with D1, and 

tended to be slower (P = 0.053) on D3 compared with D1. See also Table 4.2 for a 

numerical summary of TT outcomes. 

Time-Trial Perceived Exertion  

There was no statistical difference in perceived exertion for any split between 

conditions, or any split between days within conditions (Table 4.3) 

Psychomotor Vigilance Task 

Mean response time (Table 4.4) was faster (P < 0.025) on D3 and D4 of SE 

compared with SR and NS, and faster (P < 0.025) on D4 of NS compared with SR. 

Within the SR condition, mean response time was slower (P < 0.05) on D2, D3, 

and D4 compared with D1. Within the NS condition, mean response time was 

slower (P < 0.05) on D2 and D4 compared with D1. Within the SE condition, mean 

response time was faster (P < 0.05) on D4 compared with D1. Lapses were fewer 

(P < 0.025) on D3 and D4 of SE compared with SR and NS. Lapses were fewer on 

D4 of NS compared with SR. Within the SR condition, lapses were greater (P < 

0.05) on D3 and D4 compared with D1.  

Profile of Mood States 

Total mood disturbance (Table 4.4) was higher (P < 0.025) on D3 and D4 of SR 

compared with NS and SE. Within the SR condition, total mood disturbance was 

higher (P < 0.05) on D2, D3, and D4 compared with D1. Confusion was higher 
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Figure 4.3. Finishing time for each time-trial across the four days (D1-D4) of testing. Sleep 

restriction (red line), normal sleep (black line), and sleep extension (green line). * Different (P < 

0.025) to sleep restriction. + Different (P < 0.025) to sleep extension. ^ Different (P < 0.05) to D1 of 

the same condition. Data presented as mean ± SD.



   

  

P
ag

e | 1
0
7
 

 

 

Table 4.3. Ratings of perceived exertion recorded for each split during the time-trials.   

 

 

 

 

D1-D4, testing days one to four. No significant differences for any split between conditions (P > 0.025), or any split between days 

within conditions (P > 0.05). Data shows mean ± SD. 

 

Day D1 D2 D3 D4 

Time-Trial Split 1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4 

Sleep Restriction 14±1 16±1 17±1 19±1 14±2 16±2 17±2 19±1 14±2 16±1 17±2 19±1 14±1 16±1 17±2 19±1 

Normal Sleep 14±1 16±1 17±1 19±1 15±1 16±1 17±1 19±1 15±1 16±1 17±2 19±1 15±1 16±2 17±1 19±1 

Sleep Extension 14±1 16±1 17±1 19±1 15±1 16±1 17±1 19±1 15±2 16±1 17±2 19±1 15±2 16±2 17±2 19±1 
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Table 4.4. Preliminary testing outcomes recorded prior to time-trials.  

 Sleep Restriction Normal Sleep Sleep Extension 

 D1 D2 D3 D4 D1 D2 D3 D4 D1 D2 D3 D4 

Profile of Mood States             

Total mood disturbance 2±11 10±10^ 25±14+^ 28±12+^ 3±13 3±14 9±14* 13±18* 2±10 6±23 7±13 4±10 

Anger 2±2 2±1 3±2 2±2 3±2 2±1 2±2 2±2 3±2 4±6 4±5 2±3 

Confusion 4±2 6±3 8±2+^ 9±3+^ 5±3 4±3 5±4* 5±4* 4±2 4±5 4±3 4±2 

Depression 2±2 2±2 4±4 3±3 2±2 2±3 3±2 1±1 3±2 4±6 4±5 2±3 

Fatigue 4±4 7±4+^ 11±4+^ 14±5+^ 4±3 6±4 7±5* 9±6*^ 4±2 4±3 7±5^ 6±4^ 

Tension 8±6 5±3 6±4 7±4 6±4 4±3 6±3 6±3 6±4 7±5 6±2 5±2 

Vigour 17±4 13±3+^ 7±5+^ 7±3+^ 18±5 14±6 13±5* 10±8+ 17±6 17±6 17±7 16±5 

Psychomotor Vigilance Task             

Mean response time (ms) 347±26 365±30^ 374±31+^ 392±40+^ 348±34 363±30^ 360±28+ 363±28+*^ 349±32 353±22 346±27 332±29^ 

Lapses (>500ms) 2±1 3±2 4±2+^ 5±5+^ 2±1 3±2 3±1+ 3±2+* 2±1 2±1 1±1 1±1 

 

D1-D4, laboratory testing days.* Different (P < 0.025) compared with Sleep Restriction. + Different (P < 0.025) compared with Sleep Extension. ^ Different (P < 0.05) compared 

with D1 of same condition. Data shows mean ± SD. 

 

.
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(P < 0.025) on D3 and D4 of SR compared with NS and SE. Within the SR 

condition, confusion was higher (P < 0.05) on D3 and D4 compared with D1. 

Fatigue was higher (P < 0.025) on D2, D3, and D4 of SR compared with SE, and 

higher (P < 0.025) on D3 and D4 of SR compared with NS. Within the SR 

condition, fatigue was higher (P < 0.05) on D2, D3, and D4 compared with D1. 

Within the NS condition, fatigue was higher (P < 0.05) on D4 compared with D1. 

Within the SE condition, fatigue was higher (P<0.05) on D3 and D4 compared with 

D1. Vigour was lower (P < 0.025) on D2, D3, and D4 of SR compared with SE, 

and lower on D3 of SR compared with NS. Vigour was higher (P < 0.025) on D4 

of SE compared with NS. Within the SR condition, vigour was lower (P < 0.05) on 

D2, D3, and D4 compared with D1. Within the NS condition, vigour was lower (P 

< 0.05) on D3 and D4 compared with D1. 

4.5 Discussion 

Three nights of sleep extension better maintained endurance performance 

compared with both normal and restricted sleep. Compared with normal sleep, 

extending sleep time for three consecutive nights by an average of 90, 108, and 78 

min, respectively, improved performance by 3%, or  ̴ 2 minutes across a  ̴ 60-minute 

TT. In contrast, reducing sleep for two consecutive nights by an average of 144 and 

102 minutes respectively, slowed TT performance by 3%, or  ̴ 1.5 minutes. Within 

the sleep restriction condition, performance was slower on day two and four 

compared with day one. However, performance was consistent over time in the 

normal and extended sleep conditions.   

Sleep extension and endurance performance 

Few studies have examined the effects of sleep extension on athletic performance. 

While extending sleep has been reported to improve sport-specific skill execution 
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and sprint times,20 23 this is the first study to examine the performance of endurance 

athletes. Moreover, previous studies examining sleep extension in athletes have 

used self-reported sleep times,23 or have not included a control arm.20 In contrast, 

the present study objectively monitored sleep and adopted a three-armed crossover 

design. In the present study, athletes habitually slept  ̴ 6.5-7.0 hours per night, 

similar to sleep durations reported in elite athletes. While a minimum seven hours 

of sleep per night is recommended for good health,202 our findings suggest this may 

not be sufficient to optimise endurance performance. In fact, on sleep extension 

nights, athletes slept, on average, 8.4 hours per night (Figure 4.2A), similar to 

previous studies reporting improved athletic performance when sleep time was 

extended to 8.4,20 and 8.923 hours per night. Therefore, we recommend athletes 

sleep >8 hours per night to optimise performance. Sleep efficiency was consistently 

above 85% (Figure 4.2B), the minimum efficiency recommended for good 

health.201 However, sleep extension led to lower sleep efficiency compared with 

normal and restricted sleep, and poorer subjective sleep quality over time, perhaps 

indicative of reduced homeostatic sleep pressure (i.e., sleep ‘need’).433 Therefore, 

sleep extension led to better maintenance of performance despite a reduction in 

sleep efficiency. Although future research should examine the precise effect of 

sleep efficiency and subjective sleep quality on endurance performance, we 

recommend practitioners, with the help of valid monitoring / assessment tools,15 301 

work with athletes to optimise both sleep quantity and quality. 

Sleep restriction and endurance performance    

The extent of accumulated sleep pressure may moderate the effect of sleep 

restriction on endurance performance. Compared with normal sleep, we found 

performance was unaffected by one night-, but impaired following two nights, of 
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sleep restriction (i.e., < 5 hours TST per night). Previously, a severe sleep restriction 

protocol whereby cyclists slept 2.4 hours for one night, led to slower 3 km TT 

performance compared with 7.1 hours of sleep.24 In endurance athletes, the 

maximal workload achieved during a graded exercise test was unaffected when the 

prior night’s sleep opportunity was reduced by three hours,249 but was lower when 

sleep opportunity was reduced by four hours.248 In taekwondo athletes, reducing 

sleep by 3-4 hours for one night did not affect distance covered during an 

intermittent test in the morning,430 but reduced distance covered in the evening.252 

Collectively, these findings suggest performance is likely impaired as sleep 

pressure/debt accumulates. Apparently contrary to this hypothesis, one study found 

time to exhaustion during a graded exercise test was unaffected following three 

consecutive nights of 2.5 hours sleep.250 Moreover, in the present study, we found 

performance was not statistically slower (P = 0.09) on day four of sleep restriction, 

compared with normal sleep. This may reflect, on the part of at least some of the 

athletes tested, a subconscious increase in motivation for the final TT of the 

sequence as the fear of premature fatigue diminishes, akin to the ‘end-spurt’ effect 

demonstrated within endurance tasks.434 Nonetheless, within the sleep restriction 

condition, performance was slower on day two and four compared with day one. 

Therefore, collectively, the present findings suggest athletes should avoid short or 

restricted sleep, particularly on consecutive nights, for optimal endurance 

performance. 

Cumulative sleep time and perceived exertion 

Cumulative sleep time did not affect RPE scores, which were consistently near 

maximal upon TT completion, despite differences in TT finishing times between 

conditions (Table 4.3). According to the linear nature of the TT protocol, finishing 
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times corresponded to mean power output (Table 4.2), thus compared with normal 

sleep, athletes’ perceived exertion for a given power output was higher following 

sleep restriction (e.g., D3), and lower following sleep extension (e.g., D4). 

Perceived exertion reflects the effort required to overcome fatigue, and according 

to the psychobiological model of exercise tolerance, athletes disengage from an 

endurance task when perceived effort is greater than the maximum effort they are 

willing to exert, or believe they are capable of exerting.94 Our findings suggest total 

sleep obtained over 2-3 nights appears to alter the intensity (i.e., power output) at 

which these ‘effort thresholds’ occur. Increased perceived exertion during exercise 

has been associated with mental fatigue.435 While we did not measure mental 

fatigue per se, we speculate that prior cumulative sleep time affects the level of 

mental fatigue experienced, or tolerated, during an endurance task. In fact, sleep 

extension has been shown to increase pain tolerance (i.e., ability to withstand pain) 

in healthy adults,436 which may explain higher power outputs for a given RPE after 

three nights of sleep extension. Evidence that sleep restriction impaired mood and 

psychomotor vigilance, while sleep extension improved vigour and psychomotor 

vigilance (Table 4.4), further supports speculation that mental/psychological 

determinants of endurance performance (e.g., attentional focus on pacing, response 

inhibition etc.)96 were likely affected by sleep extension and restriction.  

Limitations 

Participants were well-trained male endurance athletes; therefore, inferences for 

elite and/or female athletes may require caution. Caffeine withdrawal symptoms 

peak 20-51 hours post-abstinence,429 therefore, symptoms may have impaired 

performances on D1. However, given the crossover nature of the experiment this is 

unlikely to affect findings. Participants slept ~30 minutes more on night -2 of SR 
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compared with SE, potentially confounding results. However, total sleep time for 

the 48 hours prior to D1 was no different ( ̴ 14 hours, see Table 4.2) between 

conditions, therefore, differences on night -2 are unlikely to affect findings. On D2, 

D3, and D4, mean start times of testing sessions differed slightly between 

conditions (see methods ‘overview’ section), potentially confounding results due 

to circadian variation in endurance capacity. However, performance differences 

between conditions did not manifest until after consecutive days of either sleep 

restriction (e.g., D3) or extension (e.g., D4). Thus, circadian effects cannon explain 

findings as any effects on performance should have occurred as soon as start times 

differed (e.g., D2). In addition, findings from studies examining time of day effects 

on prolonged endurance performances (e.g., ̴ 60 minutes) have been equivocal,431 

and any effects of small time of day changes, such as those occurring in the current 

study (e.g., ̴ 40 minute difference between start times of the NS condition and the 

SR / SE conditions), have not been established.  

Conclusions 

Sleep extension for three consecutive nights better maintained prolonged self-paced 

endurance performance compared with both normal and restricted sleep. Sleep 

restriction impaired endurance performance. Sleep time accumulated over 2-3 

nights appears to influence performance by altering the perceived exertion of a 

given exercise intensity. Athletes should aim to sleep >8 hours per night to optimise 

endurance performance.    
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Chapter 5: Study 2b 

 
 

This chapter reports findings from Study 2 concerning effects of sleep restriction 

and extension on HR indices of athlete readiness. Performance data is not presented 

in this chapter; however, given this chapter examines whether HR indices track 

changes in athletes’ readiness to perform, performance data is used for correlation 

analysis and is referred to in the ‘Discussion’ section. 
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5.1 Abstract  

Purpose: It is unclear whether HR indices are sensitive to the cumulative effects 

of sleep on endurance athletes’ readiness to perform. This study examined whether 

HR indices are sensitive to the effects of three consecutive nights of sleep extension 

and sleep restriction on athlete readiness. Methods: Endurance cyclists / triathletes 

(n = 9) completed a counterbalanced crossover experiment with three conditions; 

sleep restriction (SR), normal sleep (NS), and sleep extension (SE). Each condition 

comprised seven days / nights of data collection (-2, -1, D1, D2, D3, D4, +1). 

Participants slept habitually prior to D1; however, time in bed was reduced by 30% 

(SR), remained normal (NS), or extended by 30% (SE) on nights D1, D2, and D3. 

On D1-D4, HR responses to constant-load submaximal exercise and a cycling TT 

were examined. Mean HR for the TT was incorporated into intensity ratios (e.g., 

RPE:HR, W:HR). Resting HR and HR variability (Ln rMSSD) were recorded from 

day -2 to +2. Data were analysed using Generalised Estimating Equations and 

Pearson’s Correlations examined relationships between HR indices and TT 

performance. Results: On D4, RPE:HR was lower (P < 0.02) in the SE condition 

compared with both NS and SR conditions. Within the SR condition, RPE:HR was 

higher (P < 0.02) on D3 and D4 compared with D1. Strong correlations were found 

between percentage changes in W:HR from D1 to D4 and changes in TT finishing 

time for both SR (r = -0.67, P < 0.05) and SE (r = -0.69, P < 0.05) conditions. 

Conclusions: Intensity ratios during high-intensity exercise (e.g., races) that 

incorporate mean HR may be sensitive to the effects of cumulative sleep time, over 

1-3 nights, on endurance athletes’ readiness to perform. Cumulative sleep time 

should be considered a potential mediating factor when using intensity ratios to 

analyse endurance performances.  
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5.2 Introduction 

Heart rate indices recorded at rest (e.g., HR variability), during short submaximal 

exercise tests (e.g., rHRI),321 or computed with external or subjective intensity 

indices (e.g., RPE:HR),109 are commonly used to monitor athletes’ fatigue status or 

readiness to perform. For example, HR variability was lower in ‘fatigued’ Nordic 

skiers compared with ‘non-fatigued’ skiers,340 and RPE:HR increased over the 

course of a three-week Grand Tour among professional cyclists.109  

There is a close coupling of central and autonomic nervous system activity during 

sleep374, and sleep restriction has been shown to alter daytime HR regulation249 398-

405. Compared with sleep extension (i.e., 12 hours in bed), sleep restriction (i.e., 4 

hours in bed) decreased 24-hour HR variability among healthy males.31 Despite 

this, it remains unclear whether HR indices are sensitive to any effects of sleep 

extension or restriction on endurance athletes’ readiness to perform. Therefore, the 

present study examined the effects of both sleep extension and restriction across 

three consecutive nights on HR indices typically used to examine athlete readiness.  

5.3 Methods 

For a detailed description of the participants, the overall study design, and the 

incremental test and TT protocols, the reader is referred to the ‘methods’ section of 

Chapter 4: Study 2a. The following sections detail the additional tests undertaken 

and measures obtained during Study 2b that were used to examine whether HR 

indices are sensitive to any effects of sleep extension and/or restriction on athletes’ 

readiness. All HR data were recorded using a Polar monitor (V800 HR monitor, 

Polar, Kempele, Finland) and uploaded to the Polar FlowSync (v2.6.2) interface 

prior to analysis. 
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Measures 

Time-trial  

For each TT undertaken on days D1 to D4, peak HR, mean HR, and mean power 

were recorded. Mean power and mean HR were used to determine the external to 

internal intensity ratio (i.e., W:HR) for the TT. Participants also provided an overall 

RPE score for the TT ten minutes after completion using the CR-10 scale.7 This 

was used in conjunction with mean HR to determine the subjective to objective 

intensity ratio (i.e., RPE:HR) for the TT.109 Importantly, the RPE rating provided 

ten minutes after completing the TT (i.e., using the CR-10 scale) was in addition to 

RPE scores reported (i.e., using the 6-20 scale) for each split during the TT (Chapter 

4: Study 2a, Page 98). The additional use of the CR-10 scale to provide an overall 

RPE score for the TT was necessary to determine intensity ratios, as the ratio 

scaling characteristics of the CR-10 are recommended for comparing perceived 

exertion with physiological responses such as HR.419 437 The CR-10 scale was 

previously used when calculating intensity ratios among professional cyclists.109  

A subset of participants (n = 7) had plasma catecholamine levels assessed on D1 

and D4 from blood samples collected prior to (i.e., ‘Pre’) the submaximal exercise 

test (see Preliminary testing) and within five minutes of completing the TT (i.e., 

‘Post’). This provided an assessment of sympathetic nervous system activity in 

order to clarify the underlying autonomic mechanisms associated with any changes 

in HR observed. A description of blood collection methods and analysis techniques 

is provided in Chapter 3: Study 1 (Page 68).  

Preliminary testing 

On testing days D1 to D4, the HR response to submaximal exercise was examined. 

A description of the submaximal exercise test protocol, and the mono-exponential 
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curve fitting techniques used to analyse HR data is provided in Chapter 3: Study 1 

(Page 70). Parameters derived from curve fitting included baseline HR (beats⋅min-

1), HR amplitude (beats⋅min-1), time delay before HR increase (s), and curvature 

constant (i.e. tau; s).348 These parameters were then used to determine the maximal 

rate of HR increase (i.e., rHRI; beats⋅min-1⋅s-1) from the first derivative maxima of 

the function.348 Mean steady-state HR (beats⋅min-1) for the final minute of exercise, 

external to internal intensity ratio (i.e., W:HR), and HR recovery (i.e., beats⋅min-1 

recovered in one minute) upon test cessation were also examined. 

Daily heart rate and heart rate variability 

Participants recorded resting HR upon waking each morning across the seven days 

of data collection (i.e., -2 to +1).  The recording protocol and HR data analysis 

techniques were described in Chapter 3: Study 1 (Page 70). Mean HR, and the 

natural logarithm of the square root of the mean sum of the squared differences 

between R-R intervals (Ln rMSSD) were examined.  

Statistical analyses 

Mean and SD were calculated for all variables. Generalised Estimating Equations 

with exchangeable correlation structures and robust standard errors analysed mean 

changes in outcome variables. Initial models tested for period and carryover effects, 

however no such effects were found (P > 0.05). Models analysed two- or three-way 

interactions for the factors ‘condition’, ‘day’, and ‘pre-post’ time point (i.e., pre and 

post the TT on D1 and D4 for catecholamines only). Where interactions were 

significant (P < 0.05), pairwise models were run for each ‘day’. A p-value < 0.025 

was used to account for multiple analyses. Additional models analysed main effects 

of ‘day’ for each condition, and main effects of ‘day’ for each ‘pre’ or ‘post’ time 
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point within condition, with a p-value < 0.05 considered significant. For variables 

recorded on laboratory testing days, D1 served as a baseline value. For variables 

recorded across seven days, days -2 and -1 served as baseline values in separate 

models. Pearson’s correlations and linear regressions examined relationships 

between changes in HR indices and TT finishing times from D1 to D4 in both SR 

and SE conditions. Percentage changes were examined to account for individual 

differences. For correlations, a p-value < 0.05 was considered significant. Analyses 

were performed in IBM SPSS statistics for Windows (v24.0, Armonk, NY). 

5.4 Results 

Time-trial 

Table 5.1 shows peak HR, mean HR, mean power, and RPE results, and Figure 5.1 

shows resulting intensity ratios. Please note, although mean power results were 

presented in Chapter 4: Study 2a (Table 4.2, Page 102), it is presented again in the 

current chapter to provide context for the W:HR intensity ratio. There were no 

statistical differences in peak HR between conditions; however, on D4, peak HR 

tended to be lower in the SR condition compared with NS (P = 0.037) and SE (P = 

0.046). Within the SR condition, peak HR was lower on D4 compared with D1 (P 

< 0.05). On D1, mean HR was lower in the NS condition compared with SR and 

SE (P < 0.025). On D2, mean HR was higher in the SE condition compared with 

NS and SR (P < 0.025). On D4, mean HR was higher in the SE condition compared 

with SR (P < 0.025), and tended to be higher than NS (P = 0.033) 

Within the SR condition, mean HR was lower on D2, D3, and D4 compared with 

D1. On D3, mean power was lower in the SR condition compared with NS (P < 

0.025). On D4, mean power was higher in the SE condition compared with both SR 
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and NS (P < 0.025). Within the SR condition, mean power was lower on D2 and 

D3 compared with D1 (P < 0.05). There were no statistical differences between or 

within conditions for RPE. On D4, RPE:HR was lower (P < 0.02) in the SE 

condition compared with both NS and SR conditions. Within the SR condition, 

RPE:HR was higher (P < 0.02) on D3 and D4 compared with D1. There were no 

statistical differences in W:HR between or within conditions. Table 5.2 shows 

catecholamine results. Adrenaline was lower pre-TT on D4 of the SR condition 

compared with the NS and SE conditions. Within the SR condition, adrenaline was 

lower pre-TT on D4 compared with D1. Within the SE condition, adrenaline was 

higher pre-TT on D4 compared with D1. 

Submaximal exercise test 

There were no statistical differences in curvature parameters, steady-state HR, 

rHRI, HR recovery, or W:HR between or within conditions (Table 5.3) 

Daily heart rate and heart rate variability 

There were no statistical differences in resting HR or Ln rMSSD between 

conditions (Table 5.4). In the SR condition, mean HR was higher, and Ln rMSSD 

lower, on +1 compared with -1. In the NS condition, mean HR was higher, and Ln 

rMSSD lower, on +1 compared with -2. In the SE condition, mean HR was higher 

on D2 and +1 compared with -2. 
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    Table 5.1 Time-trial outcomes across the four laboratory testing days. 

 

 

 

 

 

 

D1-D4, laboratory testing days; W, mean power in Watts; RPE, perceived exertion; HR, heart rate. Note: Intensity ratios use mean HR.* Different (P < 0.025) compared 

with Sleep Restriction. + Different (P < 0.025) compared with Sleep Extension. ^ Different (P < 0.05) compared with D1 of same condition. Data shows mean ± SD. 

 

 

 Sleep Restriction Normal Sleep Sleep Extension 

 D1 D2 D3 D4 D1 D2 D3 D4 D1 D2 D3 D4 

Peak HR (beats⋅min-1) 177±4 177±9 171±13 168±12^ 176±8 175±5 173±9 175±6 177±6 177±5 174±4 175±3 

Mean HR (beats⋅min-1) 161±5 154±9+^ 154±11^ 151±13+^ 155±8*+ 157±5+ 155±7 156±9 161±6 162±6 158±6 161±3 

Mean Power (W) 273±42 266±44^ 263±54 257±62+^ 270±44 272±48 269±46* 269±52+ 274±52 276±55 271±58 277±50 

RPE (0-10 scale) 9.3±0.7 9.1±0.8 9.3±0.7 9.2±0.7 9.1±0.3 9.2±0.7 9.3±0.5 9.4±0.5 9.4±0.5 9.4±0.5 9.3±0.5 9.3±0.5 

W:HR 1.70±0.32 1.72±0.34 1.71±0.34 1.70±0.33 1.74±0.34 1.73±0.30 1.74±0.32 1.72±0.30 1.71±0.28 1.70±0.28 1.71±0.29 1.72±0.29 

RPE:HR(×100) 5.78±0.40 5.91±0.72 6.04±0.57^ 6.09±0.45+^ 5.87±0.30 5.86±0.34 6.00±0.37 6.03±0.47+ 5.85±0.24 5.82±0.28 5.90±0.39 5.78±0.34 
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Figure 5.1 Subjective to objective intensity ratio, RPE:HR (A), and external to internal 

intensity ratio, W:HR (B) for each time-trial across the four days (D1-D4) of testing. Sleep 

restriction (red), normal Sleep (black), and sleep Extension (green). + Different (P < 0.025) to 

Sleep Extension. ^ Different (P < 0.05) to D1 of same condition. Data presented as mean ± SD.
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   Table 5.2 Plasma catecholamines measured prior to (pre), and immediately post each time-trial. 

 

 

 

 

 

 

 

 

 

 

 

 

  Sleep Restriction Normal Sleep Sleep Extension 

  D1 D4 D1 D4 D1 D4 

Adrenaline (pg⋅mL-1) Pre 51±34 25±22+^ 49±26 42±18* 45±30 67±40^ 

Post 165±68 231±224 171±103 159±62 178±56 259±202 

Noradrenaline (pg⋅mL-1) Pre 609±328 693±229 515±275 594±227 582±314 607±166 

Post 2873±1652 3226±986 2640±1701 3342±3024 2881±1007 3439±1439 

D1, testing day one; D4, testing day four. * Different (P < 0.025) compared with same day and time point of Sleep Restriction. + Different 

(P < 0.025) compared with same day and time point of Sleep Extension. ^ Different (P < 0.05) compared with the same time point (i.e., 

‘pre’ or ‘post’) on D1 of same condition. Data shows mean ± SD. 
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 Sleep Restriction Normal Sleep Sleep Extension 

 D1 D2 D3 D4 D1 D2 D3 D4 D1 D2 D3 D4 

Baseline HR (beats⋅min-1) 66±11 69±7 73±8 71±12 68±10 67±6 70±9 70±7 69±13 71±7 70±10 70±9 

HR amplitude (beats⋅min-1) 63±12 62±6 59±14 59±14 61±8 59±7 60±10 59±9 60±8 61±12 57±10 59±12 

Time delay (s) 0.7±0.9 0.1±0.2 0.3±0.3 0.6±0.8 0.4±0.8 0.2±0.2 0.1±0.3 0.8±1.3 0.4±0.6 0.1±0.3 0.5±1.1 0.4±0.7 

Tau (s) 21±4 21±4 22±6 23±6 21±6 20±6 21±4 22±6 21±7 23±9 20±6 23±8 

rHRI (beats⋅min-1⋅sec-1) 3.1±0.9 3.0±0.6 3.0±1.1 2.8±1.2 3.2±1.1 3.2±1.0 3.1±0.9 3.0±0.8 3.2±1.1 3.1±1.5 3.1±0.6 3.0±1.8 

Steady-state HR (beats⋅min-1) 131±6 132±9 133±9 132±8 131±9 128±9 131±8 130±11 130±11 134±10 129±10 129±9 

HR recovery (beats⋅min-1) 48±11 48±6 49±12 44±10 50±10 47±10 49±8 49±8 51±13 47±8 47±10 45±5 

W:HR 1.60±0.36 1.60±0.35 1.59±0.38 1.60±0.39 1.60±0.36 1.64±0.40 1.61±0.37 1.61±0.35 1.61±0.37 1.56±0.35 1.65±0.42 1.63±0.37 

D1-D4, laboratory testing days one to four; HR, heart rate, rHRI , maximal rate of HR increase, W:HR, mean power to steady-state HR ratio. There were no statistical differences 

for any variable between or within conditions. Data shows mean ± SD. 

Table 5.3 Curve parameters and heart rate indices derived from the submaximal exercise test conducted prior to time-trials. 
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Table 5.4 Resting heart rate and heart rate variability recorded every morning upon waking.   

HR, mean heart rate, Ln rMSSD, natural logarithm of the square root of the mean sum of the squared differences between R-R intervals. ^ Different (P<0.05) 

compared with baseline day -1 of condition. # Different compared with baseline day -2 of condition. There were no statistical differences for either mean HR or 

Ln rMSSD for any day between conditions. Data shows mean ± SD. 

  -2 -1 D1 D2 D3 D4 +1 +2 

Sleep Restriction Resting HR 54±6 53±5 54±5 53±5 54±3 54±6 56±5^ 54±5 

Ln rMSSD 4.17±0.58 4.26±0.57 4.17±0.64 4.13±0.48 4.05±0.40 4.03±0.52 3.93±0.47^ 4.09±0.61 

Normal Sleep Mean HR 53±5 54±6 54±7 54±5 53±7 55±8 56±5# 55±3 

Ln rMSSD 4.28±0.51 4.23±0.67 4.21±0.61 4.12±0.39 4.03±0.48 4.02±0.36 3.96±0.45# 4.10±0.49 

Sleep Extension Mean HR 53±5 54±7 54±7 56±5# 56±5 56±4 57±7# 54±5 

Ln rMSSD 4.25±0.52 4.20±0.54 4.18±0.64 4.10±0.49 4.04±0.47 4.08±0.41 4.01±0.58 4.21±0.59 
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Correlations 

A strong correlation was found between the percentage change in W:HR from D1 

to D4 and the change in TT finishing time for both the SR (r = -0.67, P < 0.05, 

Figure 5.2G) and SE (r = -0.69, P < 0.05, Figure 5.3G) conditions. However, one 

participant in the SR condition was identified as a potential outlier (i.e., change in 

TT finishing time from D1 to D4 > 2 × SD of the sample mean438), and after 

removal from the analysis this correlation (i.e., Figure 5.2G) was no longer 

significant. There were no other significant correlations between changes in 

respective HR indices and changes in TT finishing time for either the SR or SE 

conditions.  
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Figure 5.2 Correlations between percentage changes in time-trial finishing time from D1 to D4 of the Sleep 

Restriction condition, and changes in resting mean HR (A); Ln rMSSD (B); maximal rate of HR increase at 

onset of  submaximal exercise test, rHRI (C); steady-state HR during submaximal exercise test (D); external 

to internal intensity ratio during submaximal exercise test, steady-state W:HR (E); HR recovery following the 

submaximal exercise test (F); external to internal intensity ratio for the TT, TT W:HR (G); and subjective to 

objective intensity ratio for the TT, TT RPE:HR (H). Significant correlation (P < 0.05) for panel G only. 

However, after removal of outlier (change in finishing time > 2 × SD of the sample mean), this correlation was 

no longer significant.  
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Figure 5.3 Correlations between percentage changes in time-trial finishing time from D1 to D4 of the Sleep 

Extension condition, and changes in resting mean HR (A); Ln rMSSD (B); maximal rate of HR increase at the 

onset of submaximal exercise test, rHRI (C); steady-state HR during submaximal exercise test (D); external to 

internal intensity ratio during submaximal exercise test, steady-state W:HR (E); HR recovery following 

submaximal exercise test (F); external to internal intensity ratio for the TT, TT W:HR (G); and subjective to 

objective intensity ratio for the TT, TT RPE:HR (H). Significant correlation (P < 0.05) for panel G only. 
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5.5 Discussion 

The aim of this study was to determine whether HR indices commonly used to 

assess athlete readiness are sensitive to the effects of sleep restriction and / or sleep 

extension over 1-3 nights on athletes’ readiness to perform a  ̴ 60-minute TT. A key 

finding was that RPE:HR for the TT was lower after three nights of sleep extension 

compared with normal and restricted sleep (Figure 5.1A). This mirrors results from 

Chapter 4: Study 2a whereby three nights of sleep extension led to better 

maintenance of endurance performance compared with normal and restricted sleep. 

Another key finding was that changes in W:HR during the TT from D1 to D4 

significantly correlated with changes in TT finishing time in both SR (r = -0.67, P 

< 0.05, Figure 5.2G) and SE (r = -0.69, P < 0.05, Figure 5.3G) conditions. 

Intensity ratios 

The finding that RPE:HR during the TT was lower after three nights of sleep 

extension compared with normal and restricted sleep, together with the RPE results 

presented in Chapter 4: Study 2a, supports the notion that cumulative sleep time 

affects the perceived exertion of a given exercise intensity. For example, on D4, 

while overall RPE for the TT was consistently near maximal between conditions 

(i.e., 9 ± 1), mean HR was higher in the SE condition compared with the SR 

condition (P < 0.025), and tended to be higher compared with the NS condition (P 

= 0.033). Thus, it appears sleep extension allowed athletes to work at a higher 

internal exercise intensity for a given RPE. Previous research has shown RPE:HR 

increases among professional cyclists across a three-week Grand Tour, and it was 

recommended that this ratio be used to monitor fatigue during endurance races.109 

Findings indicate cumulative sleep time moderates RPE:HR during exercise and 

should be considered when using this ratio to analyse performances. For example, 
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in cyclists, an increase in RPE:HR during a multi-day race may indicate, in-part, 

sleep loss, and thus prompt support staff to enquire with the athlete about their prior 

sleep and, if required, intervene to facilitate sleep extension or improve sleeping 

arrangements (e.g., change from a twin-share to a single occupancy room).   

Most athletes recorded a decrease in RPE:HR after three nights of sleep extension 

(n = 7 / 9 participants) and an increase in RPE:HR after three nights of sleep 

restriction (n = 7 / 9 participants). Despite this, changes in RPE:HR after three 

nights of either sleep restriction (Figure 5.2H) or sleep extension (Figure 5.3H) did 

not significantly correlate with changes in TT finishing time (P > 0.05). Although 

for the SR condition this correlation was approaching statistical significance (r = 

0.62, P = 0.07). This is consistent with findings from Chapter 3: Study 1, whereby 

total sleep deprivation increased RPE:HR for the TT; however, changes in RPE:HR 

did not correlate with changes in TT finishing time. Therefore, while an increase in 

RPE:HR following total sleep deprivation may signal impaired endurance 

performance, and a decrease in RPE:HR following sleep extension may signal 

improved performance, the magnitude of changes in RPE:HR cannot be used to 

accurately predict the magnitude of performance changes.  

Although TT W:HR was not statistically different for any comparison between or 

within conditions, individual changes in TT W:HR from D1 to D4 strongly 

correlated (r = - 0.7, P < 0.05) with changes in TT finishing time in both SR and 

SE conditions. However, after the removal of a potential outlier, this correlation 

was no longer significant in the SR condition. Nonetheless, in the SE condition at 

least, this correlation suggests performance tended to improve from D1 to D4 in 

athletes whose TT W:HR increased but tended to decline in athletes whose TT 
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W:HR decreased. In the SE condition, most participants (n = 6 / 7) who recorded 

an increase in TT W:HR improved performance from D1 to D4. Given the W:HR 

relationship is linear below the anaerobic threshold, and then becomes curvilinear 

at higher intensities,439 such increases in W:HR may reflect an ability to produce 

more power (i.e., “push harder”) as HR begins to plateau at high exercise 

intensities. This is consistent with the notion that sleep extension may elevate the 

effort threshold, and/or pain tolerance, of the endurance athlete.436 Importantly, 

changes in W:HR for the submaximal exercise test (i.e., steady-state W:HR) did 

not significantly correlate with changes in TT finishing time (Figure 5.2E and 

5.3E). Thus, W:HR was associated with performance only at high exercise 

intensities. This supports speculation that an ability to sustain a higher power output 

when HR is plateauing may be a mechanism through which sleep extension 

improves performance. On the other hand, a decline in performance from D1 to D4 

that is associated with a decrease in TT W:HR, suggests an increase in the internal 

physiological cost of a given external load. For example, in both the SR and SE 

conditions, the participant that recorded the greatest decrease in TT W:HR, also 

recorded the greatest increase in TT finishing time. An increase in HR for a given 

external load occurs with training fatigue.109 350 351 Thus, the increases in TT W:HR 

observed in some participants may reflect an accumulation of physiological fatigue 

across the four days of testing. Such an accumulation of physiological fatigue could 

potentially mask any proposed psychological benefits of sleep extension. In the SE 

condition, two of the three participants who recorded a decline in performance from 

D1 to D4 also recorded a decrease in TT W:HR.  

In summary, intensity ratios recorded during high-intensity exercise may be 

sensitive to the effects of cumulative sleep time on endurance athletes’ readiness to 
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perform. These findings may help practitioners interpret intensity ratios when 

analysing endurance performances. For example, in cyclists, increases in RPE:HR 

during tour races may be indicative of fatigue that, to some extent, may be mediated 

by insufficient sleep. In such cases, practitioners could recommend a period of sleep 

extension. Likewise, the potential benefit of sleep extension could potentially be 

monitored by measuring increases in W:HR during competition. Although further 

research is required in applied sport settings to further clarify the relationship 

between sleep, intensity ratios, and endurance performance.  

 Daily heart rate and heart rate variability 

There were no statistical differences in resting HR or Ln rMSSD between 

conditions, and changes in these indices did not correlate with changes in TT 

finishing time in either the SR or SE conditions. Resting HR indices were also 

similar between conditions in Chapter 3: Study 1. While some studies have shown 

resting HR indices are unaffected by sleep restirction,251 398 others have hound sleep 

restriction increases resting HR,399-403 and decreases resting HR variability.398 405 It 

is difficult to explain discrepant findings between studies; however, compared with 

most studies showing perturbations in resting HR indices following sleep 

restriction,251 398 the current study adopted a relatively subtle sleep restriction 

protocol whereby sleep time was reduced by just  ̴ 2 hours per night, and examined 

well-trained endurance athletes. Indeed, parasympathetic predominance is an 

adaptation to endurance training,329 which may prevent elevated sympathetic 

activity following sleep loss. 

Compared with baseline days (i.e., days -2 and -1), resting HR was elevated on day 

+1 in all conditions, and Ln rMSSD was reduced on day +1 in the SR and NS 
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conditions (Table 5.4). These findings may suggest that there was an accumulation 

of physiological fatigue (i.e., autonomic nervous system imbalance) over the four 

testing days in both the SR and NS conditions. Previous research found increases 

in resting HR and reductions HR variability upon waking in overreached athletes.337 

338 341 In the current study, TT performance was consistent over time in both the NS 

and SE conditions, suggesting an accumulation of fatigue did not affect TT 

performance. However, given statistical differences in resting HR and Ln rMSSD 

did not emerge until day +1 (i.e., the morning after the final testing day), perhaps 

performance may have deteriorated in the NS and SE conditions had testing 

continued for a fifth consecutive day. Interestingly, the only condition not to record 

a reduction in Ln rMSSD on day +1 was the SE condition. Thus, while Ln rMSSD 

was not different between conditions, it is possible that over a longer testing period, 

such as a three-week cycling tour, extended sleep may help prevent the autonomic 

imbalances associated with accumulated fatigue.337 338 341 However, further 

research is required to clarify the long-term relationships between cumulative sleep 

time, HR variability, and endurance performance.   

Submaximal exercise test  

Cumulative sleep time did not affect HR indices derived from the submaximal 

exercise test (Table 5.3). Moreover, changes in these indices did not correlate with 

changes TT finishing time from D1 to D4 in either the SR or SE conditions. These 

findings suggest the autonomic mechanisms that increase HR at the onset of 

exercise, such as the rapid withdrawal of parasympathetic activity and the gradual 

increase in sympathetic activity,440 were unaffected by sleep restriction / extension. 

In support, W:HR during the submaximal exercise test was unaffected by sleep 

restriction / extension, indicating the linear relationship between power output and 
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HR at intensities below anaerobic threshold was preserved between conditions.439 

Findings suggest HR indices recorded during (e.g., rHRI, W:HR) or following (e.g., 

HR recovery) submaximal exercise at 60% �̇�𝑂2 𝑚𝑎𝑥 are insensitive to effects of 

cumulative sleep time over 1-3 nights on endurance athletes’ readiness to perform. 

Plasma catecholamines 

Pre-TT adrenaline was lower after three nights of sleep restriction compared with 

normal and extended sleep (Table 5.2). Noradrenaline was unaffected by sleep 

interventions. Previous research found sleep restriction for a single night increased 

urinary catecholamines406 while total sleep deprivation has been found to both 

reduce,244 and not affect resting plasma catecholamines.389 396 In Chapter 3: Study 

1, catecholamines were not different between conditions following total sleep 

deprivation. A possible explanation for the current findings is that during REM 

sleep central nervous system stores of catecholamines are replenished,50 and thus 

sleep restriction, which could reduce cumulative REM sleep time,441 may deplete 

catecholamine stores.243 Such depletion of catecholamines could attenuate the 

sympathetic response to exercise and impair endurance performance.243 However, 

given sleep stages were not assessed in the current study, it is impossible to 

substantiate this explanation. Furthermore, given post-TT catecholamines on D4 

were similar between conditions, it appears that the sympathetic response to 

exercise was unaffected by sleep interventions. An alternative explanation for this 

finding is a potential resetting of the baroreflex set-point following sleep restriction. 

Such a re-setting to a higher mean arterial pressure has been demonstrated after 

total sleep deprivation, and is speculated to occur predominantly via an increase in 

peripheral vasoconstriction that leads to a reduction in sympathetic activity that 

may occur without a change in resting HR.388 In summary, it is unclear why pre-



 

Page | 136 

 

TT adrenaline was lower after three nights of sleep restriction compared with 

normal sleep; and thus this finding provides little insight into the mechanisms 

behind changes in intensity ratios or endurance performance reported in the current 

study.     

Limitations 

Limitations concerning the performance outcomes of this study are provided in 

Chapter 4: Study 2a. However, there are some additional limitations concerning the 

analysis of HR. First, the study examined popular HR indices used for monitoring 

athletes in the field; therefore, it is not an exhaustive examination of the cardiac 

autonomic response to sleep restriction and extension in athletes. Second, the study 

examined HR responses across a short monitoring period; therefore, although 

differences were not statistically different in the current study, HR indices may be 

sensitive to the moderating effects of sleep on athletes’ readiness to perform over 

longer periods (e.g., three-week tour races). Future research should, accordingly, 

investigate the responsiveness of HR indices over longer periods.         

Conclusions 

Intensity ratios recorded during high-intensity exercise may be useful for 

monitoring effects of cumulative sleep time on athletes’ readiness to perform 

endurance exercise. The current findings may help practitioners interpret intensity 

ratios during high-intensity endurance exercise (e.g., races), and thus help inform 

athlete management decisions, such as sleep extension recommendations. In 

contrast, cumulative sleep time over 1-3 nights does not appear to influence HR 

indices recorded at rest (e.g., resting HR, Ln rMSSD) or during moderate intensity 

submaximal exercise (e.g., rHRI, steady-state HR, HR recovery, W:HR) Whether 

the observed relationships persist over longer timeframes requires further research. 
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Chapter 6: General Discussion 
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6.1 Overview 

This chapter summarises the major findings of this thesis and their contribution to 

the current state of knowledge concerning the effects of sleep on endurance 

performance, the sensitivity of HR indices to effects of sleep on athlete readiness 

to perform, and the potential mechanisms through which sleep affects endurance 

performance. This chapter also focuses on four emergent themes from the thesis 

that address (1) the sleep needs of athletes, (2) practical considerations for sleep 

extension strategies, (3) recommendations for mitigating the negative effects of 

sleep loss on performance, and (4) methods for monitoring the effects of sleep on 

athlete readiness and wellbeing. Each of these sections includes recommendations 

for future research. 

6.2 Thesis summary and advances in the state of knowledge 

Sleep is considered an important recovery behaviour for athletic success.7-9 

However, to date, few studies have investigated the impact of sleep on the sports-

specific performance of athletes.20 23 24 249 The aim of this thesis was to examine the 

effects of total sleep time on the performance of endurance athletes. Across two 

studies, this thesis examined the effects of a single night of total sleep deprivation, 

and three consecutive nights of both sleep restriction and sleep extension, on 

endurance cycling performance. A novel aspect of this research was the 

examination of prolonged (i.e., ̴ 60-minute) self-paced endurance efforts similar to 

those required by many endurance sports (e.g., road cycling, triathlon). Given the 

coupling of central and autonomic nervous system activity that is required to initiate 

and regulate sleep,374 and evidence that changes in total sleep time can alter daytime 

HR regulation,31 a secondary aim of this thesis was to examine whether sleep time 

affected HR indices often used to monitor athlete readiness to perform. No prior 
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research had examined the sensitivity of HR indices to any effects of sleep on 

athlete readiness. Finally, data collected in addressing the key aims of this thesis 

provided an opportunity to discuss the potential mechanisms through which sleep 

may influence endurance performance. The major findings of this thesis were: 

1. Compared with normal sleep, sleep loss (i.e., one night of total sleep 

deprivation and two consecutive nights of sleep restriction) impaired 

endurance performance. 

2. Compared with normal sleep, three consecutive nights of sleep extension 

improved endurance performance. 

3. Sleep time accumulated over an acute (i.e., 1-3 days) timeframe appears to 

influence endurance performance by altering the perceived exertion of a 

given exercise intensity.  

4. Intensity ratios (e.g., RPE:HR, W:HR) during high-intensity exercise (e.g., 

time-trials) demonstrated some sensitivity to the effects of sleep time on 

athlete readiness to perform. There was no evidence that any other HR 

indices were sensitive to the effects of sleep on athlete readiness.  

6.2.1 Sleep loss and endurance performance 

The current research was the first to examine the effects of sleep loss on the 

performance of endurance athletes using a prolonged time-trial, and thus provides 

novel evidence that both total sleep deprivation and sleep restriction impair the 

prolonged self-paced performance of endurance athletes. These findings are 

pertinent for athletes competing in sports requiring such efforts, including road 

cyclists and triathletes. To date, studies examining the effects of sleep loss on the 

performance of endurance athletes have delivered equivocal findings, with sleep 
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loss found to both impair,24 26 248 and not affect endurance performance.25 249 Studies 

that found performance was impaired by sleep loss assessed performance using 

long protocols (i.e., > 40 minutes) that typically included a preload exercise period 

followed by an incremental test,26 248 or using a self-paced time-trial.24 Therefore, 

when the current findings are considered alongside previous research, is appears 

that longer and/or self-paced endurance efforts may be more susceptible to 

performance impairment following sleep loss.  

Study 2a is the first to show a cumulative impact of sleep restriction on the 

performance of endurance athletes. Compared with normal sleep, finishing time 

was slower after two nights, but not after one or three night/s, of sleep restriction. 

Although there was a tendency for performance to be slower after three nights of 

sleep restriction (P = 0.09). Two previous studies examined the impact of three 

consecutive nights of sleep restriction on endurance performance.250 253 While these 

studies found performance was unaffected, participants were not trained endurance 

athletes, and performances were assessed using relatively short testing protocols 

(e.g., 400 m swim, uphill treadmill run).250 253 Only three previous studies have 

examined the impact of sleep restriction on endurance athletes’ performances, and 

these all examined the effects of a single night of sleep restriction.24 248 249 

Interestingly, impaired performances have only been reported following relatively 

severe sleep restriction (i.e., ≥ 4 hour reduction in sleep time or time-in-bed).24 248 

In contrast, the sleep restriction protocol used in Study 2a reduced total sleep time 

by an average of   ̴ 2 hours per night, thus illustrating for the first time, that relatively 

subtle reductions in sleep time, when accumulated over consecutive nights, also 

impair endurance performance. This supports the hypothesis that the extent of 

accumulated sleep debt may moderate effects on performance. These findings also 
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have ecological validity, as athletes more often experience sleep restriction of ≤ 2 

hours per night during training and competition periods.13 

6.2.2 Sleep extension and endurance performance 

No prior study has investigated the effects of sleep extension on endurance 

performance, thus evidence that compared with normal sleep, three consecutive 

nights of sleep extension improved performance is an important and novel 

contribution to the field. While two previous studies suggested sleep extension 

improves sports-specific skill execution and anaerobic performance,20 23 these 

studies were confounded by either the lack of a control condition,20 or the use of 

self-reported sleep data.23 In contrast, Study 2a adopted a three-armed crossover 

design that included a ‘control’ (i.e., normal sleep) condition, and objectively 

monitored sleep using validated methods.301 310 Therefore, it is the most rigorous 

investigation undertaken to date to determine the effects of sleep extension on the 

sports-specific performance of trained athletes.  

Given Study 2a examined performance across four consecutive days, findings are 

pertinent for the majority of endurance athletes who routinely train, and for the few 

who often compete (e.g., road cyclists), on consecutive days. Indeed, given the 

effects of sleep extension on performance did not manifest until the fourth 

consecutive day of testing, findings highlight the importance of cumulative sleep 

time during multi-day endurance events. Sleep extension may also be beneficial for 

non-endurance athletes who either compete over consecutive days (e.g., cricket 

players) or have congested competition schedules (e.g., tennis players, soccer 

players). Moreover, the normal sleep time of athletes in Study 2 was similar to sleep 

times reported among elite endurance athletes (i.e., ̴ 7 hours per night).13 205 208 229 
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Therefore, recommendations to extend sleep to > 8 hours per night in order to 

optimise performance are ecologically valid. Finally, the smallest worthwhile 

change recommended to affect the prospect of cyclists finishing on the podium in 

a time-trial is 0.6 × coefficient of variation in performance.442 Given the coefficient 

of variation in performance between participants’ familiarisation time-trial and 

their first experimental time-trial of Study 2a was 2.8%, the  ̴ 2-minute 

improvement in performance after three nights of sleep extension was almost 

double the smallest worthwhile change recommended for a  ̴ 60-minute time-trial. 

Thus, findings are not only statistically significant but also likely to be 

competitively relevant for endurance athletes.  

6.2.3 Explaining effects of sleep on endurance performance 

According to the psychobiological of endurance performance, the perceived effort 

of exercise is a key determinant of endurance performance.91 In both the current 

studies, RPE scores were consistent across all time-trials despite differences in 

finishing times, and thus mean power output. Therefore, it is proposed that total 

sleep time accumulated over 1-3 days affects performance by altering the perceived 

effort of a given exercise intensity (i.e., power output). To the author’s knowledge, 

Study 2 is the first to demonstrate that sleep extension reduces RPE for a given 

exercise intensity. In contrast, several studies support findings from Studies 1 and 

2 showing total sleep deprivation and sleep restriction increase RPE for a given 

exercise intensity. Indeed, total sleep deprivation has consistently been shown to 

elevate RPE for a given exercise intensity without affecting mean HR.26 242 245 394 

Similarly, sleep restriction reduced distance covered during an intermittent running 

test but did not alter RPE recorded upon test completion.252  
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Increased RPE for a given exercise intensity is associated with mental fatigue,74 443 

and mentally fatigued athletes exercise at lower intensities during self-paced time-

trials.443 444 Therefore, findings suggest total sleep time accumulated over 1-3 nights 

may influence the level of mental fatigue experienced or tolerated during exercise. 

Direct assessment of mental fatigue requires the monitoring of brain activity; 

however, surrogate measures such as subjective changes in mood, or objective 

changes in cognitive performance, are effective and recommended for monitoring 

athletes.72 In contrast, physiological metrics such as HRV have proven ineffective 

for monitoring mental fatigue.445 Therefore, evidence that sleep loss impaired 

mood and psychomotor vigilance whereas sleep extension improved mood and 

psychomotor vigilance (Study 1 and 2a), but that neither sleep loss nor sleep 

extension affected isolated HR indices (Study 1 and 2b), supports the hypothesis 

that cumulative sleep time affects the level of mental fatigue experienced or 

tolerated during exercise. An accumulation of adenosine in the brain, particularly 

in the anterior cingulate cortex, is thought to be the primary cause of mental 

fatigue.72 The anterior cingulate cortex is associated with perception of effort, and 

is highly active during tasks that require response inhibition (e.g., suppression of 

negative emotions),72 444 446 which is a key cognitive determinant of endurance 

performance.447 Not surprisingly, as a sleep promoting neurotransmitter, adenosine 

accumulates in the brain during prolonged wakefulness.81 448 449 Interestingly, sleep 

extension has actually been speculated to improve brain function by down-

regulating adenosine receptors in the brain.450 

The current findings also support this mental fatigue hypothesis by downplaying 

the likelihood of other peripheral sources of fatigue. For example, it is proposed 

that total sleep deprivation exacerbates the gradual increase in plasma volume that 
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occurs during prolonged wakefulness,49 394 thus reducing the oxygen carrying 

capacity of blood.394 However, findings from Study 1 suggested total sleep 

deprivation did not affect athletes’ plasma volume despite impairing performance. 

Furthermore, catecholamines play a key role in increasing ventilation and cardiac 

output during exercise, and catecholamine release is thought to be attenuated 

following sleep loss.50 However, in Study 1, catecholamine levels were similar for 

all time points between conditions. In addition, in Study 2, while adrenaline was 

lower prior to the TT on D4 of the sleep restriction condition compared with other 

conditions, catecholamine levels post time-trial on D4 were similar between 

conditions. Therefore, it is unlikely that differences in catecholamine availability 

explain the observed differences in performance. Finally, previous studies have 

also found no evidence for central fatigue following sleep loss, as performance 

decrements do not coincide with impaired neuromuscular function.24 26  

6.2.4 Monitoring effects of sleep on athlete readiness using heart rate 

No prior study has investigated whether HR indices are sensitive to the effects of 

sleep on athletes’ readiness to perform. Compared with normal sleep, RPE:HR for 

the TT was higher after total sleep deprivation (Study 1), and lower after three 

nights of sleep extension (Study 2b). These findings are the first to demonstrate that 

RPE:HR may be sensitive to effects of sleep on endurance performance. Given 

other HR indices (i.e., excluding intensity ratios) were unaffected by sleep 

interventions, it is unlikely that changes in RPE:HR reflect changes in autonomic 

function, but rather reflect changes in the perceived effort of a given exercise 

intensity. These findings highlight the importance of including psychometrics such 

as RPE in athlete monitoring protocols, and suggest cumulative sleep time should 
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be considered a moderating factor when interpreting RPE:HR, an index previously 

shown to increase with fatigue in professional cyclists during a three-week tour.109  

While neither study found differences in W:HR between conditions, a novel finding 

from Study 2b was that individual changes in TT W:HR from D1 to D4 strongly 

correlated (r = - 0.7) with changes in TT finishing time in both conditions. Albeit, 

after removal of an outlier participant, this correlation was no longer significant in 

the SR condition. These correlations may indicate that cumulative sleep time affects 

athletes’ capacity to tolerate high intensity exercise. For example, it is proposed 

that increases in W:HR following sleep extension may reflect an ability to produce 

higher power outputs when HR is plateauing. These findings provide novel 

evidence that sleep could be considered a potential moderating factor when 

interpreting W:HR recorded during high-intensity exercise (e.g., endurance races). 

Resting HR and Ln rMSSD were unaffected by changes in total sleep time, despite 

research in non-athletes showing daytime HRV was lower during a period of sleep 

restriction compared with sleep extension.31 Changes in total sleep time also had 

no effect on HR responses during the submaximal recovery test (i.e., rHRI, HR 

recovery, W:HR, HR kinetic curve parameters), despite previous studies showing 

acute fatigue slows rHRI,347 and functional overreaching leads to more rapid HR 

recovery.366 368 Collectively, these findings provide important evidence that HR 

indices, when examined in isolation (i.e., not used in intensity ratios), are 

insensitive to the effects of sleep time on athletes’ readiness to perform endurance 

exercise - at least over an acute timeframe (i.e., 1-3 nights).  
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6.2.5 Limitations of the research 

Specific limitations pertinent to each study are detailed in their respective chapters. 

However, some additional overarching limitations of the research warrant mention. 

First, although the use of actigraphy for sleep monitoring is valid, it is less accurate 

than PSG - the ‘gold-standard’ for sleep monitoring. The method used to monitor 

sleep in the current studies has demonstrated 87% agreement (i.e., percentage of 

sleep and wake epochs correctly detected) with PSG in cyclists. However, sleep 

time is typically underestimated by  ̴ 50 minutes per night using this method.301 

Nonetheless, total sleep time, the independent variable of the research, clearly 

differed between conditions on intervention nights as evidenced by the clear 

statistical differences observed. Second, while performance testing was conducted 

in a laboratory to control potential confounders, when extrapolating ‘real-world’ 

implications from the findings it is important to consider that several factors (e.g., 

environmental conditions, race circumstances, caffeine use etc.) could moderate the 

impact of sleep on performance. Third, it is widely understood that sleep is good 

for human function and performance.4 Therefore, given the inherent difficulty of 

blinding participants to changes in their sleep, expectations that sleep extension 

may improve (i.e., placebo effect), and sleep loss impair (i.e., nocebo effect), 

performance, may have influenced athletes’ efforts. To reduce this possibility, 

participants were reminded to complete each time-trial as fast as possible and were 

encouraged not to anticipate effects of interventions. Participants were also blinded 

to any information about their performance for the duration of the studies. In future, 

research could potentially blind athletes to subtle changes in sleep time by 

removing access to clocks and by controlling bed / wake times in laboratory 

settings. Fourth, although participants completed a diet diary and were required to 
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replicate dietary intake between conditions, it cannot be guaranteed that this was 

done, and that performances were not influenced by changes in energy availability. 

However, diaries for each participant were manually checked for any discrepancies 

at the conclusion of testing, and no such discrepancies were found. In addition, 

participants were frequently reminded of the dietary requirements of the research, 

and in personal communications participants indicated they were adhering to these 

requirements. Fifth, the current research examined the effects of sleep on endurance 

performances of athletes in the morning (i.e., between 0600-0900), and thus it is 

impossible to know whether observed effects on performance would persist if 

testing was conducted at a different time of day. Finally, Study 2 had a relatively 

small sample size of nine participants, which reflected both the stringent inclusion 

criteria and the extremely demanding nature of the study. Although a small sample 

size limits the statistical power of analyses, similar sample sizes have been used in 

previous research examining effects of sleep on endurance performance.241 242 245 

252 Moreover, the treatment effect for sustained sleep restriction and extension was 

large enough to be detected as statistically significant in nine participants. 

6.3 Implications and future directions 

6.3.1 How much sleep do athletes need to optimise performance? 

Study 2a found endurance performance was better maintained when athletes slept 

> 8 hours per night. Previous studies also found increasing total sleep time to > 8 

hours per night improved sports-specific performances20 23. In addition, an 

examination of national age-group netballers during a tournament found players 

from the winning team typically slept > 8 hours per night, more than the  ̴ 7 hours 

per night recorded by lower ranked teams283. Players also indicated that 8 hours of 

sleep per night was needed to feel well rested283. Therefore, current findings 
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contribute to an emerging consensus that athletes need > 8 hours of sleep per night 

to optimise performance. Given sleep efficiency generally ranges between 80-

90%13, athletes should aim to spend 9-10 hours in bed per night to achieve > 8 hours 

sleep.  

Although general sleep recommendations are important, sleep needs will vary 

between athletes, and ideally recommendations should consider athlete-specific 

factors.451 For example, in Study 2a, the benefits of sleep extension, compared with 

normal sleep, did not manifest until the fourth TT, and so sleep extension seems to 

protect against an accumulation of fatigue over consecutive days. Therefore, 

maximising sleep time may be particularly important for athletes competing across 

consecutive days (e.g., cyclists, cricketers, racing drivers), or undertaking 

congested competition schedules (e.g., tennis players, soccer players, Olympic 

athletes). Such athletes may easily accumulate fatigue and/or stress due to limited 

recovery between competition days. In addition, findings from both studies suggest 

sleep may affect the mental determinants of endurance performance. Thus, athletes 

competing in sports with particularly high or sustained mental demands may be 

especially reliant on sleep for optimal performance. For example, sleep extension, 

which improved the mean reaction times of athletes in Study 2a, may be particularly 

beneficial for athletes reliant on reaction time (e.g., goalkeepers, baseball batters, 

racing drivers etc.). Conversely, sleep restriction has been shown to slow the 

reaction times and reduce the attentional capacity of handball goalkeepers.175 

Additional factors that may influence an athlete’s sleep need include their 

genotype,261 452 age,202 and sex.453 For example, sleep need decreases across the 

lifespan, such that teenagers typically need more sleep than adults.202 While women 

typically sleep more than men, in-part due to different sex hormone profiles.453  
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Given the myriad of athlete-specific factors that likely influence sleep need, 

identifying an athlete’s individual sleep need, or ‘optimal sleep time’, should be a 

priority for practitioners. Optimal sleep time is described as the total sleep per night 

required to eliminate homeostatic sleep debt.258 Knowledge of an athlete’s optimal 

sleep time could inform an individualised approach to managing sleep, similar to 

approaches used for training prescription. An athlete’s optimal sleep time may 

change across a season depending on training / competition demands, making it 

difficult to know precisely how much sleep an athlete needs at any given time. For 

example, in youth soccer players, there is evidence that increases in training load 

necessitate increases in total sleep time during recovery.454 Nonetheless, tools that 

assess ‘daytime sleepiness’ may be useful for determining whether a residual sleep 

debt exists.455-457 Subjective tools (Stanford Sleepiness Scale, Karolinska 

Sleepiness Scale) for monitoring sleepiness are practical in the field, as they are 

inexpensive and easily administered.456 457 Wearable devices could also be used to 

supplement subjective sleepiness assessments.315 316 For example, increases in total 

sleep time that occur concomitantly with increases in sleep latency and decreases 

in sleep efficiency generally signal the recovery of sleep debt.458  

The current research focused on the acute effects of sleep on athletic performance; 

therefore, future research should examine longer-term effects of sleep on athletes. 

It is possible that even very mild sleep restriction, if experienced for prolonged 

periods of time, could affect athletes’ ability to train and compete. Conversely, 

minor increases in habitual sleep time may lead to long-term benefits for athletes 

(e.g., improved overall health, greater training adaptations). Research could explore 

these questions by examining relationships between total sleep time and athlete 

outcomes (e.g., performance, health) over the course of competitive seasons or even 
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athletes’ careers. Research should focus on athletes that compete over consecutive 

days, or in sports with high or sustained mental demands, as these athletes may rely 

more heavily on sleep for optimal performance. Potential differences in the sleep 

needs of athletes that may be moderated by sex, age, and even genotype should also 

be investigated. Finally, more research examining sleep using PSG, or portable 

electroencephalography,459 is required to gain a more accurate and detailed 

understanding of athletes’ sleep and its influence on performance. 

6.3.2 Extending sleep to optimise athletic performance 

The sleep extension achieved in Study 2 indicates athletes were carrying a sleep 

debt due to inadequate habitual sleep, or at least inadequate sleep immediately prior 

to the sleep extension intervention.13 Sleep extension is defined as an increase in 

habitual sleep time, that is prescribed under the assumption that a residual sleep 

debt exists.20 436 If habitual sleep time matches optimal sleep time, a sleep debt will 

not exist and sleep extension cannot occur. While athletes should aim to ensure 

habitual sleep time matches optimal sleep time, this is not always possible.13 A 

recent study found professional soccer players slept < 6.5 hours per night after 

training days, and < 5 hours per night after evening matches.287 As such, players 

likely had a chronic sleep debt that was periodically exacerbated by evening 

competition.287 Given athletes often experience sleep debt, it is important that 

practitioners can effectively facilitate sleep extension. 

Understanding the dynamics of recovery sleep in response to a sleep debt will help 

inform sleep extension strategies. In Study 2, extending time-in-bed to  ̴ 9.5 hours 

per night increased total sleep time from  ̴ 7 to  ̴ 8.4 hours per night. However, when 

healthy adults extended time-in-bed to 12 hours per night for nine nights, total sleep 
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time increased from  ̴ 7 to ≥ 9.5 hours per night for three consecutive nights, before 

it reduced to  ̴ 8.4 hours by the fourth night and remained steady thereafter, 

illustrating participants’ optimal sleep time was  ̴ 8.4 hours per night.258 This 

suggests the sleep extension protocol used in Study 2 was probably not sufficient 

to maximise total sleep time in athletes habitually sleeping  ̴ 7 hours per night. It 

also demonstrates that when recovering a sleep debt, the initial ‘rebound’ in sleep 

time, which reflects the severity of the residual sleep debt, is greater than the long-

term optimal sleep time.258 Practitioners should understand these dynamics when 

prescribing sleep extension, and facilitate large increases in sleep opportunity for 

at least 2-3 days after a sleep debt is incurred or identified (e.g., after evening 

competition). This will ensure sleep debt is recovered and optimal sleep time 

established / re-established as quickly as possible. Sleep opportunity can be 

increased by either extending nightly time-in-bed and/or undertaking daytime naps.  

Study 2 adopted an individualised approach to extending nightly sleep such that 

each athlete had their habitual time-in-bed extended by 30%, and bed / get-up times 

were tailored to individual chronotype to ensure athletes were in bed when sleep 

propensity was high. In contrast, previous research achieved sleep extension by 

prescribing absolute time-in-bed targets for all athletes (e.g., ≥ 10 hours in bed per 

night) for periods ranging from one week up to 5-7 weeks.20 23 This approach does 

not account for individual differences in sleep need, and may lead to excessive or 

unrealistic time-in-bed targets (e.g., for genetically short sleepers). Excessive time-

in-bed may paradoxically increase sleep disruption by instilling an unhealthy 

preoccupation with sleep, and is a key behavioural mechanism known to perpetuate 

insomnia.262 Such targets could also interfere with other aspects of athlete 

wellbeing, such as social and family life. To individualise sleep recommendations 
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among athletes, practitioners should assess individual chronotype, either by using 

valid questionnaires, or by measuring ‘dim light melatonin onset’.460 

Understanding an athlete’s chronotype will not only help inform  bed / get-up time 

recommendations, it could also help practitioners ensure training start times do not 

encroach on an athlete’s habitual sleep phase. Indeed, early morning training (e.g., 

start time < 7 am) has been shown to reduce prior total sleep time in athletes.228 456 

Despite this, a recent study of professional soccer players found that although 

players went to bed after 2 am following evening matches, they typically woke 

before 9 am in order to attend 10 am recovery sessions.287 Not surprisingly, players 

obtained < 5 hours sleep following evening matches.287 In summary, while large 

increases in sleep opportunity may be required to recover a sleep debt and establish 

optimal sleep time, practitioners should try to individualise sleep extension 

strategies by recommending time-in-bed changes relative to an athlete’s habitual 

sleep routine, and by using individual chronotype to inform both sleep 

recommendations and training schedules.  

It is important to note that sleep extension is also facilitated by undertaking daytime 

naps and adopting healthy sleep hygiene. Study 2 prohibited daytime napping in 

order to control sleep via the manipulation of nightly time-in-bed. However, in 

Chapter 2, napping was highlighted as an effective strategy for supplementing 

nightly sleep (Section 2.3.4.1) that can benefit subsequent athletic performance 

(section 2.3.4.3). Despite this, nap frequency (i.e., percentage of days on which a 

nap is taken) is typically ≤ 20% among elite athletes.208 284 285 Napping is 

particularly useful when nightly sleep is disturbed; however, naps should generally 

be < 2 hours in duration, and should be avoided in the late afternoon to avoid 

disrupting nightly sleep.16 In Study 2, participants were not provided with sleep 
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hygiene recommendations. However, Chapter 2 highlighted the efficacy of sleep 

hygiene education in facilitating sleep extension in athletes (section 2.3.4.1). There 

is little data on the sleep hygiene of athletes; however, a survey of national and 

international level youth athletes found sleep hygiene could be improved primarily 

by reducing the irregularity of bedtimes and the use of evening artificial light.285  

Interestingly, an individualised approach to sleep hygiene recommendations was 

effective for improving sleep outcomes among international cricketers.17 

Sleep extension is necessary to recover a residual sleep debt; however, more 

research is required to determine optimal sleep extension protocols for athletes. 

Future research should examine how best to use increases in sleep opportunity and 

effective sleep hygiene to rapidly resolve sleep debts incurred during training and 

competition. Indeed, research could focus on developing optimal sleep extension 

protocols for scenarios commonly experienced by athletes (e.g., sleeping < 5 hours 

following evening competition). Future research should also focus on examining 

individualised sleep extension protocols, including the use of athlete-specific 

interventions that may promote sleep, such as psychotherapies for nervous or 

hyperaroused athletes,461 or cryotherapy for athletes prone to muscle soreness.275   

6.3.3 Mitigating effects of sleep loss on athletic performance 

Although it is preferable to address an athlete’s sleep debt by facilitating sleep 

extension, in some situations this may not be possible before training or 

competition resumes (e.g., competing over consecutive days). In such situations, 

strategies that mitigate the effects of sleep loss on performance may be useful.  

Compared with normal sleep, TT finishing time in Study 2 was slower after two 

nights, but not after one night, of sleep restriction. This indicates that athletes can 
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tolerate a level of sleep loss before endurance performance is affected. Indeed, 

Study 1 suggested athletes with higher anaerobic thresholds may be more resistant 

to the negative effects of sleep loss, as there was a strong negative correlation 

between anaerobic threshold and change in TT finishing time. Previous research 

found minor sleep loss (i.e., < 1 hour) did not affect the performance of Dutch 

athletes, and in agreement with the current findings, authors suggested extreme 

sleep loss or accumulated sleep debt is likely more detrimental to performance.462 

Therefore, it is important athletes do not catastrophize after one ‘bad night’ of sleep, 

as doing so may be more harmful to performance than any sleep loss itself (i.e., 

nocebo effect). Practitioners should emphasise the importance of cumulative sleep 

time, perhaps by examining sleep trends over weekly or monthly timeframes, rather 

than on a nightly basis.  

The current findings show impaired endurance performances following both total 

sleep deprivation and sleep restriction were associated with an increase in perceived 

effort for a given exercise intensity, impaired psychomotor vigilance, and perturbed 

mood states. These findings are consistent with the hypothesis that sleep loss may 

increase mental fatigue during exercise. Therefore, increasing athletes’ tolerance of 

mental fatigue may help mitigate the negative effects of sleep loss on athletic 

performance. In fact, evidence from Study 1 suggesting athletes with higher 

anaerobic thresholds may be more resistant to the effects of sleep loss may reflect 

an adaptation to years of strenuous training whereby cerebral fuel becomes better 

conserved during exercise, thus minimising the accumulation of extracellular 

adenosine.78 427 Compared with recreational cyclists, professional cyclists have 

been found to be more resistant to increases in perceived effort, and to demonstrate 

superior inhibitory control, when mentally fatigued.427 Greater tolerance of mental 
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fatigue could also be fostered by educating athletes on the use of psychological 

strategies, such as goal-setting, imagery, and self-talk.33 For example, motivational 

self-talk (e.g., “I’m feeling good”, “push through this”)  has been shown to reduce 

perceived effort for a given exercise intensity and improve endurance 

performance.90 Furthermore, ‘brain endurance training’, a method of training that 

combines mentally fatiguing cognitive tasks with standard endurance training, 

increases time-to-exhaustion and reduces RPE when compared with standard 

endurance training alone.463 Given these findings, future research could explore 

whether specific psychological skills or cognitive training can mitigate the negative 

effects of sleep loss on performance.  

Finally, as an adenosine antagonist, caffeine ingestion mitigates athletic 

performance decrements caused by both sleep loss,464 and mental fatigue.465 

Caffeine ingestion has been found to reduce RPE for a given exercise intensity and 

improve endurance performance in mentally fatigued males.465 However, it should 

be noted that chronic use of caffeine develops a tolerance that attenuates 

performance benefits,466 and when taken prior to afternoon or evening competition, 

caffeine can disturb nightly sleep.224 467 Therefore, when not essential for 

performance, caffeine should be used sparingly by athletes.    

6.3.4 Monitoring the effects of sleep on athlete readiness 

Evidence that RPE:HR and W:HR recorded during high-intensity exercise were, to 

some extent, sensitive to the effects of total sleep time on athletes’ readiness to 

performance suggests prior sleep time should be considered when interpreting these 

indices. While intensity ratios during high-intensity exercise are not necessarily 

useful for informing decisions immediately prior to training or competition, as 
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high-intensity exercise at such times will exacerbate existing fatigue, they are 

useful for analysing (1) trends in athlete readiness over time, or (2) for informing 

athlete management decisions for athletes competing over consecutive days. For 

example, when analysing a trending increase in RPE:HR that occurs over time (e.g., 

across a pre-season training period), practitioners should consider inadequate sleep 

as a potential cause, and thus provide sleep hygiene education and/or facilitate sleep 

extension in order to hopefully improve readiness for subsequent training and/or 

competition. Such interventions may help optimise both training adaptation and 

competition performance. Similarly, practitioners supporting cyclists in multi-

day/stage tour races could analyse RPE:HR and W:HR during each stage and 

promote sleep among cyclists whose ratios show signs of fatigue. For example, 

practitioners may offer a single occupancy hotel room as opposed to a normal twin-

share for cyclists showing increases in RPE:HR. However, it should be noted, more 

research is needed to examine whether sleep outcomes are associated with intensity 

ratios in ‘real-world’ training and competition settings. 

The current findings also show sleep loss increased POMS scores for ‘total mood 

disturbance’, ‘confusion’ and ‘fatigue’, and reduced scores for ‘vigour’. Whereas 

sleep extension increased scores for ‘vigour’. In agreement, sleep extension for 5-

7 weeks improved POMS subscale scores for ‘vigour’ and ‘fatigue’ among college 

basketballers.20 Similarly, one night of sleep restriction decreased SRSS scores for 

‘overall recovery’ and increased scores for ‘negative emotional state’ among elite 

junior rowers.227 Therefore, practitioners should also consider the impact of sleep 

when interpreting subjective mood and wellness tools, such as the POMS. Previous 

research found subjective self-reported measures, including the POMS, were more 

effective than objective tools such as HR for monitoring athlete wellbeing.468 
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Indeed, the greater effectiveness of subjective measures may reflect, in-part, their 

sensitivity to sleep. Therefore, while subjective wellbeing assessments are 

susceptible to bias when athletes want to be seen in a positive light by practitioners, 

or when they want to appear fatigued so that training demands are reduced,119 they 

remain a critical component of athlete monitoring protocols.  

6.4 Conclusions 

This thesis examined the effects of sleep on endurance cycling performance and 

found that total sleep time over accumulated over 1-3 nights affects endurance 

performance, with sleep loss impairing performance and sleep extension improving 

performance, compared with normal habitual sleep. This thesis also found that 

intensity ratios recorded during high-intensity exercise (i.e., time-trials) were 

somewhat sensitive to the effects of sleep on endurance athletes’ readiness to 

perform. Therefore, practitioners should consider the impact of prior sleep when 

interpreting intensity ratios. Sleep appears to influence performance by altering the 

perceived effort of a given exercise intensity. The current findings suggest athletes 

need to sleep > 8 hours per night to optimise performance. However, sleep needs 

will vary between individual athletes, and practitioners should aim to understand 

the individual sleep needs of athletes, and provide individualised recommendations, 

when prescribing sleep extension. 



 

Page | 158 

 

 

 

 

 

 

 



 

Page | 159  

 

 

 

References 

 
 

1. Askitopoulou H. Sleep and Dreams: From Myth to Medicine in Ancient Greece. 

J Anesth Hist 2015;1(3):70-75. 

2. Macnish R. The philosophy of sleep: New York: Appleton & Company; 1834. 

3. Stickgold R. A memory boost while you sleep. Nature 2006;444(7119):559-60. 

4. Krueger JM, Frank MG, Wisor JP, et al. Sleep function: Toward elucidating an 

enigma. Sleep Med Rev 2016;28:46-54.  

5. Rechtschaffen A. Current perspectives on the function of sleep. Perspect Biol 

Med 1998;41(3):359-90. 

6. Parmenter D. Some medical aspects of the training of college athletes. The 

Boston Med Surg J 1923;189(2):45-50. 

7. Fullagar HHK, Skorski S, Duffield R, et al. Sleep and athletic performance: the 

effects of sleep loss on exercise performance, and physiological and 

cognitive responses to exercise. Sports Med 2015;45(2):161-86. 

8. Nédélec M, Halson S, Abaidia A-E, et al. Stress, Sleep and Recovery in Elite 

Soccer: A Critical Review of the Literature. Sports Med 2015;45(10):1387-

400. 

9. Halson SL. Sleep in elite athletes and nutritional interventions to enhance sleep. 

Sports Med 2014;44(1):13-23  

10. Venter RE. Perceptions of team athletes on the importance of recovery 

modalities. Eur J Sport Sci 2014;14(sup1):S69-S76. 

11. Ancoli-Israel S, Cole R, Alessi C, et al. The role of actigraphy in the study of 

sleep and circadian rhythms. Sleep 2003;26(3):342-92. 



 

Page | 160 

 

12. Sadeh A, Hauri PJ, Kripke DF, et al. The role of actigraphy in the evaluation of 

sleep disorders. Sleep 1995;18(4):288-302. 

13. Roberts SSH, Teo W-P, Warmington SA. Effects of training and competition 

on the sleep of elite athletes: a systematic review and meta-analysis. Br J 

Sports Med 2019;53(8):513-22. 

14. Gupta L, Morgan K, Gilchrist S. Does Elite Sport Degrade Sleep Quality? A 

Systematic Review. Sports Med 2017;47(7):1317-33.  

15. Samuels C, James L, Lawson D, et al. The Athlete Sleep Screening 

Questionnaire: a new tool for assessing and managing sleep in elite athletes. 

Br J Sports Med 2016;50(7):418-22.  

16. Driller M, Mah C, Halson S. Development of the athlete sleep behavior 

questionnaire: A tool for identifying maladaptive sleep practices in elite 

athletes. Sleep Sci 2018;11(1):37 

17. Driller MW, Lastella M, Sharp AP. Individualized sleep education improves 

subjective and objective sleep indices in elite cricket athletes: A pilot study. 

J Sports Sci 2019;37(17):2021-25. 

18. Van Ryswyk E, Weeks R, Bandick L, et al. A novel sleep optimisation 

programme to improve athletes' well-being and performance. Eur J Sport 

Sci 2017;17(2):144-51. 

19. Fullagar H, Skorski S, Duffield R, et al. The effect of an acute sleep hygiene 

strategy following a late-night soccer match on recovery of players. 

Chronobiol Int 2016;33(5):490-505. 

20. Mah CD, Mah KE, Kezirian EJ, et al. The effects of sleep extension on the 

athletic performance of collegiate basketball players. Sleep 2011;34(7):943. 



 

Page | 161  

 

21. Reyner LA, Horne JA. Sleep restriction and serving accuracy in performance 

tennis players, and effects of caffeine. Physiol Behav 2013;120:93-96.  

22. Léger D, Elbaz M, Raffray T, et al. Sleep management and the performance of 

eight sailors in the Tour de France à la voile yacht race. J Sports Sci 

2008;26(1):21-28.  

23. Schwartz J, Simon RD. Sleep extension improves serving accuracy: A study 

with college varsity tennis players. Physiol Behav 2015;151:541-44. 

24. Chase JD, Roberson PA, Saunders MJ, et al. One Night of Sleep Restriction 

Following Heavy Exercise Impairs 3-km Cycling Time Trial Performance 

in the Morning. Appl Physiol Nutr Metab 2017;42(9):909-15. 

25. Azboy O, Kaygisiz Z. Effects of sleep deprivation on cardiorespiratory 

functions of the runners and volleyball players during rest and exercise. 

Acta Physiol Hung 2009;96(1):29-36. 

26. Temesi J, Arnal PJ, Davranche K, et al. Does central fatigue explain reduced 

cycling after complete sleep deprivation? Med Sci Sports Exerc 

2013;45(12):2243-53. 

27. Halson SL. Sleep monitoring in athletes: motivation, methods, miscalculations 

and why it matters. Sports Med 2019:1-11. 

28. Kroshus E, Wagner J, Wyrick D, et al. Wake up call for collegiate athlete sleep: 

narrative review and consensus recommendations from the NCAA 

Interassociation Task Force on Sleep and Wellness. Br J Sports Med 

2019;53(12):731-36.  

29. Dunican IC, Martin DT, Halson SL, et al. The effects of the removal of 

electronic devices for 48 hours on sleep in elite judo athletes. J Strength 

Cond Res 2017;31(10):2832-39. 



 

Page | 162 

 

30. Lauderdale DS, Knutson KL, Yan LL, et al. Self-reported and measured sleep 

duration: how similar are they? Epidemiol 2008;19(6):838-45. 

31. Spiegel K, Leproult R, L’Hermite-Balériaux M, et al. Leptin Levels Are 

Dependent on Sleep Duration: Relationships with Sympathovagal Balance, 

Carbohydrate Regulation, Cortisol, and Thyrotropin. J Clin Endocrinol 

Metab 2004;89(11):5762-71.  

32. Martin BJ, Haney R. Self-selected exercise intensity is unchanged by sleep loss. 

Eur J Appl Physiol Occup Physiol 1982;49(1):79-86. 

33. McCormick A, Meijen C, Marcora S. Psychological determinants of whole-

body endurance performance. Sports Med 2015;45(7):997-1015. 

34. Gastin PB. Energy System Interaction and Relative Contribution During 

Maximal Exercise. Sports Med 2001;31(10):725-41. 

35. Jeukendrup AE, Craig NP, Hawley JA. The bioenergetics of world class 

cycling. J Sci Med Sport 2000;3(4):414-33. 

36. Joyner MJ, Coyle EF. Endurance exercise performance: the physiology of 

champions. J Physiol 2008;586(1):35-44. 

37. Amann M. Central and peripheral fatigue: interaction during cycling exercise 

in humans. Med Sci Sports Exerc 2011;43(11):2039-45. 

38. Noakes T. Fatigue is a Brain-Derived Emotion that Regulates the Exercise 

Behavior to Ensure the Protection of Whole Body Homeostasis. Front 

Physiol 2012;3(82) doi: 10.3389/fphys.2012.00082 

39. Gibson ASC, Noakes T. Evidence for complex system integration and dynamic 

neural regulation of skeletal muscle recruitment during exercise in humans. 

Br J Sports Med 2004;38(6):797-806. 

40. Mosso A. Fatigue: London: Allen and Unwin Ltd; 1915. 



 

Page | 163  

 

41. Skorski S, Abbiss CR. The manipulation of pace within endurance sport. Front 

Physiol 2017;8:102. 

42. Drinnan MJ, Murray A, White JE, et al. Automated recognition of EEG changes 

accompanying arousal in respiratory sleep disorders. Sleep 1996;19(4):296-

303. 

43. Hill AV, Long C, Lupton H. Muscular exercise, lactic acid, and the supply and 

utilisation of oxygen. Parts I-III. Proc R Soc Lond B 1924;96(679):438-75. 

44. Hill AV, Long C, Lupton H. Muscular exercise, lactic acid, and the supply and 

utilisation of oxygen. Parts IV-VI. Proc R Soc Lond B 1924;97(681):84-

138. 

45. Hill AV, Long C, Lupton H. Muscular exercise, lactic acid and the supply and 

utilisation of oxygen. Parts VII–VIII. Proc R Soc Lond B 

1924;97(682):155-76. 

46. Fitts R. The role of acidosis in fatigue: pro perspective. Med Sci Sports Exerc 

2016;48(11):2335-38. 

47. Fitts RH. Cellular mechanisms of muscle fatigue. Physiol Rev 1994;74(1):49-

94. 

48. Westerblad H. Acidosis is not a significant cause of skeletal muscle fatigue. 

Med Sci Sports Exerc 2016;48(11):2339-42. 

49. Goodman J, Plyley M, Hart L, et al. Moderate exercise and hemodilution during 

sleep deprivation. Aviat Space Environ Med 1990;61(2):139-44. 

50. Stern WC, Morgane PJ. Theoretical view of REM sleep function: Maintenance 

of catecholamine systems in the central nervous system. Behav Biol 

1974;11(1):1-32. 



 

Page | 164 

 

51. Dąbrowski J, Ziemba A, Tomczak A, et al. Physical performance of healthy 

men exposed to long exercise and sleep deprivation. Med Sport 

2012;16(1):6-11. 

52. Lucía A, Hoyos J, Chicharro JL. Physiology of professional road cycling. 

Sports Med 2001;31(5):325-37. 

53. Sleivert GG, Rowlands DS. Physical and physiological factors associated with 

success in the triathlon. Sports Med 1996;22(1):8-18. 

54. Lee H, Martin DT, Anson JM, et al. Physiological characteristics of successful 

mountain bikers and professional road cyclists. J Sports Sci 

2002;20(12):1001-08. 

55. Larsen HB. Kenyan dominance in distance running. Comp Biochem Physiol A 

Mol Integr Physiol 2003;136(1):161-70. 

56. Binder RK, Wonisch M, Corra U, et al. Methodological approach to the first 

and second lactate threshold in incremental cardiopulmonary exercise 

testing. Eur J Cardiovasc Prev Rehabil 2008;15(6):726-34. 

57. Coyle EF, Coggan AR, Hopper M, et al. Determinants of endurance in well-

trained cyclists. J Appl Physiol 1988;64(6):2622-30. 

58. Coyle EF. Physiological determinants of endurance exercise performance. J Sci 

Med Sport 1999;2(3):181-89. 

59. Fernandez-garcia B, Pérez-Landaluce J, Rodríguez-Alonso M, et al. Intensity 

of exercise during road race pro-cycling competition. Med Sci Sports Exerc 

2000;32(5):1002-06. 

60. Mickelson TC, Hagerman FC. Anaerobic threshold measurements of elite 

oarsmen. Med Sci Sports Exerc 1982;14(6):440-44. 



 

Page | 165  

 

61. Lucia A, Hoyos J, Perez M, et al. Which laboratory variable is related with time 

trial performance time in the Tour de France? Br J Sports Med 

2004;38(5):636-40. 

62. Sahlin K, Tonkonogi M, Söderlund K. Energy supply and muscle fatigue in 

humans. Acta Physiol 1998;162(3):261-66. 

63. St Clair Gibson A, Schabort E, Noakes T. Reduced neuromuscular activity and 

force generation during prolonged cycling. Am J Physiol Regul Integr Comp 

Physiol 2001;281(1):R187-96. 

64. Gandevia SC. Spinal and supraspinal factors in human muscle fatigue. Physiol 

Rev 2001;81(4):1725-89. 

65. Nybo L, Nielsen B. Hyperthermia and central fatigue during prolonged exercise 

in humans. J Appl Physiol 2001;91(3):1055-60. 

66. Meeusen R, Watson P, Hasegawa H, et al. Central fatigue: the serotonin 

hypothesis and beyond. Sports Med 2006;36(10):881-909. 

67. Davis JM, Bailey SP. Possible mechanisms of central nervous system fatigue 

during exercise. Med Sci Sports Exerc 1997;29(1):45-57. 

68. Meeusen R, Watson P, Hasegawa H, et al. Brain neurotransmitters in fatigue 

and overtraining. Appl Physiol Nutr Metab 2007;32(5):857-64. 

69. Kavanagh JJ, McFarland AJ, Taylor JL. Enhanced availability of serotonin 

increases activation of unfatigued muscle but exacerbates central fatigue 

during prolonged sustained contractions. J Physiol 2019;597(1):319-32. 

70. Jacobs BL, Fornal CA. Serotonin and motor activity. Curr Opin Neurobiol 

1997;7(6):820-25. 



 

Page | 166 

 

71. Matsui T, Omuro H, Liu Y-F, et al. Astrocytic glycogen-derived lactate fuels 

the brain during exhaustive exercise to maintain endurance capacity. Proc 

Natl Acad Sci 2017;114(24):6358-63. 

72. Pageaux B, Lepers R. The effects of mental fatigue on sport-related 

performance. Prog Brain Res 2018;240:291-315. 

73. Pageaux B, Marcora SM, Rozand V, et al. Mental fatigue induced by prolonged 

self-regulation does not exacerbate central fatigue during subsequent 

whole-body endurance exercise. Front Hum Neurosci 2015;9:67-67. 

74. Marcora SM, Staiano W, Manning V. Mental fatigue impairs physical 

performance in humans. J Appl Physiol 2009;106(3):857-64. 

75. Ackerman PL. Cognitive fatigue: Multidisciplinary perspectives on current 

research and future applications: American Psychological Association; 

2011. 

76. Nachev P, Kennard C, Husain M. Functional role of the supplementary and pre-

supplementary motor areas. Nat Rev Neurosci 2008;9(11):856-69. 

77. Bush G, Luu P, Posner MI. Cognitive and emotional influences in anterior 

cingulate cortex. Trends Cogn Sci 2000;4(6):215-22. 

78. Martin K, Meeusen R, Thompson KG, et al. Mental fatigue impairs endurance 

performance: a physiological explanation. Sports Med 2018;48(9):2041-51. 

79. Lovatt D, Xu Q, Liu W, et al. Neuronal adenosine release, and not astrocytic 

ATP release, mediates feedback inhibition of excitatory activity. Proc Natl 

Acad Sci 2012;109(16):6265-70. 

80. Marcora S. Brain adenosine and endurance performance. J Sci Med Sport 

2017;20:S54. 



 

Page | 167  

 

81. Porkka-Heiskanen T. Adenosine in sleep and wakefulness. Ann Med 

1999;31(2):125-29. 

82. Dworak M, Diel P, Voss S, et al. Intense exercise increases adenosine 

concentrations in rat brain: implications for a homeostatic sleep drive. 

Neurosci 2007;150(4):789-95. 

83. de Morree HM, Klein C, Marcora SM. Perception of effort reflects central 

motor command during movement execution. Psychophysiol 

2012;49(9):1242-53. 

84. Davis JM, Zhao Z, Stock HS, et al. Central nervous system effects of caffeine 

and adenosine on fatigue. Am J Physiol Regul Integr Comp Physiol 

2003;284(2):R399-R404. 

85. Schweimer J, Hauber W. Dopamine D1 receptors in the anterior cingulate 

cortex regulate effort-based decision making. Learn Mem 2006;13(6):777-

82. 

86. Wise RA. Dopamine, learning and motivation. Nat Rev Neurosci 

2004;5(6):483-94. 

87. Noakes TD. The central governor model of exercise regulation applied to the 

marathon. Sports Med 2007;37(4-5):374-77. 

88. Richter M, Gendolla GH, Wright RA. Three decades of research on 

motivational intensity theory: what we have learned about effort and what 

we still don't know. Advances in motivation science: Elsevier;2016:149-86. 

89. Venhorst A, Micklewright D, Noakes TD. Towards a three-dimensional 

framework of centrally regulated and goal-directed exercise behaviour: a 

narrative review. Br J Sports Med 2018;52(15):957-66. 



 

Page | 168 

 

90. Blanchfield AW, Hardy J, De Morree HM, et al. Talking yourself out of 

exhaustion: the effects of self-talk on endurance performance. Med Sci 

Sports Exerc 2014;46(5):998-1007. 

91. Pageaux B. The psychobiological model of endurance performance: an effort-

based decision-making theory to explain self-paced endurance 

performance. Sports Med 2014;44(9):1319. 

92. Inzlicht M, Marcora SM. The central governor model of exercise regulation 

teaches us precious little about the nature of mental fatigue and self-control 

failure. Front Psychol 2016;7:656. 

93. Smirmaul BPC, Dantas JL, Nakamura FY, et al. The psychobiological model: 

a new explanation to intensity regulation and (in) tolerance in endurance 

exercise. Revista Brasileira de Educação Física e Esporte 2013;27(2):333-

40. 

94. Marcora SM. Do we really need a central governor to explain brain regulation 

of exercise performance? Eur J Appl Physiol 2008;104(5):929. 

95. Marcora S. Counterpoint: afferent feedback from fatigued locomotor muscles 

is not an important determinant of endurance exercise performance. J Appl 

Physiol 2010;108(2):454-56. 

96. Brick NE, MacIntyre TE, Campbell MJ. Thinking and action: a cognitive 

perspective on self-regulation during endurance performance. Front 

Physiol 2016;7:159. 

97. Karp JR. An in-depth look at running economy. Track Coach 2008;182:5801-

06. 



 

Page | 169  

 

98. Conley DL, Krahenbuhl GS. Running economy and distance running 

performance of highly trained athletes. Med Sci Sports Exerc 

1980;12(5):357-60. 

99. Laurenson NM, Fulcher K, Korkia P. Physiological characteristics of elite and 

club level female triathletes during running. Int J Sports Med 

1993;14(08):455-59. 

100. Coyle EF, Sidossis LS, Horowitz JF, et al. Cycling efficiency is related to the 

percentage of type I muscle fibers. Med Sci Sports Exerc 1992;24(7):782-

88. 

101. Horowitz J, Sidossis L, Coyle E. High efficiency of type I muscle fibers 

improves performance. Int J Sports Med 1994;15(3):152-57. 

102. Hawley J, Myburgh K, Noakes T, et al. Training techniques to improve fatigue 

resistance and enhance endurance performance. J Sports Sci 

1997;15(3):325-33. 

103. Borresen J, Lambert MI. Quantifying training load: a comparison of subjective 

and objective methods. Int J Sports Physiol Perform 2008;3(1):16-30. 

104. Fiskerstrand Å, Seiler K. Training and performance characteristics among 

Norwegian international rowers 1970–2001. Scand J Med Sci Sports 

2004;14(5):303-10. 

105. Stöggl TL, Sperlich B. The training intensity distribution among well-trained 

and elite endurance athletes. Front Physiol 2015;6:295. 

106. Plews DJ, Laursen PB. Training intensity distribution over a four-year cycle 

in Olympic champion rowers: different roads lead to Rio. Int J Sports 

Physiol Perform 2017:1-24. 



 

Page | 170 

 

107. Pinot J, Grappe F. A six-year monitoring case study of a top-10 cycling Grand 

Tour finisher. J Sports Sci 2015;33(9):907-14. 

108. Solli GS, Tønnessen E, Sandbakk Ø. The training characteristics of the world’s 

most successful female cross-country skier. Front Physiol 2017;8:1069. 

109. Sanders D, Heijboer M, Hesselink MKC, et al. Analysing a cycling grand tour: 

Can we monitor fatigue with intensity or load ratios? J Sports Sci 

2018;36(12):1385-91. 

110. Mujika I, Padilla S. Physiological and performance characteristics of male 

professional road cyclists. Sports Med 2001;31(7):479-87. 

111. Ristolainen L, Kettunen J, Waller B, et al. Training-related risk factors in the 

etiology of overuse injuries in endurance sports. J Sports Med Phys Fitness 

2014;54(1):78-87. 

112. Duckham RL, Peirce N, Meyer C, et al. Risk factors for stress fracture in 

female endurance athletes: a cross-sectional study. BMJ open 

2012;2(6):e001920. 

113. Clarsen B, Krosshaug T, Bahr R. Overuse injuries in professional road 

cyclists. Am J Sports Med 2010;38(12):2494-501. 

114. Peters E. Exercise, immunology and upper respiratory tract infections. Int J 

Sports Med 1997;18(S1):S69-S77. 

115. Millet G, Groslambert A, Barbier B, et al. Modelling the relationships between 

training, anxiety, and fatigue in elite athletes. Int J Sports Med 

2005;26(6):492-98. 

116. Kellmann M. Preventing overtraining in athletes in high‐intensity sports and 

stress/recovery monitoring. Scand J Med Sci Sports 2010;20:95-102. 



 

Page | 171  

 

117. Bompa T, Haff G. Periodization: theory and methodology of training, 5th edn: 

Lower Mitcham Human Kinetics; 2009. 

118. Bishop P, Jones E, Woods AK. Recovery from training: a brief review. J 

Strength Cond Res 2008;22(3):1015-24. 

119. Meeusen R, Duclos M, Foster C, et al. Prevention, diagnosis, and treatment of 

the overtraining syndrome: joint consensus statement of the European 

College of Sport Science and the American College of Sports Medicine. 

Med Sci Sports Exerc 2013;45(1):186-205. 

120. Kellmann M. Enhancing recovery: Preventing underperformance in athletes: 

Human Kinetics; 2002. 

121. Kellmann M, Bertollo M, Bosquet L, et al. Recovery and performance in sport: 

consensus statement. Int J Sports Physiol Perform 2018;13(2):240-45. 

122. Taoutaou Z, Granier P, Mercier B, et al. Lactate kinetics during passive and 

partially active recovery in endurance and sprint athletes. Eur J Appl 

Physiol Occup Physiol 1996;73(5):465-70. 

123. Barnett A. Using recovery modalities between training sessions in elite 

athletes: does it help? Sports Med 2006;36(9):781-96. 

124. Nedelec M, McCall A, Carling C, et al. Recovery in soccer : part ii-recovery 

strategies. Sports Med 2013;43(1):9-22. 

125. Brown F, Gissane C, Howatson G, et al. Compression garments and recovery 

from exercise: a meta-analysis. Sports Med 2017;47(11):2245-67. 

126. Poppendieck W, Wegmann M, Ferrauti A, et al. Massage and Performance 

Recovery: A Meta-Analytical Review. Sports Med 2016;46(2):183-204. 

127. Tarnopolsky M. Protein requirements for endurance athletes. Eur J Sport Sci 

2004;4(1):1-15. 



 

Page | 172 

 

128. Ivy JL, Goforth Jr HW, Damon BM, et al. Early post-exercise muscle glycogen 

recovery is enhanced with a carbohydrate-protein supplement. J Appl 

Physiol 2002;93(4):1337-44. 

129. Moore DR. Nutrition to support recovery from endurance exercise: optimal 

carbohydrate and protein replacement. Curr Sports Med Rep 

2015;14(4):294-300. 

130. Porkka-Heiskanen T, Zitting KM, Wigren HK. Sleep, its regulation and 

possible mechanisms of sleep disturbances. Acta Physiol 2013;208(4):311-

28. 

131. O'Donnell S, Driller MW. Sleep-hygiene education improves sleep indices in 

elite female athletes. Int J Exerc Sci 2017;10(4):522. 

132. Carskadon MA, Dement WC. Monitoring and staging human sleep. In M.H. 

Kryger, T. Roth, & W.C. Dement, Principles and practice of sleep medicine, 

5th edn: St Louis: Elsevier Saunders; 2011:16-26. 

133. Wickboldt AT, Bowen AF, Kaye AJ, et al. Sleep Physiology, Abnormal 

States, and Therapeutic Interventions. Ochsner J 2012;12(2):122-34. 

134. Siegel JM. Clues to the functions of mammalian sleep. Nature 

2005;437(7063):1264-71. 

135. Carskadon MA, Dement WC. Monitoring and staging human sleep. In M.H. 

Kryger, T. Roth, & W.C. Dement, Principles and practice of sleep medicine, 

5th edn: St Louis: Elsevier Saunders; 2011:16-26. 

136. Beersma DGM. Models of human sleep regulation. Sleep Med Rev 

1998;2(1):31-43. 

137. Winnebeck EC, Fischer D, Leise T, et al. Dynamics and ultradian structure of 

human sleep in real life. Curr Biol 2018;28(1):49-59. 



 

Page | 173  

 

138. Roenneberg T, Merrow, M. Entrainment of the human circadian clock. Cold 

Spring Harbor Symposia on Quantitative Biology: Cold Spring Harbor 

Laboratory Press: 2007;(72):293-99.  

139. Beersma DG, Gordijn M. Circadian control of the sleep–wake cycle. Physiol 

Behav 2007;90(2):190-95. 

140. Albrecht U. Timing to perfection: the biology of central and peripheral 

circadian clocks. Neuron 2012;74(2):246-60. 

141. Borbely AA, Daan S, Wirz-Justice A, et al. The two-process model of sleep 

regulation: a reappraisal. J Sleep Res 2016;25(2):131-43. 

142. Folkard S, Åkerstedt T. A three-process model of the regulation of alertness-

sleepiness. In R.J Broughton & B.D. Ogilvie, Sleep, arousal and 

performance: Boston: Birkhauser;1992:11-26. 

143. Olbrich E, Claussen JC, Achermann P. The multiple time scales of sleep 

dynamics as a challenge for modelling the sleeping brain. Philos Trans A 

Math Phys Eng Sci 2011;369(1952):3884-901. 

144. von Rosen P, Frohm A, Kottorp A, et al. Too little sleep and an unhealthy diet 

could increase the risk of sustaining a new injury in adolescent elite athletes. 

Scand J Med Sci Sports 2017;27(11):1364-71. 

145. Milewski MD, Skaggs DL, Bishop GA, et al. Chronic lack of sleep is 

associated with increased sports injuries in adolescent athletes. J Pediatr 

Orthop 2014;34(2):129-33. 

146. Luke A, Lazaro RM, Bergeron MF, et al. Sports-related injuries in youth 

athletes: is overscheduling a risk factor? Clin J Sport Med 2011;21(4):307-

14. 



 

Page | 174 

 

147. Raikes AC, Athey A, Alfonso-Miller P, et al. Insomnia and daytime 

sleepiness: risk factors for sports-related concussion. Sleep Med 

2019;58:66-74 

148. Scharf MT, Naidoo N, Zimmerman JE, et al. The energy hypothesis of sleep 

revisited. Prog Neurobiol 2008;86(3):264-80. 

149. Weitzman E, Czeisler CA, Zimmerman J, et al. Timing of REM and stages 3+ 

4 sleep during temporal isolation in man. Sleep 1979;2(4):391-407. 

150. Jung CM, Melanson EL, Frydendall EJ, et al. Energy expenditure during sleep, 

sleep deprivation and sleep following sleep deprivation in adult humans. J 

Physiol 2011;589(1):235-44. 

151. Chennaoui M, Arnal PJ, Drogou C, et al. Sleep extension increases IGF-I 

concentrations before and during sleep deprivation in healthy young men. 

Appl Physiol Nutr Metab 2016;41(9):963-70. 

152. Dattilo M, Antunes H, Medeiros A, et al. Sleep and muscle recovery: 

endocrinological and molecular basis for a new and promising hypothesis. 

Med Hypotheses 2011;77(2):220-22. 

153. Fontvieille A, Rising R, Spraul M, et al. Relationship between sleep stages 

and metabolic rate in humans. Am J Physiol Endocr Metab 

1994;267(5):E732-E37. 

154. Xie L, Kang H, Xu Q, et al. Sleep drives metabolite clearance from the Adult 

Brain. Science 2013;342(6156):373-77. 

155. Holst SC, Landolt H-P. Sleep homeostasis, metabolism, and adenosine. Curr 

Sleep Med Rep 2015;1(1):27-37. 

156. Bjorness TE, Greene RW. Adenosine and sleep. Curr Neuropharmacol 

2009;7(3):238-45. 



 

Page | 175  

 

157. Van Cauter E, Plat L. Physiology of growth hormone secretion during sleep. 

J Pediatr 1996;128(5, Supplement):S32-S37. 

158. Van Cauter E, Latta F, Nedeltcheva A, et al. Reciprocal interactions between 

the GH axis and sleep. Growth Horm IGF Res 2004;14:10-17. 

159. Wittert G. The relationship between sleep disorders and testosterone in men. 

Asian J Androl 2014;16(2):262. 

160. Späth-Schwalbe E, Hundenborn C, Kern W, et al. Nocturnal wakefulness 

inhibits growth hormone (GH)-releasing hormone-induced GH secretion. J 

Clin Endocrinol Metab 1995;80(1):214-19. 

161. Van Cauter E, Caufriez A, Kerkhofs M, et al. Sleep, awakenings, and insulin-

like growth factor-I modulate the growth hormone (GH) secretory response 

to GH-releasing hormone. J Clin Endocrinol Metab 1992;74(6):1451-59. 

162. Vgontzas AN, Mastorakos G, Bixler EO, et al. Sleep deprivation effects on 

the activity of the hypothalamic–pituitary–adrenal and growth axes: 

potential clinical implications. Clin Endocr 1999;51(2):205-15. 

163. Weitzman E, Zimmerman J, Czeisler C, et al. Cortisol secretion is inhibited 

during sleep in normal man. J Clin Endocrinol Metab 1983;56(2):352-58. 

164. Jackman RW, Kandarian SC. The molecular basis of skeletal muscle atrophy. 

Am J Physiol Cell Physiol 2004;287(4):C834-C43. 

165. Shapiro C, Bortz R, Mitchell D, et al. Slow-wave sleep: a recovery period after 

exercise. Science 1981;214(4526):1253-54. 

166. Taylor SR, Rogers GG, Driver HS. Effects of training volume on sleep, 

psychological, and selected physiological profiles of elite female 

swimmers. Med Sci Sports Exerc 1997;29(5):688-93. 



 

Page | 176 

 

167. Brand S, Beck J, Gerber M, et al. Evidence of favorable sleep-EEG patterns 

in adolescent male vigorous football players compared to controls. The 

World J Biol Psychiatry 2010;11(2-2):465-75. 

168. Shapiro CM, Bortz R, Mitchell D, et al. Slow-wave sleep: a recovery period 

after exercise. Science 1981;214(4526):1253-4. 

169. Drummond SP, Brown GG. The effects of total sleep deprivation on cerebral 

responses to cognitive performance. Neuropsychopharmacology 

2001;25(5):S68-S73. 

170. Thomas M, Sing H, Belenky G, et al. Neural basis of alertness and cognitive 

performance impairments during sleepiness. I. Effects of 24 h of sleep 

deprivation on waking human regional brain activity. J Sleep Res 

2000;9(4):335-52. 

171. Harrison Y, Horne JA. The impact of sleep deprivation on decision making: a 

review. J Exp Psychol Appl 2000;6(3):236. 

172. Harrison Y, Horne JA. One night of sleep loss impairs innovative thinking and 

flexible decision making. Organ Behav Hum Decis Process 

1999;78(2):128-45. 

173. Baker J, Cote J, Abernethy B. Sport-specific practice and the development of 

expert decision-making in team ball sports. J Appl Sport Psychol 

2003;15(1):12-25. 

174. Dinges DF, Pack F, Williams K, et al. Cumulative sleepiness, mood 

disturbance, and psychomotor vigilance performance decrements during a 

week of sleep restricted to 4–5 hours per night. Sleep 1997;20(4):267-77. 



 

Page | 177  

 

175. Jarraya S, Jarraya M, Chtourou H, et al. Effect of time of day and partial sleep 

deprivation on the reaction time and the attentional capacities of the 

handball goalkeeper. Biol Rhythm Res 2014;45(2):183-91. 

176. Bonnet MH. Effect of sleep disruption on sleep, performance, and mood. Sleep 

1985;8(1):11-9. 

177. Pilcher JJ, Huffcutt AI. Effects of sleep deprivation on performance: a meta-

analysis. Sleep 1996;19(4):318-26. 

178. Reardon CL, Hainline B, Aron CM, et al. Mental health in elite athletes: 

International Olympic Committee consensus statement (2019). Br J Sports 

Med 2019;53(11):667-99. 

179. Hausswirth C, Louis J, Aubry A, et al. Evidence of disturbed sleep and 

increased illness in overreached endurance athletes. Med Sci Sports Exerc 

2014;46(5):1036-45. 

180. Watson A, Brickson S. Impaired Sleep Mediates the Negative Effects of 

Training Load on Subjective Well-Being in Female Youth Athletes. Sports 

Health 2018;10(3):244-49 

181. Cohen S, Doyle WJ, Alper CM, et al. Sleep habits and susceptibility to the 

common cold. Arch Intern Med 2009;169(1):62-67. 

182. Smith TJ, Wilson MA, Karl JP, et al. Impact of sleep restriction on local 

immune response and skin barrier restoration with and without'multi-

nutrient'nutrition intervention. J Appl Physiol 2018;124(1):190-200. 

183. Moldofsky H, Lue F, Eisen J, et al. The relationship of interleukin-1 and 

immune functions to sleep in humans. Psychosom Med 1986;48(5):309-18. 

184. Besedovsky L, Lange T, Born J. Sleep and immune function. Pflügers Archiv 

Eur J Physiol 2012;463(1):121-37. 



 

Page | 178 

 

185. Krueger JM. The role of cytokines in sleep regulation. Curr Pharm Des 

2008;14(32):3408. 

186. Jürimäe J, Vaiksaar S, Purge P. Circulating inflammatory cytokine responses 

to Endurance Exercise in female rowers. Int J Sports Med 

2018;39(14):1041-48. 

187. MacKinnon LT. Overtraining effects on immunity and performance in 

athletes. Immunol Cell Biol 2000;78(5):502-09. 

188. Smith LL. Cytokine hypothesis of overtraining: a physiological adaptation to 

excessive stress? Med Sci Sports Exerc 2000;32(2):317-31. 

189. Vgontzas A, Zoumakis E, Bixler E, et al. Adverse effects of modest sleep 

restriction on sleepiness, performance, and inflammatory cytokines. J Clin 

Endocrinol Metab 2004;89(5):2119-26. 

190. Young AH. Cortisol in mood disorders. Stress 2004;7(4):205-08. 

191. Frank MG, Benington JH. The role of sleep in memory consolidation and brain 

plasticity: dream or reality? Neuroscientist 2006;12(6):477-88. 

192. Tucker MA, Hirota Y, Wamsley EJ, et al. A daytime nap containing solely 

non-REM sleep enhances declarative but not procedural memory. 

Neurobiol Learn Mem 2006;86(2):241-47. 

193. Lahl O, Wispel C, Willigens B, et al. An ultra short episode of sleep is 

sufficient to promote declarative memory performance. J Sleep Res 

2008;17(1):3-10. 

194. Fischer S, Hallschmid M, Elsner AL, et al. Sleep forms memory for finger 

skills. Proc Natl Acad Sci 2002;99(18):11987-91. 

195. Walker MP, Brakefield T, Seidman J, et al. Sleep and the time course of motor 

skill learning. Learn Mem 2003;10(4):275-84. 



 

Page | 179  

 

196. Walker MP, Brakefield T, Morgan A, et al. Practice with sleep makes perfect: 

sleep-dependent motor skill learning. Neuron 2002;35(1):205-11. 

197. Diekelmann S, Born J. The memory function of sleep. Nat Rev Neurosci 

2010;11(2):114-26. 

198. Mah CD, Mah KE, Dement WC. Extended sleep and the effects on mood and 

and athletic performance in collegiate swimmers. Sleep 2008;384:128-31. 

199. Fullagar HH, Duffield R, Skorski S, et al. Sleep and recovery in team sport: 

current sleep-related issues facing professional team-sport athletes. Int J 

Sports Physiol Perform 2015;10(8):950-57 

200. Juliff LE, Halson SL, Peiffer JJ. Understanding sleep disturbance in athletes 

prior to important competitions. J Sci Med Sport 2015;18(1):13-18. 

201. Ohayon M, Wickwire EM, Hirshkowitz M, et al. National Sleep Foundation's 

sleep quality recommendations: first report. Sleep Health 2017;3(1):6-19. 

202. Hirshkowitz M, Whiton K, Albert SM, et al. National Sleep Foundation's sleep 

time duration recommendations: methodology and results summary. Sleep 

Health 2015;1(1):40-43. 

203. Erlacher D, Ehrlenspiel F, Adegbesan OA, et al. Sleep habits in German 

athletes before important competitions or games. J Sports Sci 

2011;29(8):859-66. 

204. Ehrlenspiel F, Erlacher D, Ziegler M. Changes in subjective sleep quality 

before a competition and their relation to competitive anxiety. Behav Sleep 

Med 2018:16(6):553-68. 

205. Lastella M, Roach GD, Halson SL, et al. Sleep/wake behaviour of endurance 

cyclists before and during competition. J Sports Sci 2015;33(3):293-99. 



 

Page | 180 

 

206. Richmond LK, Dawson B, Stewart G, et al. The effect of interstate travel on 

the sleep patterns and performance of elite Australian Rules footballers. J 

Sci Med Sport 2007;10(4):252-58. 

207. Richmond L, Dawson B, Hillman DR, et al. The effect of interstate travel on 

sleep patterns of elite Australian Rules footballers. J Sci Med Sport 

2004;7(2):186-96. 

208. Lastella M, Roach GD, Halson SL, et al. Sleep/wake behaviours of elite 

athletes from individual and team sports. Eur J Sport Sci 2015;15(2):94-

100. 

209. Schaal K, Tafflet M, Nassif H, et al. Psychological balance in high level 

athletes: gender-based differences and sport-specific patterns. PloS one 

2011;6(5):e19007. 

210. Leeder J, Glaister M, Pizzoferro K, et al. Sleep duration and quality in elite 

athletes measured using wristwatch actigraphy. J Sports Sci 

2012;30(6):541-45. 

211. Eagles AN, Lovell DI. Changes in sleep quantity and efficiency in professional 

rugby union players during home-based training and match play. J Sports 

Med Phys Fitness 2016;56(5):565-71. 

212. Caia J, Scott TJ, Halson SL, et al. Do players and staff sleep more during the 

pre- or competitive season of elite rugby league? Eur J Sport Sci 

2017;17(8):964-72. 

213. Fullagar HHK, Skorski S, Duffield R, et al. Impaired sleep and recovery after 

night matches in elite football players. J Sports Sci 2016;34(14):1333-39. 



 

Page | 181  

 

214. Fullagar HH, Duffield R, Skorski S, et al. Sleep, travel, and recovery responses 

of national footballers during and after long-haul international air travel. Int 

J Sports Physiol Perform 2016;11(1):86-95. 

215. Sargent C, Roach GD. Sleep duration is reduced in elite athletes following 

night-time competition. Chronobiol Int 2016;33(6):667-70. 

216. Shearer DA, Jones RM, Kilduff LP, et al. Effects of competition on the sleep 

patterns of elite rugby union players. Eur J Sport Sci 2015;15(8):681-86. 

217. O’Donnell S, Bird S, Jacobson G, et al. Sleep and stress hormone responses 

to training and competition in elite female athletes. Eur J Sport Sci 

2018;18(5):611-18. 

218. Kivlighan KT, Granger DA. Salivary α-amylase response to competition: 

Relation to gender, previous experience, and attitudes. 

Psychoneuroendocrinology 2006;31(6):703-14. 

219. Veale JP, Pearce AJ. Physiological responses of elite junior Australian Rules 

footballers during match-play. J Sports Sci Med 2009;8(3):314-19. 

220. Hainline B, Derman W, Vernec A, et al. International Olympic Committee 

consensus statement on pain management in elite athletes. Br J Sports Med 

2017;51(17):1245-58. 

221. Bonnet MH, Arand DL. Hyperarousal and insomnia: state of the science. Sleep 

Med Rev 2010;14(1):9-15. 

222. Moldofsky H. Sleep and pain. Sleep Med Rev 2001;5(5):385-96. 

223. Chennaoui M, Bougard C, Drogou C, et al. Stress biomarkers, mood states, 

and sleep during a major competition: "Success" and "failure" athlete's 

profile of high-level swimmers. Front Physiol 2016;7:94 



 

Page | 182 

 

224. Dunican IC, Higgins CC, Jones MJ, et al. Caffeine use in a Super Rugby game 

and its relationship to post-game sleep. Eur J Sport Sci 2018;18(4):513-23. 

225. Zeitzer JM, Dijk D-J, Kronauer RE, et al. Sensitivity of the human circadian 

pacemaker to nocturnal light: melatonin phase resetting and suppression. J 

Physiol 2000;526(3):695-702. 

226. Fullagar HHK, Duffield R, Skorski S, et al. Sleep, Travel, and Recovery 

Responses of National Footballers During and After Long-Haul 

International Air Travel. Int J Sports Physiol Perform 2016;11(1):86-95. 

227. Kölling S, Steinacker JM, Endler S, et al. The longer the better: Sleep–wake 

patterns during preparation of the World Rowing Junior Championships. 

Chronobiol Int 2016;33(1):73-84. 

228. Sargent C, Lastella M, Halson SL, et al. The impact of training schedules on 

the sleep and fatigue of elite athletes. Chronobiol Int 2014;31(10):1160-68. 

229. Sargent C, Halson S, Roach GD. Sleep or swim? Early-morning training 

severely restricts the amount of sleep obtained by elite swimmers. Eur J 

Sport Sci 2014;14(sup1):S310-S15. 

230. Lavie P. Ultrashort sleep-waking schedule. III.‘gates’ and ‘forbidden zones’ 

for sleep. Electroencephalogr Clin Neurophysiol 1986;63(5):414-25. 

231. Lastella M, Roach GD, Halson SL, et al. The impact of a simulated grand tour 

on sleep, mood, and well-being of competitive cyclists. J Sports Med Phys 

Fitness 2015;55(12):1555-64. 

232. Schaal K, Le Meur Y, Louis J, et al. Whole-body cryostimulation limits 

overreaching in elite synchronized swimmers. Med Sci Sports Exerc 

2015;47(7):1416-25. 



 

Page | 183  

 

233. Thornton HR, Duthie GM, Pitchford NW, et al. Effects of a 2-week high-

intensity training camp on sleep activity of professional rugby league 

athletes. Int J Sports Physiol Perform 2017;12(7):928-33. 

234. Thornton HR, Delaney JA, Duthie GM, et al. Effects of pre-season training on 

the sleep characteristics of professional rugby league players. Int J Sports 

Physiol Perform 2018;13(2):176-82. 

235. Pitchford NW, Robertson SJ, Sargent C, et al. Sleep quality but not quantity 

altered with a change in training environment in elite Australian Rules 

Football players. Int J Sports Physiol Perform 2017;12(1):75-80. 

236. Balsalobre-Fernández C, Tejero-González CM, del Campo-Vecino J. 

Relationships between training load, salivary cortisol responses and 

performance during season training in middle and long distance runners. 

PloS one 2014;9(8):e106066. 

237. Iellamo F, Legramante JM, Pigozzi F, et al. Conversion from vagal to 

sympathetic predominance with strenuous training in high-performance 

world class athletes. Circulation 2002;105(23):2719-24. 

238. Burgess HJ, Trinder J, Kim Y, et al. Sleep and circadian influences on cardiac 

autonomic nervous system activity. Am J Physiol Heart Circ Physiol 

1997;273(4):H1761-H68. 

239. Buckley TM, Schatzberg AF. On the interactions of the hypothalamic-

pituitary-adrenal (HPA) axis and sleep: normal HPA axis activity and 

circadian rhythm, exemplary sleep disorders. J Clin Endocrinol Metab 

2005;90(5):3106-14. 

240. Currell K, Jeukendrup AE. Validity, reliability and sensitivity of measures of 

sporting performance. Sports Med 2008;38(4):297-316. 



 

Page | 184 

 

241. Skein M, Duffield R, Edge J, et al. Intermittent-sprint performance and muscle 

glycogen after 30 h of sleep deprivation. Med Sci Sports Exerc 

2011;43(7):1301-11. 

242. Martin BJ. Effect of sleep deprivation on tolerance of prolonged exercise. Eur 

J Appl Physiol Occup Physiol 1981;47(4):345-54. 

243. Martin BJ, Chen H-i. Sleep loss and the sympathoadrenal response to exercise. 

Med Sci Sports Exerc 1984;16(1):56-59. 

244. Chen H. Effects of 30-h sleep loss on cardiorespiratory functions at rest and 

in exercise. Med Sci Sports Exerc 1991;23(2):193-98. 

245. Oliver SJ, Costa RJ, Laing SJ, et al. One night of sleep deprivation decreases 

treadmill endurance performance. Eur J Appl Physiol 2009;107(2):155-61. 

246. Goodman J, Radomski M, Hart L, et al. Maximal aerobic exercise following 

prolonged sleep deprivation. Int J Sports Med 1989;10(6):419-23. 

247. Pickett G, Morris A. Effects of acute sleep and food deprivation on total body 

response time and cardiovascular performance. J Sports Med Phys Fitness 

1975;15(1):49-56. 

248. Mougin F, Bourdin H, Simon-Rigaud M, et al. Hormonal responses to exercise 

after partial sleep deprivation and after a hypnotic drug-induced sleep. J 

Sports Sci 2001;19(2):89-97. 

249. Mougin F, Simon-Rigaud M, Davenne D, et al. Effects of sleep disturbances 

on subsequent physical performance. Eur J Appl Physiol Occup Physiol 

1991;63(2):77-82. 

250. Reilly T, Deykin T. Effects of partial sleep loss on subjective states, 

psychomotor and physical performance tests. J Hum Mov Stud 

1983;9(1):157-70. 



 

Page | 185  

 

251. Mejri MA, Hammouda O, Chaouachi A, et al. Effects of two types of partial 

sleep deprivation on hematological responses during intermittent exercise: 

A pilot study. Sci Sports 2014;29(5):266-74. 

252. Mejri MA, Yousfi N, Mhenni T, et al. Does one night of partial sleep 

deprivation affect the evening performance during intermittent exercise in 

Taekwondo players? J Exerc Rehabil 2016;12(1):47-53. 

253. Sinnerton S, Reilly T. Effects of sleep loss and time of day in swimmers: In 

A. Lees, D. MacLaren, T. Reilly, Biomechanics and medicine in swimming 

V1: London: E and FN Spon (Chapman & Hall);1992:399-405. 

254. Palmer GS, Borghouts LB, Noakes TD, et al. Metabolic and performance 

responses to constant-load vs. variable-intensity exercise in trained cyclists. 

J Appl Physiol 1999;87(3):1186-96. 

255. Laursen PB, Rhodes EC, Langill RH, et al. Relationship of exercise test 

variables to cycling performance in an Ironman triathlon. Eur J Appl 

Physiol 2002;87(4-5):433-40. 

256. Palmer G, Dennis S, Noakes T, et al. Assessment of the reproducibility of 

performance testing on an air-braked cycle ergometer. Int J Sports Med 

1996;17(4):293-98. 

257. Jeukendrup A, Saris W, Brouns F, et al. A new validated endurance 

performance test. Med Sci Sports Exerc 1996;28(2):266-70. 

258. Kitamura S, Katayose Y, Nakazaki K, et al. Estimating individual optimal 

sleep duration and potential sleep debt. Sci Rep 2016;6:35812. 

259. Swinbourne R, Miller J, Smart D, et al. The effects of sleep extension on sleep, 

performance, immunity and physical stress in rugby players. Sports 

2018;6(2):42. 



 

Page | 186 

 

260. Romyn G, Lastella M, Miller DJ, et al. Daytime naps can be used to 

supplement night-time sleep in athletes. Chronobiol Int 2018;35(6):865-68. 

261. He Y, Jones CR, Fujiki N, et al. The transcriptional repressor DEC2 regulates 

sleep length in mammals. Science 2009;325(5942):866-70. 

262. Spielman AJ, Saskin P, Thorpy MJ. Treatment of chronic insomnia by 

restriction of time in bed. Sleep 1987;10(1):45-56. 

263. Mastin DF, Bryson J, Corwyn R. Assessment of sleep hygiene using the sleep 

hygiene index. J Behav Med 2006;29(3):223-27. 

264. Harada T, Wada K, Tsuji F, et al. Intervention study using a leaflet entitled 

'three benefits of ''go to bed early! get up early! and intake nutritionally rich 

breakfast!'' a message for athletes' to improve the soccer performance of 

university soccer team. Sleep Biol Rhythms 2016;14:S65-S74. 

265. Nédélec M, Halson S, Delecroix B, et al. Sleep Hygiene and Recovery 

Strategies in Elite Soccer Players. Sports Med 2015;45(11):1547-59. 

266. Duffield R, Murphy A, Kellett A, et al. Recovery from repeated on-court 

tennis sessions: combining cold-water immersion, compression, and sleep 

recovery interventions. Int J Sports Physiol Perform 2014;9(2):273-82. 

267. Jones MJ, Dawson B, Gucciardi DF, et al. Evening electronic device use and 

sleep patterns in athletes. J Sports Sci 2019;37(8):864-70. 

268. Jones MJ, Peeling P, Dawson B, et al. Evening electronic device use: the 

effects on alertness, sleep and next-day physical performance in athletes. J 

Sports Sci 2018:36(2):162-70. 

269. Romyn G, Robey E, Dimmock JA, et al. Sleep, anxiety and electronic device 

use by athletes in the training and competition environments. Eur J Sport 

Sci 2016;16(3):301-08. 



 

Page | 187  

 

270. Zhao J, Tian Y, Nie J, et al. Red Light and the Sleep Quality and Endurance 

Performance of Chinese Female Basketball Players. J Athl Train 

2012;47(6):673-78. 

271. Halson S. Sleep in Elite Athletes and Nutritional Interventions to Enhance 

Sleep. Sports Med 2014;44(1):13-23. 

272. Abeln V, Kleinert J, Struder HK, et al. Brainwave entrainment for better sleep 

and post-sleep state of young elite soccer players - a pilot study. Eur J Sport 

Sci 2014;14(5):393-402. 

273. Vitale J, Devetag F, Colnago S, et al. Effect of mattress on actigraphy-based 

sleep quality and perceived recovery in top-level athletes: a randomized, 

double-blind, controlled trial. Biol Rhythm Res 2019;50(5):689-702. 

274. McCloughan LJ, Hanrahan SJ, Anderson R, et al. Psychological recovery: 

progressive muscle relaxation (PMR), anxiety, and sleep in dancers. 

Perform Enhanc Health 2016;4(1):12-17. 

275. Douzi W, Dupuy O, Theurot D, et al. Partial-body cryostimulation after 

training improves sleep quality in professional soccer players. BMC Res 

Notes 2019;12(1):141. 

276. Whitworth-Turner C, Di Michele R, Muir I, et al. A shower before bedtime 

may improve the sleep onset latency of youth soccer players. Eur J Sport 

Sci 2017;17(9):1119-28. 

277. Jones MJ, Peeling P, Dawson B, et al. Evening electronic device use: The 

effects on alertness, sleep and next-day physical performance in athletes. J 

Sports Sci 2018;36(2):162-70. 

278. Kamdar BB, Kaplan KA, Kezirian EJ, et al. The impact of extended sleep on 

daytime alertness, vigilance, and mood. Sleep Med 2004;5(5):441-48. 



 

Page | 188 

 

279. Simonelli G, Mantua J, Gad M, et al. Sleep extension reduces pain sensitivity. 

Sleep Med 2019;54:172-76. 

280. Famodu O, Bryner R, Montgomery-Downs H, et al. Effects of extended sleep 

on female athlete's performance and nutrition. Faseb J 

2014;28(1_Supp):633.2 

281. Wenger M. The Effects of a sleep extension on reactive strength and decision 

making in agility tasks. Thesis. 2019. 

282. Ritland BM, Simonelli G, Gentili RJ, et al. Effects of sleep extension on 

cognitive/motor performance and motivation in military tactical athletes. 

Sleep Med 2019;58:48-55. 

283. Juliff LE, Halson SL, Hebert JJ, et al. Longer sleep durations are positively 

associated with finishing place during a national multiday netball 

competition. J Strength Cond Res 2018;32(1):189-94. 

284. Nedelec M, Leduc C, Dawson B, et al. Case study: sleep and injury in elite 

soccer. a mixed method approach. J Strength Cond Res 2019;33(11):3085-

91. 

285. Knufinke M, Nieuwenhuys A, Geurts SAE, et al. Self-reported sleep quantity, 

quality and sleep hygiene in elite athletes. J Sleep Res 2018;27(1):78-85. 

286. Lastella M, Roach GD, Halson SL, et al. Sleep/wake behaviours of elite 

athletes from individual and team sports. Eur J Sport Sci 2015;15(2):94-

100. 

287. Nédélec M, Dawson B, Dupont G. Influence of night soccer matches on sleep 

in elite players. J Strength Cond Res 2019;33(1):174-79. 



 

Page | 189  

 

288. Blanchfield AW, Lewis-Jones TM, Wignall JR, et al. The influence of an 

afternoon nap on the endurance performance of trained runners. Eur J Sport 

Sci 2018;18(9):1177-84. 

289. O’Donnell S, Beaven CM, Driller M. The influence of match-day napping in 

elite female netball athletes. Int J Sports Physiol Perform 2018;13(9):1143-

48. 

290. Daaloul H, Souissi N, Davenne D. Effects of napping on alertness, cognitive, 

and physical outcomes of karate athletes. Med Sci Sports Exerc 

2019;51(2):338-45. 

291. Boukhris O, Abdessalem R, Ammar A, et al. Nap opportunity during the 

daytime affects performance and perceived exertion in 5-m shuttle run test. 

Front Physiol 2019;10:779. 

292. Waterhouse J, Atkinson G, Edwards B, et al. The role of a short post-lunch 

nap in improving cognitive, motor, and sprint performance in participants 

with partial sleep deprivation. J Sports Sci 2007;25(14):1557-66. 

293. Driller MW, Argus CK. Flotation restricted environmental stimulation therapy 

and napping on mood state and muscle soreness in elite athletes: A novel 

recovery strategy? Perform Enhanc Health 2016;5(2):60-65. 

294. Keramidas ME, Siebenmann C, Norrbrand L, et al. A brief pre-exercise nap 

may alleviate physical performance impairments induced by short-term 

sustained operations with partial sleep deprivation–A field-based study. 

Chronobiol Int 2018;35(10):1464-70. 

295. Petit E, Mougin F, Bourdin H, et al. A 20-min nap in athletes changes 

subsequent sleep architecture but does not alter physical performances after 



 

Page | 190 

 

normal sleep or 5-h phase-advance conditions. Eur J Appl Physiol 

2014;114(2):305-15. 

296. Suppiah HT, Low CY, Choong G, et al. Effects of a short daytime nap on 

shooting and sprint performance in high-level adolescent athletes. Int J 

Sports Physiol Perform 2019;14(1):76-82. 

297. Miles KH, Clark B, Fowler PM, et al. Sleep practices implemented by team 

sport coaches and sports science support staff: a potential avenue to improve 

athlete sleep? J Sci Med Sport 2019;22(7):748-52. 

298. Kosmadopoulos A, Sargent C, Darwent D, et al. Alternatives to 

polysomnography (PSG): A validation of wrist actigraphy and a partial-

PSG system. Behav Res Methods 2014;46(4):1032-41. 

299. George CFP, Kab V, Levy AM. Increased prevalence of sleep-disordered 

breathing among professional football players. N Engl J Med 

2003;348(4):367-8. 

300. Gosselin N, Lassonde M, Petit D, et al. Sleep following sport-related 

concussions. Sleep Med 2009;10(1):35-46. 

301. Sargent C, Lastella M, Halson SL, et al. The validity of activity monitors for 

measuring sleep in elite athletes. J Sci Med Sport 2016;19(10):848-53. 

302. Hof zum Berge A, Kellmann M, Kallweit U, et al. Portable PSG for sleep stage 

monitoring in sports: assessment of SOMNOwatch plus EEG. Eur J Sport 

Sci 2019:1-9. 

303. Knufinke M, Nieuwenhuys A, Geurts SAE, et al. Self-reported sleep quantity, 

quality and sleep hygiene in elite athletes. J Sleep Res 2018;27(1):78-85. 



 

Page | 191  

 

304. Swinbourne R, Gill N, Vaile J, et al. Prevalence of poor sleep quality, 

sleepiness and obstructive sleep apnoea risk factors in athletes. Eur J Sport 

Sci 2016;16(7):850-58. 

305. SciTechEuropa. Arsenal FC: Using data to tell a stroy. SciTech Europa 

Quaterly June 2018 ed: SciTech Eurpoa, 2018:229-31. 

306. Littner M, Kushida C, Anderson WM, et al. Practice parameters for the role 

of actigraphy in the study of sleep and circadian rhythms: an update for 

2002. Sleep 2003;26(3):337-41. 

307. van de Water A, Holmes A, Hurley DA. Objective measurements of sleep for 

non‐laboratory settings as alternatives to polysomnography–a systematic 

review. J Sleep Res 2011;20(1pt2):183-200. 

308. Marino M, Li Y, Rueschman MN, et al. Measuring sleep: accuracy, sensitivity, 

and specificity of wrist actigraphy compared to polysomnography. Sleep 

2013;36(11):1747. 

309. Kushida CA, Chang A, Gadkary C, et al. Comparison of actigraphic, 

polysomnographic, and subjective assessment of sleep parameters in sleep-

disordered patients. Sleep Med 2001;2(5):389-96. 

310. Kosmadopoulos A, Sargent C, Zhou X, et al. Two for one? Validating an 

energy expenditure monitor against polysomnography for sleep/wake 

measurement. Sleep of Different Populations 2012:16-20. 

311. O'Neil ME, Fragala-Pinkham MA, Forman JL, et al. Measuring reliability and 

validity of the ActiGraph GT3X accelerometer for children with cerebral 

palsy: A feasibility study. J Pediatr Rehabil Med 2014;7(3):233-40. 



 

Page | 192 

 

312. Fuller KL, Juliff L, Gore CJ, et al. Software thresholds alter the bias of 

actigraphy for monitoring sleep in team-sport athletes. J Sci Med Sport 

2017;20(8):756-60. 

313. Tryon WW. Issues of validity in actigraphic sleep assessment. Sleep 

2004;27(1):158-65. 

314. Sargent C, Lastella M, Romyn G, et al. How well does a commercially 

available wearable device measure sleep in young athletes? Chronobiol Int 

2018;35(6):754-58. 

315. de Zambotti M, Goldstone A, Claudatos S, et al. A validation study of Fitbit 

Charge 2™ compared with polysomnography in adults. Chronobiol Int 

2018;35(4):465-76. 

316. de Zambotti M, Rosas L, Colrain IM, et al. The sleep of the ring: comparison 

of the ŌURA sleep tracker against polysomnography. Behav Sleep Med 

2019;17(2):124-36. 

317. McNair DM, Lorr M, Droppleman LF. Profile of mood states manual: San 

Diego: Educational and Industrial Testing Service; 1971 

318. Kellmann M, Kallus KW. Recovery-stress questionnaire for athletes. 

Champaigne (IL): Human Kinetics; 2001. 

319. Kellmann M, Koölling S, Hitzschke B. Das Akutmaß und Die Kurzskala zur 

Erfassung von Erholung und Beanspruchung im Sport Manual: Sportverlag 

Strauß; 2016. 

320. Buchheit M. Sensitivity of monthly heart rate and psychometric measures for 

monitoring physical performance in highly trained young handball players. 

Int J Sports Med 2015;36(5):351-56. 



 

Page | 193  

 

321. Buchheit M. Monitoring training status with HR measures: do all roads lead 

to Rome? Front Physiol 2014;5(73):1-19. 

322. Stanley J, Peake JM, Buchheit M. Cardiac parasympathetic reactivation 

following exercise: implications for training prescription. Sports Med 

2013;43(12):1259-77. 

323. Bellenger CR, Fuller JT, Thomson RL, et al. Monitoring athletic training 

status through autonomic heart rate regulation: a systematic review and 

meta-analysis. Sports Med 2016;46(10):1461-86. 

324. Pichot V, Roche F, Gaspoz J-M, et al. Relation between heart rate variability 

and training load in middle-distance runners. Med Sci Sports Exerc 

2000;32(10):1729-36. 

325. Douglas PS, O'Toole ML, Hiller W, et al. Cardiac fatigue after prolonged 

exercise. Circulation 1987;76(6):1206-13. 

326. Gonzalez C, Almaraz L, Obeso A, et al. Carotid body chemoreceptors: from 

natural stimuli to sensory discharges. Physiol Rev 1994;74(4):829-98. 

327. Houssiere A, Najem B, Ciarka A, et al. Chemoreflex and metaboreflex control 

during static hypoxic exercise. Am J Physiol - Heart C 2005;288(4):H1724-

H29. 

328. Whyte GP, George K, Sharma S, et al. Cardiac fatigue following prolonged 

endurance exercise of differing distances. Med Sci Sports Exerc 

2000;32(6):1067-72. 

329. Chen CY, Dicarlo SE. Endurance exercise training‐induced resting 

bradycardia: a brief review. Res Sports Med 1998;8(1):37-77. 



 

Page | 194 

 

330. Sztajzel J. Heart rate variability: a noninvasive electrocardiographic method 

to measure the autonomic nervous system. Swiss Med Wkly 2004;134(35-

36):514-22. 

331. Hautala AJ, Kiviniemi AM, Tulppo MP. Individual responses to aerobic 

exercise: the role of the autonomic nervous system. Neurosci Biobehav Rev 

2009;33(2):107-15. 

332. Buchheit M, Papelier Y, Laursen PB, et al. Noninvasive assessment of cardiac 

parasympathetic function: postexercise heart rate recovery or heart rate 

variability? Am J Physiol - Heart C 2007;293(1):H8-H10. 

333. Buchheit M, Simpson M, Al Haddad H, et al. Monitoring changes in physical 

performance with heart rate measures in young soccer players. Eur J Appl 

Physiol 2012;112(2):711-23. 

334. Stewart G, Kavanagh J, Koerbin G, et al. Cardiac electrical conduction, 

autonomic activity and biomarker release during recovery from prolonged 

strenuous exercise in trained male cyclists. Eur J Appl Physiol 

2014;114(1):1-10. 

335. Pichot V, Busso T, Roche F, et al. Autonomic adaptations to intensive and 

overload training periods: a laboratory study. Med Sci Sports Exerc 

2002;34(10):1660-66. 

336. Uusitalo A, Uusitalo A, Rusko H. Heart rate and blood pressure variability 

during heavy training and overtraining in the female athlete. Int J Sports 

Med 2000;21(1):45-53. 

337. Hynynen E, Uusitalo A, Konttinen N, et al. Heart rate variability during night 

sleep and after awakening in overtrained athletes. Med Sci Sports Exerc 

2006;38(2):313-17 



 

Page | 195  

 

338. Hynynen E, Uusitalo A, Konttinen N, et al. Cardiac autonomic responses to 

standing up and cognitive task in overtrained athletes. Int J Sports Med 

2008;29(7):552-58. 

339. Mourot L, Bouhaddi M, Perrey S, et al. Decrease in heart rate variability with 

overtraining: assessment by the Poincare plot analysis. Clin Physiol Funct 

Imaging 2004;24(1):10-18. 

340. Schmitt L, Regnard J, Desmarets M, et al. Fatigue shifts and scatters heart rate 

variability in elite endurance athletes. PloS one 2013;8(8):e71588. 

341. Plews DJ, Laursen PB, Kilding AE, et al. Heart rate variability in elite 

triathletes, is variation in variability the key to effective training? A case 

comparison. Eur J Appl Physiol 2012;112(11):3729-41. 

342. Malik M, Camm AJ. Components of heart rate variability—what they really 

mean and what we really measure. Am J Cardiol 1993;72(11):821-22. 

343. Feroldi P, Belleri M, Ferretti G, et al. Heart rate overshoot at the beginning of 

muscle exercise. Eur J Appl Physiol Occup Physiol 1992;65(1):8-12. 

344. Bellenger CR, Thomson RL, Davison K, et al. Optimization of maximal rate 

of heart rate increase assessment in runners. Res Q Exerc Sport 

2018;89(3):322-31. 

345. Bellenger CR, Thomson RL, Howe PR, et al. Monitoring athletic training 

status using the maximal rate of heart rate increase. J Sci Med Sport 

2016;19(7):590-95. 

346. Nelson MJ, Bellenger CR, Thomson RL, et al. Maximal rate of heart rate 

increase correlates with fatigue/recovery status in female cyclists. Eur J 

Appl Physiol 2017;117(12):2425-31. 



 

Page | 196 

 

347. Thomson RL, Rogers DK, Howe PRC, et al. Effect of acute exercise-induced 

fatigue on maximal rate of heart rate increase during submaximal cycling. 

Res Sports Med 2016;24(1):1-15. 

348. Trounson KM, Roberts S, Balloch A, et al. Light exercise heart rate on‐

kinetics: a comparison of data fitted with sigmoidal and exponential 

functions and the impact of fitness and exercise intensity. Physiol Rep 

2017;5(12):e13312. 

349. Nelson MJ, Thomson RL, Rogers DK, et al. Maximal rate of increase in heart 

rate during the rest-exercise transition tracks reductions in exercise 

performance when training load is increased. J Sci Med Sport 

2014;17(1):129-33. 

350. Brink MS, Visscher C, Schmikli SL, et al. Is an elevated submaximal heart 

rate associated with psychomotor slowness in young elite soccer players? 

Eur J Sport Sci 2013;13(2):207-14. 

351. Brink M, Visscher C, Coutts A, et al. Changes in perceived stress and recovery 

in overreached young elite soccer players. Scand J Med Sci Sports 

2012;22(2):285-92. 

352. Martinmäki K, Häkkinen K, Mikkola J, et al. Effect of low-dose endurance 

training on heart rate variability at rest and during an incremental maximal 

exercise test. Eur J Appl Physiol 2008;104(3):541-48. 

353. Buchheit M, Chivot A, Parouty J, et al. Monitoring endurance running 

performance using cardiac parasympathetic function. Eur J Appl Physiol 

2010;108(6):1153-67. 



 

Page | 197  

 

354. Daanen HA, Lamberts RP, Kallen VL, et al. A systematic review on heart-rate 

recovery to monitor changes in training status in athletes. Int J Sports 

Physiol Perform 2012;7(3):251-60. 

355. Pierpont GL, Voth EJ. Assessing autonomic function by analysis of heart rate 

recovery from exercise in healthy subjects. Am J Cardiol 2004;94(1):64-68. 

356. Kannankeril PJ, Le FK, Kadish AH, et al. Parasympathetic effects on heart 

rate recovery after exercise. J Investig Med 2004;52(6):394-401. 

357. Darr KC, Bassett DR, Morgan BJ, et al. Effects of age and training status on 

heart rate recovery after peak exercise. Am J Physiol-Heart C 

1988;254(2):H340-H43. 

358. Dixon EM, Kamath MV, McCartney N, et al. Neural regulation of heart rate 

variability in endurance athletes and sedentary controls. Cardiovasc Res 

1992;26(7):713-19. 

359. Du N, Bai S, Oguri K, et al. Heart rate recovery after exercise and neural 

regulation of heart rate variability in 30-40 year old female marathon 

runners. J Sports Sci Med 2005;4(1):9. 

360. Lamberts RP, Swart J, Capostagno B, et al. Heart rate recovery as a guide to 

monitor fatigue and predict changes in performance parameters. Scand J 

Med Sci Sports 2010;20(3):449-57. 

361. Sugawara J, Murakami H, Maeda S, et al. Change in post-exercise vagal 

reactivation with exercise training and detraining in young men. Eur J Appl 

Physiol 2001;85(3-4):259-63. 

362. Lamberts RP, Swart J, Noakes TD, et al. Changes in heart rate recovery after 

high-intensity training in well-trained cyclists. Eur J Appl Physiol 

2009;105(5):705-13. 



 

Page | 198 

 

363. Borresen J, Lambert MI. Changes in heart rate recovery in response to acute 

changes in training load. Eur J Appl Physiol 2007;101(4):503-11. 

364. Lamberts R, Lemmink K, Durandt J, et al. Variation in heart rate during 

submaximal exercise: implications for monitoring training. J Strength Cond 

Res 2004;18(3):641-45. 

365. Lamberts R, Swart J, Noakes T, et al. A novel submaximal cycle test to 

monitor fatigue and predict cycling performance. Br J Sports Med 

2011;45(10):797-804. 

366. Le Meur Y, Buchheit M, Aubry A, et al. Assessing Overreaching With Heart-

Rate Recovery: What Is the Minimal Exercise Intensity Required? Int J 

Sports Physiol Perform 2017;12(4):569-73. 

367. Thomson RL, Bellenger CR, Howe PR, et al. Improved heart rate recovery 

despite reduced exercise performance following heavy training: a within-

subject analysis. J Sci Med Sport 2016;19(3):255-59. 

368. Aubry A, Hausswirth C, Louis J, et al. The development of functional 

overreaching is associated with a faster heart rate recovery in rndurance 

athletes. PloS one 2015;10(10):e0139754. 

369. Lamberts RP, Rietjens GJ, Tijdink HH, et al. Measuring submaximal 

performance parameters to monitor fatigue and predict cycling 

performance: a case study of a world-class cyclo-cross cyclist. Eur J Appl 

Physiol 2010;108(1):183-90. 

370. Torreño N, Munguía-Izquierdo D, Coutts A, et al. Relationship between 

external and internal loads of professional soccer players during full 

matches in official games using global positioning systems and heart-rate 

technology. Int J Sports Physiol Perform 2016;11(7):940-46. 



 

Page | 199  

 

371. Martin D, Andersen M. Heart rate-perceived exertion relationship during 

training and taper. J Sport Med Phys Fit 2000;40(3):201. 

372. Carling C, Lacome M, McCall A, et al. Monitoring of post-match fatigue in 

professional soccer: welcome to the real world. Sports Med 

2018;48(12):2695-702. 

373. Delaney JA, Duthie GM, Thornton HR, et al. Quantifying the relationship 

between internal and external work in team sports: development of a novel 

training efficiency index. Sci Med Football 2018;2(2):149-56. 

374. de Zambotti M, Trinder J, Silvani A, et al. Dynamic coupling between the 

central and autonomic nervous systems during sleep: a review. Neurosci & 

Biobehav Rev 2018;90:84-103. 

375. Otzenberger H, Gronfier C, Simon C, et al. Dynamic heart rate variability: a 

tool for exploring sympathovagal balance continuously during sleep in men. 

Am J Physiol-Heart C 1998;275(3):H946-H50. 

376. Burgess HJ, Trinder J, Kim Y. Cardiac autonomic nervous system activity 

during presleep wakefulness and Stage 2 NREM sleep. J Sleep Res 

1999;8(2):113-22. 

377. Trinder J, Kleiman J, Carrington M, et al. Autonomic activity during human 

sleep as a function of time and sleep stage. J Sleep Res 2001;10(4):253-64. 

378. Åkerstedt T, Fröberg JE. Sleep and stressor exposure in relation to circadian 

rhythms in catecholamine excretion. Biol Psychol 1979;8(1):69-80. 

379. Irwin M, Thompson J, Miller C, et al. Effects of Sleep and Sleep Deprivation 

on Catecholamine And Interleukin-2 Levels in Humans: Clinical 

Implications. J Clin Endocrinol Metab 1999;84(6):1979-85. 



 

Page | 200 

 

380. Tiemeier H, Pelzer E, Jönck L, et al. Plasma catecholamines and selective slow 

wave sleep deprivation. Neuropsychobiology 2002;45(2):81-86. 

381. Bonnet MH, Arand DL. Heart rate variability: sleep stage, time of night, and 

arousal influences. Electroencephalogr Clin Neurophysiol 

1997;102(5):390-96. 

382. Somers VK, Dyken ME, Mark AL, et al. Sympathetic-nerve activity during 

sleep in normal subjects. N Engl J Med 1993;328(5):303-07. 

383. Al Haddad H, Laursen PB, Ahmaidi S, et al. Nocturnal heart rate variability 

following supramaximal intermittent exercise. Int J Sports Physiol Perform 

2009;4(4):435-47. 

384. Yoon H, Hwang SH, Choi J-W, et al. REM sleep estimation based on 

autonomic dynamics using R–R intervals. Physiol Meas 2017;38(4):631. 

385. Herzig D, Testorelli M, Olstad DS, et al. Heart-rate variability during deep 

sleep in world-class alpine skiers: a time-efficient alternative to morning 

supine measurements. Int J Sports Physiol Perform 2017;12(5):648-54. 

386. Silvani A, Calandra-Buonaura G, Dampney RA, et al. Brain–heart 

interactions: physiology and clinical implications. Philos Trans A Math 

Phys Eng Sci 2016;374(2067):20150181. 

387. Costa JA, Brito J, Nakamura FY, et al. Sleep patterns and nocturnal cardiac 

autonomic activity in female athletes are affected by the timing of exercise 

and match location. Chronobiol Int 2019;36(3):360-73. 

388. Ogawa Y, Kanbayashi T, Saito Y, et al. Total sleep deprivation elevates blood 

pressure through arterial baroreflex resetting: a study with 

microneurographic technique. Sleep 2003;26(8):986-89. 



 

Page | 201  

 

389. Kato M, Phillips BG, Sigurdsson G, et al. Effects of sleep deprivation on 

neural circulatory control. Hypertension 2000;35(5):1173-75. 

390. Zhong X, Hilton HJ, Gates GJ, et al. Increased sympathetic and decreased 

parasympathetic cardiovascular modulation in normal humans with acute 

sleep deprivation. J Appl Physiol 2005;98(6):2024-32. 

391. Holmes AL, Burgess HJ, Dawson D. Effects of sleep pressure on endogenous 

cardiac autonomic activity and body temperature. J Appl Physiol 

2002;92(6):2578-84. 

392. Vaara J, Kyröläinen H, Koivu M, et al. The effect of 60-h sleep deprivation 

on cardiovascular regulation and body temperature. Eur J Appl Physiol 

2009;105(3):439-44. 

393. Mikulski T, Tomczak A, Lejk P, et al. Influence of ultra long exercise and 

sleep deprivation on physical performance of healthy men. Med Sport 

2006;10(1/4):98. 

394. Plyley M, Shephard R, Davis G, et al. Sleep deprivation and cardiorespiratory 

function. Eur J Appl Physiol Occup Physiol 1987;56(3):338-44. 

395. Scott J, McNaughton L. Sleep deprivation, energy expenditure and 

cardiorespiratory function. Int J Sports Med 2004;25(06):421-26. 

396. Fiorica V, Higgins E, Iampietro P, et al. Physiological responses of men during 

sleep deprivation. J Appl Physiol 1968(24):167-76. 

397. Dabrowski J, Ziemba A, Tomczak A, et al. Physical performance of healthy 

men exposed to long exercise and sleep deprivation. Med Sport 

2012;16(1):6-11. 



 

Page | 202 

 

398. Dettoni JL, Consolim-Colombo FM, Drager LF, et al. Cardiovascular effects 

of partial sleep deprivation in healthy volunteers. J Appl Physiol 

2012;113(2):232-36. 

399. Lusardi P, Mugellini A, Preti P, et al. Effects of a restricted sleep regimen on 

ambulatory blood pressure monitoring in normotensive subjects. Am J 

Hypertens 1996;9(5):503-05. 

400. Lusardi P, Zoppi A, Preti P, et al. Effects of insufficient sleep on blood 

pressure in hypertensive patients: a 24-h study. Am J Hypertens 

1999;12(1):63-68. 

401. Tochikubo O, Ikeda A, Miyajima E, et al. Effects of insufficient sleep on blood 

pressure monitored by a new multibiomedical recorder. Hypertension 

1996;27(6):1318-24. 

402. Meier-Ewert HK, Ridker PM, Rifai N, et al. Effect of sleep loss on C-reactive 

protein, an inflammatory marker of cardiovascular risk. J Am Coll Cardiol 

2004;43(4):678-83. 

403. Irwin MR, Ziegler M. Sleep deprivation potentiates activation of 

cardiovascular and catecholamine responses in abstinent alcoholics. 

Hypertension 2005;45(2):252-57. 

404. Mougin F, Davenne D, Simon-Rigaud ML, et al. Physical performance 

perturbations after partial sleep deprivation. C R Seances Soc Biol Fil 

1989;183(5):461-66. 

405. Takase B, Akima T, Satomura K, et al. Effects of chronic sleep deprivation on 

autonomic activity by examining heart rate variability, plasma 

catecholamine, and intracellular magnesium levels. Biomed Pharmacother 

2004;58, Supplement 1:S35-S39. 



 

Page | 203  

 

406. Faraut B, Nakib S, Drogou C, et al. Napping reverses the salivary interleukin-

6 and urinary norepinephrine changes induced by sleep restriction. J Clin 

Endocrinol Metab 2015;100(3):E416-E26. 

407. Gomez-Merino D, Chennaoui M, Burnat P, et al. Immune and hormonal 

changes following intense military training. Mil Med 2003;168(12):1034-

38. 

408. Chua EC-P, Tan W-Q, Yeo S-C, et al. Heart rate variability can be used to 

estimate sleepiness-related decrements in psychomotor vigilance during 

total sleep deprivation. Sleep 2012;35(3):325. 

409. Henelius A, Sallinen M, Huotilainen M, et al. Heart rate variability for 

evaluating vigilant attention in partial chronic sleep restriction. Sleep 

2014;37(7):1257-67A. 

410. Halson SL. Sleep and the elite athlete. Sports Sci 2013;26(113):1-4. 

411. Fowler PM, McCall A, Jones M, et al. Effects of long-haul transmeridian 

travel on player preparedness: Case study of a national team at the 2014 

FIFA World Cup. J Sci Med Sport 2017;20(4):322-27. 

412. Da Silva DF, Verri SM, Nakamura FY, et al. Longitudinal changes in cardiac 

autonomic function and aerobic fitness indices in endurance runners: a case 

study with a high-level team. Eur J Sport Sci 2014;14(5):443-51. 

413. Spielberger CD, Gorsuch R. State-trait anxiety inventory for adults: manual 

and sample: Manual, instrument and scoring Guide: Consulting 

Psychologists Press; 1983. 

414. Buysse DJ, Reynolds CF, Monk TH, et al. The Pittsburgh Sleep Quality Index: 

a new instrument for psychiatric practice and research. Psychiatry Res 

1989;28(2):193-213. 



 

Page | 204 

 

415. Horne JA, Östberg O. A self-assessment questionnaire to determine 

morningness-eveningness in human circadian rhythms. Int J Chronobiol 

1976. 

416. Foster C. Monitoring training in athletes with reference to overtraining 

syndrome. Med Sci Sports Exerc 1998;30(7):1164-68. 

417. Beaver WL, Wasserman K, Whipp BJ. A new method for detecting anaerobic 

threshold by gas exchange. J Appl Physiol 1986;60(6):2020-27. 

418. Lorenzo S, Minson CT, Babb TG, et al. Lactate threshold predicting time-trial 

performance: impact of heat and acclimation. J Appl Physiol 

2011;111(1):221-27. 

419. Borg GA. Psychophysical bases of perceived exertion. Med Sci Sports Exerc 

1982;14(5):377-81. 

420. McNair DM, Lorr M, Droppleman LF. Profile of mood states manual: San 

Diego: Educational and Industrial Testing Service; 1971. 

421. Brunet J-F, Dagenais D, Therrien M, et al. Validation of sleep-2-Peak: a 

smartphone application that can detect fatigue-related changes in reaction 

times during sleep deprivation. Behav Res Methods 2017;49(4):1460-69. 

422. Doran SM, Van Dongen HP, Dinges DF, et al. Sustained attention 

performance during sleep deprivation: evidence of state instability. Arch 

Ital Biol 2001;139(3):253-67. 

423. Selvi Y, Gulec M, Agargun MY, et al. Mood changes after sleep deprivation 

in morningness–eveningness chronotypes in healthy individuals. J Sleep 

Res 2007;16(3):241-44. 

424. Dill D, Costill DL. Calculation of percentage changes in volumes of blood, 

plasma, and red cells in dehydration. J Appl Physiol 1974;37(2):247-48. 



 

Page | 205  

 

425. Davis JA, Frank MH, Whipp BJ, et al. Anaerobic threshold alterations caused 

by endurance training in middle-aged men. J Appl Physiol 

1979;46(6):1039-46. 

426. Ofoghi B, Zeleznikow J, Macmahon C, et al. Performance analysis and 

prediction in triathlon. J Sports Sci 2016;34(7):607-12. 

427. Martin K, Staiano W, Menaspà P, et al. Superior inhibitory control and 

resistance to mental fatigue in professional road cyclists. PloS one 

2016;11(7):e0159907. 

428. McCormick A, Meijen C, Anstiss PA, et al. Self-regulation in endurance 

sports: theory, research, and practice. Int Rev Sport Exerc Psychol 

2019;12(1):235-64. 

429. Juliano LM, Griffiths RR. A critical review of caffeine withdrawal: empirical 

validation of symptoms and signs, incidence, severity, and associated 

features. Psychopharmacology 2004;176(1):1-29. 

430. Mejri MA, Hammouda O, Zouaoui K, et al. Effect of two types of partial sleep 

deprivation on Taekwondo players’ performance during intermittent 

exercise. Biol Rhythm Res 2014;45(1):17-26. 

431. Thun E, Bjorvatn B, Flo E, et al. Sleep, circadian rhythms, and athletic 

performance. Sleep Med Rev 2015;23:1-9. 

432. Ancoli-Israel S, Martin JL, Blackwell T, et al. The SBSM guide to actigraphy 

monitoring: clinical and research applications. Behav Sleep Med 

2015;13(Sup1):S4-S38. 

433. Levine B, Lumley M, Roehrs T, et al. The effects of acute sleep restriction and 

extension on sleep efficiency. Int J Neurosci 1988;43(3-4):139-43. 



 

Page | 206 

 

434. Tucker R, Noakes TD. The anticipatory regulation of performance: the 

physiological basis for pacing strategies and the development of a 

perception-based model for exercise performance. Br J Sports Med 

2009;43(6):392-400. 

435. Van Cutsem J, Marcora S, De Pauw K, et al. The effects of mental fatigue on 

physical performance: a systematic review. Sports Med 2017;47(8):1569-

88. 

436. Simonelli G, Mantua J, Gad M, et al. Sleep extension reduces pain sensitivity. 

Sleep Med 2019;54:172-76. 

437. Borg G. Psychophysical scaling with applications in physical work and the 

perception of exertion. Scand J Work Environ Health 1990;16(Sup 1):55-

58. 

438. Olewuezi N. Note on the comparison of some outlier labeling techniques. J 

Math Stat 2011;7(4):353-55. 

439. Grazzi G, Alfieri N, Borsetto C, et al. The power output/heart rate relationship 

in cycling: test standardization and repeatability. Med Sci Sports Exerc 

1999;31(10):1478-83. 

440. White DW, Raven PB. Autonomic neural control of heart rate during dynamic 

exercise: revisited. J Physiol 2014;592(12):2491-500. 

441. Skorucak J, Arbon EL, Dijk D-J, et al. Response to chronic sleep restriction, 

extension, and subsequent total sleep deprivation in humans: adaptation or 

preserved sleep homeostasis? Sleep 2018;41(7):zsy078. 

442. Paton CD, Hopkins WG. Variation in performance of elite cyclists from race 

to race. Eur J Sport Sci 2006;6(1):25-31. 



 

Page | 207  

 

443. Brownsberger J, Edwards A, Crowther R, et al. Impact of mental fatigue on 

self-paced exercise. Int J Sports Med 2013;34(12):1029-36. 

444. Schiphof-Godart L, Roelands B, Hettinga FJ. Drive in sports: how mental 

fatigue affects endurance performance. Front Psychol 2018;9:1383. 

445. Smith MR, Chai R, Nguyen HT, et al. Comparing the effects of three cognitive 

tasks on indicators of mental fatigue. J Psychol 2019;153(8):759-83. 

446. Ishii A, Tanaka M, Watanabe Y. Neural mechanisms of mental fatigue. Rev 

Neuroscience 2014;25(4):469-79. 

447. Cona G, Cavazzana A, Paoli A, et al. It’s a matter of mind! Cognitive 

functioning predicts the athletic performance in ultra-marathon runners. 

PloS one 2015;10(7):e0132943. 

448. Porkka-Heiskanen T, Strecker RE, McCarley RW. Brain site-specificity of 

extracellular adenosine concentration changes during sleep deprivation and 

spontaneous sleep: an in vivo microdialysis study. Neuroscience 

2000;99(3):507-17. 

449. Lazarus M, Huang Z-L, Lu J et al. How do the basal ganglia regulate sleep-

wake behaviour? Trends Neurosci 2012;35(12):723-32. 

450. Arnal PJ, Sauvet F, Leger D, et al. Benefits of sleep extension on sustained 

attention and sleep pressure before and during total sleep deprivation and 

recovery. Sleep 2015;38(12):1935-43. 

451. Nedelec M, Aloulou A, Duforez F, et al. The variability of sleep among elite 

athletes. Sports Med Open 2018;4(1):34. 

452. Viola AU, Archer SN, James LM, et al. PER3 polymorphism predicts sleep 

structure and waking performance. Curr Biol 2007;17(7):613-18. 



 

Page | 208 

 

453. Mong JA, Cusmano DM. Sex differences in sleep: impact of biological sex 

and sex steroids. Philos Trans B Biol Sci 2016;371(1688):20150110. 

454. Whitworth-Turner CM, Di Michele R, Muir I, et al. Training load and schedule 

are important determinants of sleep behaviours in youth-soccer players. Eur 

J Sport Sci 2019;19(5):576-84. 

455. Carskadon MA, Dement WC. The multiple sleep latency test: what does it 

measure? Sleep 1982. 

456. Kaida K, Takahashi M, Akerstedt T, et al. Validation of the Karolinska 

sleepiness scale against performance and EEG variables. Clin Neurophysiol 

2006;117(7):1574-81. 

457. Hoddes E, Zarcone V, Smythe H, et al. Quantification of sleepiness: a new 

approach. Psychophysiology 1973;10(4):431-36. 

458. Carskadon MA, Dement WC. Nocturnal determinants of daytime sleepiness. 

Sleep 1982. 

459. Arnal PJ, Thorey V, Ballard ME, et al. The Dreem headband as an alternative 

to polysomnography for EEG signal acquisition and sleep staging. bioRxiv 

2019:662734. 

460. Kantermann T, Sung H, Burgess HJ. Comparing the morningness-eveningness 

questionnaire and munich chronotype questionnaire to the dim light 

melatonin onset. J Biol Rhythm 2015;30(5):449-53. 

461. Gustafsson H, Lundqvist C, Tod D. Cognitive behavioral intervention in sport 

psychology: A case illustration of the exposure method with an elite athlete. 

J Sport Psychol Action 2017;8(3):152-62. 



 

Page | 209  

 

462. Knufinke M, Nieuwenhuys A, Maase K, et al. Effects of natural between-days 

variation in sleep on elite athletes’ psychomotor vigilance and sport-specific 

measures of performance. J Sports Sci Med 2018;17(4):515. 

463. Marcora S, Staiano W, Merlini M. A randomized controlled trial of brain 

endurance training (BET) to reduce fatigue during endurance exercise. Med 

Sci Sports Exerc 2015;47(5S):198. 

464. Souissi M, Abedelmalek S, Bou Dhiba D, et al. Morning caffeine ingestion 

increases cognitive function and short-term maximal performance in 

footballer players after partial sleep deprivation. Biol Rhythm Res 

2015;46(5):617-29. 

465. Azevedo R, Silva-Cavalcante MD, Gualano B, et al. Effects of caffeine 

ingestion on endurance performance in mentally fatigued individuals. Eur 

J Appl Physiol 2016;116(11-12):2293-303. 

466. Beaumont R, Cordery P, Funnell M, et al. Chronic ingestion of a low dose of 

caffeine induces tolerance to the performance benefits of caffeine. J Sports 

Sci 2017;35(19):1920-27. 

467. Miller B, O’Connor H, Orr R, et al. Combined caffeine and carbohydrate 

ingestion: effects on nocturnal sleep and exercise performance in athletes. 

Eur J Appl Physiol 2014;114(12):2529-37. 

468. Saw AE, Main LC, Gastin PB. Monitoring the athlete training response: 

subjective self-reported measures trump commonly used objective 

measures: a systematic review. Br J Sports Med 2016;50(5):281-91.



 

Page | 210 

 

 



 

Page | 211  

 

 

 

Appendices 

 
 

Appendix A Literature review and meta-analysis published in the British  

  Journal of Sports Medicine…………………………………….213  

Appendix B Deakin University Ethics Approval……………………………225 

Appendix C Participant Consent Form……………………………………....227 

Appendix D Pittsburgh Sleep Quality Index………………………………...229 

Appendix E State-Trait Anxiety Inventory for Adults……………………....231 

Appendix F Morningness-Eveningness Questionnaire……………………...235 

Appendix G Profile of Mood States Questionnaire………………………….243 

Appendix H Sleep, training, and diet diary provided to participants for Study 2, 

(Study 1 diary was identical barring study protocol differences in 

instructions)………………………………………..…………..245  

 

 



 

Page | 212 

 

 



 

Page | 213  

 

Appendix A 

 

 

 



 

Page | 214 

 

 

 

 



 

Page | 215  

 

 

 

 

 

 



 

Page | 216 

 

 

 

 

 



 

Page | 217  

 

 

 

 

 



 

Page | 218 

 

 

 

 

 



 

Page | 219  

 

 

 

 

 



 

Page | 220 

 

 

 

 

 



 

Page | 221  

 

 

 

 

 



 

Page | 222 

 

 

 

 

 



 

Page | 223  

 

 

 

 

 



 

Page | 224 

 

 



 

Page | 225  

 

Appendix B 

 

 

 

 



 

Page | 226 

 

 



 

Page | 227  

 

Appendix C 

 

 

 

 

 



 

Page | 228 

 

 



 

Page | 229  

 

Appendix D 

 

 

 

 

 



 

Page | 230 

 

 



 

Page | 231  

 

Appendix E 

 

 

 

 

 

 



 

Page | 232 

 

 

 

 

 



 

Page | 233  

 

 

 

 



 

Page | 234 

 

 

 

 

 

 



 

Page | 235  

 

Appendix F 

 

 

 

 



 

Page | 236 

 

 

 

 

 

 

 



 

Page | 237  

 

 

 

 

 

 

 

 



 

Page | 238 

 

 

 

 

 

 

 



 

Page | 239  

 

 

 

 

 

 

 

 

 



 

Page | 240 

 

 

 

 

 

 

 



 

Page | 241  

 

 

 

 

 

 

 



 

Page | 242 

 

 



 

Page | 243  

 

Appendix G 

 



 

Page | 244 

 

 



 

Page | 245  

 

Appendix H 

 

 

 



 

Page | 246 

 

 

 

 

 



 

Page | 247  

 

 

 

 



 

Page | 248 

 

 

 

 



 

Page | 249  

 

 

 

 



 

Page | 250 

 

 

 

 

 



 

Page | 251  

 

 

 



 

Page | 252 

 

 

 

 

 



 

Page | 253  

 

 

 



 

Page | 254 

 

 

 



 

Page | 255  

 

 

 



 

Page | 256 

 

 

 



 

Page | 257  

 

 

 

 



 

Page | 258 

 

 

 

 



 

Page | 259  

 

 


	Effects of sleep on endurance cycling performance and heart rate indices of athlete readiness

