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Abstract Although its true function remains unclear,
sleep is considered critical to human physiological and
cognitive function. Equally, since sleep loss is a common
occurrence prior to competition in athletes, this could
significantly impact upon their athletic performance. Much
of the previous research has reported that exercise perfor-
mance is negatively affected following sleep loss; however,
conflicting findings mean that the extent, influence, and
mechanisms of sleep loss affecting exercise performance
remain uncertain. For instance, research indicates some
maximal physical efforts and gross motor performances
can be maintained. In comparison, the few published
studies investigating the effect of sleep loss on perfor-
mance in athletes report a reduction in sport-specific per-
formance. The effects of sleep loss on physiological
responses to exercise also remain equivocal; however, it
appears a reduction in sleep quality and quantity could
result in an autonomic nervous system imbalance, simu-
lating symptoms of the overtraining syndrome. Addition-
ally, increases in pro-inflammatory cytokines following
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sleep loss could promote immune system dysfunction. Of
further concern, numerous studies investigating the effects
of sleep loss on cognitive function report slower and less
accurate cognitive performance. Based on this context, this
review aims to evaluate the importance and prevalence of
sleep in athletes and summarises the effects of sleep loss
(restriction and deprivation) on exercise performance, and
physiological and cognitive responses to exercise. Given
the equivocal understanding of sleep and athletic perfor-
mance outcomes, further research and consideration is
required to obtain a greater knowledge of the interaction
between sleep and performance.

Key Points

Although sleep is considered critical to optimal
performance, many athletes appear to lose sleep prior
to competition for various reasons, including noise,
light, anxiety, and nervousness.

Whilst there appears sufficient evidence to imply
complete sleep deprivation can have significant
negative effects on athletic performance, the effects
of sleep restriction (partial disturbance of the sleep—
wake cycle) are more conflicting; a concerning issue
given that athletes are more likely to experience this
mode of sleep loss.

The detrimental effect of sleep loss on most aspects
of cognitive function remains unequivocal, with only
minor conflicting findings present for the extent of
the effects of mild sleep restriction, findings that
would predictably suggest negative consequences for
athletes requiring high neurocognitive reliance.

@ Springer



162

H. H. K. Fullagar et al.

1 Introduction

Reoccurring at habitual intervals throughout a 24-h period
in humans, sleep is a homeostatically controlled behavioral
state of reduced movement and sensory responsiveness [1,
2]. The process of sleep is widely regarded as critical to
both cognitive and physiological function [2—7]. In spite of
this perceived importance, the consensus regarding the
rationale as to why humans sleep remains equivocal, if not
robustly debated [2, 8]. Recent studies have shown sleep to
regulate key molecular mechanisms (i.e. transcriptional
regulatory proteins [1, 9, 10]), and have demonstrated that
sleep has an integral role in metabolic homeostasis [11].
Whilst the duration and quality of sleep is manipulated by
numerous environmental factors, among them light [12],
jetlag [13], and nutrition [14], it has also been shown to be
influenced by genetic traits [15, 16]. Notwithstanding the
complexity surrounding the need, rationale, and outcome
of sleep, it seemingly must serve an important purpose for
humans because it has survived so many years of evolution
[15].

The ability of humans to cope with physiological and
psychological stressors is critical to athletic performance
outcomes [17], and is affected by numerous factors,
including experience, fitness, motivation, and the natural
fluctuation of physiological and behavioral processes
across a 24-h period (i.e. sleep—wake cycle, body temper-
ature, hormone regulation [18]). These circadian rhythms
are primarily controlled by the suprachiasmatic nucleus
(SN) within the hypothalamus [2]. However, the SN is
unable to always maintain control over these patterns, as
humans are highly sensitive to alterations to their natural
environment [2, 19], most notably through the light—dark
cycle [20]. When athletes encounter disruptions to their
environments (e.g. through travel or training/playing at
night), endogenous circadian rhythms and normal sleep—
wake cycles can become desynchronised [2, 21]. Such
perturbations in sleeping patterns can cause an increase in
homeostatic pressure and affect emotional regulation, core
temperature, and circulating levels of melatonin, causing a
delay in sleep onset [22]. Following these periods, there is
potential for sleep loss and neurocognitive and physiolog-
ical performance to be compromised [7, 14, 23, 24]. Thus,
since sleep disruption prior to important events is com-
monly found in elite athletes [25-27], there are numerous
instances where the subsequent performance could be
compromised [25, 28, 29].

However, due to the complexity of sleep function, the
limited availability of athletes to participate in sleep stud-
ies, and the variability in the individual requirement for
sleep [21, 30], the effects of sleep loss on athletic perfor-
mance are poorly understood. Furthermore, the increase in

@ Springer

recent literature since past reviews [21, 31, 32] highlights a
need to re-evaluate the effects of sleep loss on athletic
performance, particularly allowing for a greater focus on
sport-specific outcomes. Accordingly, the overall purpose
of this review is to examine the effects of sleep loss on
exercise performance, and physiological and cognitive
responses to exercise. As a result, we review the current
literature on the theoretical components of sleep and
importance for athletes, the quality and quantity of ‘nor-
mal’ sleep compared with that of athletes, and the effects of
sleep loss on exercise performance and physiological and
cognitive responses (including mood) to exercise. In order
to accomplish this critical review, a computerized literature
search (Fig. 1) was performed over 7 months (August
2013-March 2014) on PubMed and Web of Science for
articles within the period January 1960—March 2014.
Keywords used in different combinations were ‘sleep’,
‘deprivation’, ‘loss’, ‘restriction’, ‘team’, ‘exercise’, ‘cog-
nition’, ‘physiological’, ‘sport’, ‘athlete’, ‘player’, and
‘performance’. In addition, articles were sourced manually
from the reference lists of original manuscripts, and pre-
vious critical, systematic, and meta-analytical reviews. The
previous work within this field, and the multi-dimensional
components of sleep and their role in athletic performance,
are duly recognised. Notwithstanding these critical com-
ponents, their roles are too extensive to be discussed here.
The reader is advised to consult previous work regarding
the effects of nutrition [14], jetlag [13, 33, 34], and Ram-
adan [35] on sleep for further detail.

2 The Theoretical Components of Sleep and their
Importance for Athletes

A recent review by Frank and Benington [8] identified
several theories of the function of sleep, including (1) the
restorative effects on the immune and the endocrine sys-
tems, (2) a neurometabolic theory suggesting that sleep
assists in the recovery of the nervous and metabolic cost
imposed by the waking state, and (3) cognitive develop-
ment, supposing that sleep has a vital role in learning,
memory, and synaptic plasticity. An interaction between
these theories is likely to contribute to the construct of
several stages during sleep [8]. These respective stages not
only differ in depth, but also in the frequency and intensity
of dreaming, eye movements, muscle tone, regional brain
activation, and communication between memory systems
[36]. A typical night’s sleep is composed of approximately
90-min cycles divided into periods of rapid-eye-movement
sleep (REM; associated with dreams), and non-REM sleep
(NREM) [37]. NREM sleep is further divided into four
different stages (Fig. 2). All stages are classified according
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Fig. 1 Flow diagram and
results of the literature search to
address the aim of the article to
evaluate the importance and

Potential abstracts identified, screened and
extracted from PubMed and Web of Science
(n=2,093)

prevalence of sleep in athletes
and review the effects of sleep

> Duplicated studies excluded (n=735)

loss on exercise performance, v

and physiological and cognitive
responses to exercise

Studies examining various combinations of the
key words in humans or animals (n=1,358)

_| Studies with no relevance to the desired context

A\ 4

excluded (n=613)

Studies examining sleep or performance or
physiology or cognition with relevance to the
context of the review (n= 745)

Studies examining sleep or performance or
physiology or cognition in animals excluded

-

v

(n=57)

Studies examining sleep or performance or
physiology or cognition in animals retained if

A\ 4

they contributed to the context or theories
regarding sleep (n=6)

Studies examining or reviewing sleep or
performance or physiology or cognition in
healthy participants (n= 694)

Studies examining sleep or performance or
physiology or cognition in unhealthy/sedentary

v

populations or studies that were deemed not
appropriate for the context of the review
excluded (n=496)

Studies examining, discussing or debating the
role of sleep or performance or physiology or

<

v

cognition in unhealthy populations retained if
they were deemed critical to the discussion of

Studies examining sleep or performance or
physiology or cognition in athletes, or the
interaction between these variables in healthy
populations, or those deemed critical to the
desired context of sleep loss and athletes were
finally included (n=205)

factors influencing sleep (n=7)

to parameters such as electrical brain activity, blood pres-
sure, and eye movement [38, 39].

Specifically, the role for NREM sleep is proposed to
assist with energy conservation and nervous system recu-
peration. For example, it has been shown that growth
hormone (GH; fundamental to tissue regeneration and
growth) is released [40] and oxygen consumption is low-
ered [41] during phases of NREM sleep. Moreover, NREM
sleep seems to be a stimulus for anabolic hormones that
increase the synthesis of protein and mobilize free fatty
acids to provide energy, thereby preventing amino acid
catabolism [42]. Such processes would seem particularly
pertinent for athletic populations requiring accelerated

rates of healing to repair peripheral muscular damage [43].
Comparatively, theories of REM sleep have suggested a
role for this state in periodic brain activation, localized
recuperative processes, and emotional regulation [44].
Especially in the early stages of mammalian life, REM
sleep is assumed to be critical in establishing brain con-
nections [44], since neuronal activity in REM sleep is
similar to that of waking [45]. Hence, sleep can be defined
as an actively regulated process rather than a passive result
of diminished waking, and can be seen as a reorganization
of neuronal activity [45].

The importance of sleep in athletes has also been
discussed in regards to memory consolidation, especially

@ Springer
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Fig. 2 The behavioral states of humans and phase changes through-
out the sleep wake cycle, including states of waking, non-rapid-eye-
movement sleep and rapid-eye-movement sleep. The first row depicts
a visual representation of movements throughout the sleep night. The
second row illustrates REM sleep and the four stages of NREM sleep.
The third row includes sample polysomnography tracings (each
~20s) of an electromyogram, an electroencephalogram, and an
electrooculogram to help determine the presence or absence of each

to motor learning. REM, NREM stage 2, and slow-wave
sleep (SWS) have all been implicated in sleep-dependent
memory procession [36]. For example, several studies
showed improvements in motor task tests after a night of
sleep, whereas this was not the case in subjects having
an equivalent period of being awake [36, 46—48]. Since
sleep loss reduces the overnight improvement in motor
learning, it seems that motor task learning may correlate
with the amount of specific sleep stages/events, rather
than just one specific aspect of sleep [36]. With the
ongoing motor learning and cognitive adaptation required
for elite athletes to perform [49], combined with the
numerous neurocognitive components of many sports
[50], it seems that ascertaining an optimal brain state for
a range of distinct memory consolidation processes are
pertinent for athletes prior to and following competition
[49].

@ Springer

stage. Rows four, five, and six portray a range of subjective and
objective state variables. Although unable to replicate the sensitivity
of these measurement techniques, other sleep indices (i.e. duration,
latency) can also be measured by subjective sleep diaries and or/
wristwatch actigraphy. Reproduced from Hobson [45], with permis-
sion. EEG electroencephalogram, EMG electromyogram, EOG elec-
trooculogram, NREM non-rapid-eye-movement, REM rapid-eye-
movement

3 What is the Quantity and Quality of ‘Normal’ Sleep
and how do Athletes Compare?

3.1 What is ‘Normal’ Sleep?

Subjective average total sleep duration has fallen in healthy
adults since the mid-twentieth century from approximately
89 h per night in 1959 to 7-8 h in 1980 [51]. In a
nationwide survey of the USA in 2013, data indicate adults
slept for an average of 6 h:51 min on ‘workdays’ and
7 h:37 min on ‘non-workdays’ [52]. A mean 7 h:17 min
total sleep time was required for respondents to ‘operate at
their best the next day’ [52], which corresponds with the
7-9 h recommended by the National Sleep Foundation for
healthy sleep [51-53]. Despite such recommendations,
almost one-quarter of adults who have similar sleep dura-
tions to these recommendations reported ‘fairly—very bad’
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subjective sleep quality [52]. Others have reported that
university/college students demonstrate even poorer pat-
terns of sleep than other healthy adults. Many studies
indicate that this cohort suffers from chronic sleep prob-
lems and disruptions [54-56], with some adolescent ath-
letes sleeping 2 h less than recommended daily sleep
volumes [57]. These discrepancies are attributed to the
rising melatonin levels of the adolescent cohort [58] and
the rapid advances of 21st century technology, prolonging
human exposure to light [59-61]. Overall, sleep architec-
ture, quality and quantity varies drastically across indi-
viduals and occupations [62], mainly due to a vast array of
physiological and cultural differences [63, 64]. Such vari-
ety makes the interpretation of generic sleep recommen-
dations (7-9 h, abide by sleep hygiene protocols to
optimize sleep quality [51, 52, 65]) difficult, especially for
athletes [30].

3.2 Sleep in Athletes

Since both athletes and coaches rate sleep as critical to
optimal performance [14, 25], it is peculiar that relatively
few studies have investigated the sleep quality and quantity
of the athletic cohort. Early research suggests that athletes
possess similar or even superior sleep quality and quantity
than nonathletic subjects [66, 67], with aerobically fit
subjects tending to experience more SWS sleep and longer
sleep duration than non-fit controls [68]. However, these
findings may have been due to the enduring habitual,
genetic, and behavioral patterns of sleep, rather than the
greater endurance status per se [15, 69]. Regardless, the
longer sleep duration found in certain aerobically fit indi-
viduals has been attributed to the restorative and energy
conservation theories for sleep (e.g. athletes require greater
recovery [69, 70]). Accordingly, some authors suggest
athletes should sleep for between 9 and 10 h [71], whilst
7-9 h is recommended as enough for healthy adults [51,
52]. Recent evidence suggests that athletes sleep far less
than either of these recommendations [72]. For example, a
survey of 890 elite South African athletes showed that
three-quarters of athletes reported an average sleep dura-
tion of between 6 and 8 h per night [73], while on week-
ends, 11 % reported sleeping less than 6 h. Moreover,
41 % stated they had problems falling asleep, with these
discrepancies attributed to interference by noise and light
[25, 74]. Additionally, pre-competition anxiety can also
play a role in worsening sleep patterns [26, 75, 76]. For
instance, sleep quality [76], efficiency [77], and duration
[78, 79] have all been found to dramatically decrease just
prior to competition. Juliff et al. [27] found that, within a
sample of 283 elite Australian athletes, 64 % reported poor
sleep prior to an important competition. The primary rea-
sons for these poor sleep patterns could be due to

nervousness, deteriorations in mood and/or confidence
[80], and elevations in physical and mental stress [77].

Recently, Leeder et al. [81] found that Olympic athletes
slept for a lower mean total duration (6 h:55 min vs.
7 h:11 min using actigraphy) and had poorer sleep quality
than non-athletic controls. Given the short sampling period
(4 days), it is difficult to generalize the findings from this
study to all athletes; however, there is supportive evidence
of training disrupting sleep quality and duration in other
athletes. For instance, Taylor et al. [80] reported training
volume to alter movements during sleep (greater move-
ments were found; defined as occupying >4 s of any 20 s
epoch within the polysomnographic recording [80]). The
effect of training volume on sleep patterns is supported by
others [82, 83], with early-morning training severely
restricting sleep duration compared with normal (5.4 to
7-8 h) in a group of world-class swimmers [72]. In addi-
tion to exercise volume, intensity may also negatively
affect sleep, with a recent study reporting increases in sleep
onset and physiological excitement following high-inten-
sity exercise conducted prior to bed time (40 min treadmill
running at 80 % heart rate reserve commencing at 21 h:20)
compared with a non-exercise control condition in active
young men [84]. Other possible disruptions of athletes’
sleep include altitude, which appears to disrupt REM sleep
and impair breathing [85]. Disrupted sleep is also prevalent
in numerous extreme adventure and boat sports [86—88].
Despite these findings, further evidence of the sleeping
patterns of elite athletes during various scenarios is very
rare within the current literature. In summary, the sleep
patterns of athletes remain unclear, mainly due to a vast
array of physiological differences [63, 64], training [80,
89], and competition [26, 27] stressors. More research is
required to assess the sleeping patterns of elite athletes
across various scenarios that could potentially influence
subsequent performance.

4 Effects of Sleep Loss on Exercise Performance
and Physiological and Cognitive Responses

Sleep restriction (SR) occurs when humans fall asleep later
or wake earlier than normal; that is, their normal sleep—
wake cycle is partially disturbed [90]. In contrast, sleep
deprivation (SD) generally refers to extreme cases of sleep
loss, whereby humans do not sleep at all for a prolonged
period (i.e. whole nights) [90]. The following sections of
this article review the effects of sleep loss (restriction and
deprivation) on exercise performance (Table 1) and phys-
iological (Table 2) and cognitive (Table 3) responses to
exercise. However, due to an abundance of conflicting
results, some of the effects of sleep loss on these indices
remain uncertain. These varied results are mainly attributed
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Table 1 continued

Performance Results®

outcome

Exercise protocol

Sleep intervention

Subjects and

References

fitness status if

provided

2.5 h obtained sleep per night for 4 Swimming performance test (50 m Lap times NS

8 swimmers

Sinnerton and Reilly [111]

Back strength NS

and 400 m); muscular strength

tests

nights (SR)

NS

Grip strength

MVC maximal voluntary contraction, NS not significant, PE physical education, RSA repeated sprint ability, SD sleep deprivation, SR sleep restriction, VB volleyball, VO,,,,. maximal oxygen

uptake, | and 1 indicate decrease and increase, respectively

% All changes signified by 1 and | were statistically significant (p < 0.05)

® Full text unavailable

< p =005

4 When measurements were obtained at 18:00 and SD was at the end of the night

¢ When measurements were obtained at 16:00 and SD was at the end of the night

to differences in exercise protocols, participants’ fitness,
and the experimental environment. For instance, variations
in thermoregulatory responses, habituation to sleep loss
and the time of day at which activities are performed have
a complex interaction with exercise performance [65, 91,
92], and thus may potentially mask the effects of sleep loss
[93]. Furthermore, being unable to blind subjects can
potentially result in nocebo effects [94].

4.1 Sleep Loss and Exercise Performance
4.1.1 Sleep Restriction and Exercise Performance

Early work from Mougin et al. [95] found no effects of a
partially disrupted night’s sleep (3 h of sleep loss in the
middle of the night) on the maximal sustained exercise
intensity during incremental cycle ergometry (20 min at
75 % maximum oxygen uptake [VO,,..] followed by
10 W increase every 30 s). The same authors [96] also
found no change in mean or peak power or peak velocity
during a Wingate cycling test after similar SR compared
with normal baseline values in highly trained participants.
With regard to more prolonged running exercise modes,
Reilly and Deykin [97] reported no decrements in endur-
ance running performance (time to exhaustion) following
partial sleep loss (3 h of sleep per night for 3 nights).
Furthermore, the total distance covered in a YoYo inter-
mittent-recovery test level one was not different following
SR [98]. In contrast to this maintenance of exercise per-
formance, maximal work rate has been found to decrease
(~15 W decrease following SR) during incremental
cycling to exhaustion (30 min at 75 % VOy,,x followed by
10 W increase every min [99]). Similarly, mean and peak
power during Wingate anaerobic cycle tests have been
shown to decrease in students [100], footballers [101], and
judo competitors [92] following 4 h of SR for 1 night.
Theories on the reasons for this restricted exercise toler-
ance following SR are attributed to either the impairment
of aerobic pathways [102] or perceptual changes (i.e.
increased perceived exertion), as physiological responses
often remain largely unaltered [94, 103]. Indeed, increases
in perceived effort accompanied by a reduction in power
output would support neuromuscular causes of fatigue
[104], possibly indicating an association between a
reduction in central drive and the neural theory of sleep
[36, 103, 105]. However, studies investigating perceived
effort following SR report mixed results [98, 106, 107], so
such theories remain unclear. These conflicting results are
attributed to a large body of evidence reporting a vast array
of effects on emotional regulation (i.e. mood) following SR
[106, 108—111]. Indeed, variations in perceived effort are
likely a result of these emotional modifications [112].
Given the widespread use of rating of perceived exertion in
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monitoring the training load of elite athletes [113, 114],
further research is required to investigate the interaction
between these responses to standardized training or match
stimuli following sleep loss.

Similar to maximal aerobic demands, a variety of con-
clusions have been reported for the effects of SR on
muscular strength and power. Studies have shown back and
grip strength are maintained following SR [93]. In contrast,
others have demonstrated 3 h of nocturnal SR to negatively
affect both maximal and submaximal weightlifting tasks,
with greater effects on the submaximal tasks [106]. Given
the high motivational component of weightlifting, this
decline in work rate was attributed to the coinciding
decline in mood state. However, whilst these perturbations
in submaximal work outputs may be due to fluctuations in
mood state, or even neurological alterations [104], the
central and local muscular fatigue mechanisms behind
such outcomes remain unknown [106]. Collectively, these
observations indicate that whilst athletes may be able to
perform singular, maximal efforts following SR, it is
unclear whether they are able to cope with repeated bouts
of physical activity such as those required during intensive
training or matches [21].

An example of the susceptibility of sport-specific per-
formance following SR in athletes is the reduction in sport-
specific skill execution in dart players [115], tennis players
[116], and handball goalkeepers [117]. In contrast, swim-
ming performance (lap times) did not differ between SR
(2.5 h of sleep per night for 4 nights) and normal sleep for
eight trained swimmers [111]. These differing findings
could be attributed to the additional cognitive dimension of
the aforementioned fine motor skills. For instance, since
loss of sleep can result in reductions in decision making
abilities and accuracy (see Sect. 4.3), SR would presum-
ably be more likely to affect the performance of sports
incorporating a high cognitive reliance (i.e. fine motor
movements in the serve accuracy of a tennis player [116])
rather than one involving gross-motor execution (i.e. the
stroke rate of a swimmer [111]). Furthermore, since pro-
fessional sport comprises many environmental components
that can influence sleep [14], it has been argued that ath-
letes may be more susceptible to performance decrements
following SR than normal healthy participants [81],
although this is debated [69, 81, 118, 119].

Overall, the effects of SR on exercise performance are
mixed. SR does not appear to affect singular bouts of
aerobic performance (neither endurance running nor
cycling modes for 20-30 min) or maximal measures of
strength, although admittedly conflicting results still exist.
A possible reason for this discrepancy is that many studies
reporting no effect of SR on endurance exercise have
sample sizes less than ten participants (e.g. Reilly and
Deykin [97], Mougin et al. [99]; Table 1), making it

Results®
NS

NS

NS

!

!

membrane)
Core temperature (esophageal)

Core temperature (tympanic
Chest thermal conductance

Outcome measures
Core temperature
Local sweat rate

VOsmax) in 28 °C ‘ambient’

walking and 3 h of treadmill
conditions

walking
40 min on cycle ergometer (50 % of

30 min of high intensity treadmill
5 min of self-paced cycling

Exercise protocol

36 h of SD (preceded by 2 nights

of partial SD)
Whole night of SD

Sleep intervention
33 h of SD

Subjects and fitness status if

provided
14 healthy participants

8 healthy participants
5 fit participants

0]

VB volleyball, VC vital capacity, VCO, carbon dioxide production, Vx minute ventilation, Vg, maximal minute ventilation, VO, oxygen uptake, VO2,,.. peak oxygen consumption VOz,.

maximal oxygen uptake, V7 tidal volume, | and 7 indicate decrease and increase, respectively

BF breathing frequency, BP blood pressure, FEV; forced expiratory volume in 1 second, HR heart rate, HR,,,, maximal heart rate, IL interleukin, NS not significant, RER respiratory exchange
ratio, RPE rating of perceived exertion, RQ respiratory quotient, SaO, arterial oxygen saturation, SD sleep deprivation, SR sleep restriction, SSE steady state exercise, TNF tumor necrosis factor,

# All changes signified by 1 and | were statistically significant (p < 0.05)

Table 2 continued

Thermoregulation
Martin et al. [138]
Meney et al. [3
Sawka et al. [204]

® Full text unavailable

¢ Measured at rest

References
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Table 3 Studies examining the effects of sleep loss (restriction and deprivation) on cognitive performance and mood state

References Subjects and Sleep intervention Exercise condition if  Performance Results™?
fitness status if applicable measure
provided

Cognitive performance

Angus et al. [191] 12 fit young 60 h of SD NA Auditory vigilance l
subjects Logical reasoning !

Visual search l

Mental addition l

Coding l

RT i

Axelsson et al. 9 healthy 4 h obtained per night for 5 NA RT i
[109] participants nights
Bonnet [172] 11 healthy Continuous disruption for 2 NA RT i
adults nights, ~ 1 h lost per
night (SR)
Drummond et al. 44 healthy 3.5-4 h obtained per night NA Visual working NS
[185] participants for 4 nights (SR) memory
performance
Filtering efficiency NS
performance
Drummond et al. 44 healthy Whole night of SD NA Visual working NS
[185] participants memory
performance
Filtering efficiency |
performance
Grundgeiger et al. 60 first-year 25 h of SD NA Two prospective | in both
[175] university memory tasks
students (more demanding
and less
demanding
combinations of
German ‘living’
and ‘non-living’
words)
Harrison and 10 trained 36 h of SD NA Critical reasoning NS
Horne [193] participants Game involving |
decision making
and innovative
thinking
Hurdiel et al. [86] 12 professional 22 4 30 min, 92 £+ 34 min 150, 300 and 350 5 min serial reaction T
competitive and 172 &£ 122 min nautical mile races time test
sailors during the race
Jarraya et al. [117] 12 handball 4-5 h obtained for 2 nights NA RT
goalkeepers (1 with SR at the start of Stroop test !
the night, 1 with SR at the (selective
end of the night) attention and
reading ability)

Barrage test (visual- |
spatial ability and
recognition)

Khazaie et al. 26 medical <6 h obtained per night for NA Wisconsin card NS
[183] residents 5 nights (SR) sorting test

Time perception NS

task

Iowa gambling test NS
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Table 3 continued

References Subjects and Sleep intervention Exercise condition if =~ Performance Results™®
fitness status if applicable measure
provided
Lucas et al. [199] 9 adventure 100 h of SD 96125 h of adventure Altered stroop test NS
racers racing (simple and
complex response/
decision making)
Olsen et al. [200] 71 army and 2.5 h obtained per night for Combat simulation Defining issues test |
navy cadets 5 nights (SR) drills (moral reasoning)
Rosa et al. [197] 12 healthy 40-64 h of SD NA Williams word l
participants memory test
Scott et al. [192] 6 students 30 h of SD Rest and cycle Tracking task NS
ergometry at 50 % Number NS
VOsmax for 20 min cancellation task
every 2 h for 30 h of . .
SD 2 choice reaction 1 at rest
time and simple
reaction time
Symons et al. [130] 11 volunteers 60 h of SD 20 min at 75 % RT NS
VOsmax ON cycle erg;
Wingate anaerobic
test; Intermittent
cycle test; Treadmill
running at 70-80 %
VOsmax; Muscular
isometric strength
tests
Taheri et al. [196] 18 student Whole night of SD Wingate anaerobic test Choice reaction 1
athletes time
Vgontzas et al. 25 normally 6 h per night (2 h less than NA Psychomotor !
[143] active normal) for 8 nights (SR) vigilance test
participants
Williamson et al. 39 volunteers 17-19 h of SD NA RT Speed and accuracy
[194] from transport Mackworth clock for all tasks were
industry and (passive vigilance generally poorer
the army test) with results at the
. d of the SD period
Tracking (hand-eye end of the peno
o equivalent to blood
coordination)
o alcohol
Dual task (divided concentrations of
attention) 0.01-0.05
Symbol digit test
(coding)
Spatial memory
search
Memory and search
test
Wimmer et al. 12 Whole night of SD NA Torrence test of l
[198] undergraduate creative thinking
students Trail marking test !
(attention)
Letter recognition l
task (attention)
Working memory l

performance
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Table 3 continued

References Subjects and Sleep intervention Exercise condition if =~ Performance Results™®
fitness status if applicable measure
provided
Mood state
Angus et al. [191] 12 fit young 60 h of SD NA Subjective fatigue 1
subjects checklist
Stanford Sleepiness T
Scale
Mood state l
Auditory vigilance |
Logical reasoning l
Visual search l
Mental addition l
Coding l
RT 1
Axelsson et al. 9 healthy 4 h obtained per night for 5 NA RT i
[109] participants nights (SR) Karolinksa 1
Sleepiness Scale
Bonnet [172] 11 healthy Continuous disruption for 2 NA Clyde Mood Scale |
adults nights, ~1 h lost per Stanford Sleepiness NS
night (SR) Scale
Edwards and 60 differently 3—4 h obtained for 1 night  Dart throwing Subjective alertness |
Waterhouse experienced (SR) Subjective fatigue 1
[115] dart players
Koboyashi et al. 13 healthy 5 h obtained per night for 7 NA Subjective 1
[110] university nights (SR) sleepiness
students
Meney et al. [30] 14 healthy Whole night of SD 5 min of self-paced POMS
participants cycling; Fatigue 1
Confusion )
Vigour l
Olsen et al. [200] 71 army and 2.5 h obtained per night for Combat simulation Stanford Sleepiness 1
navy cadets 5 nights (SR) drills Scale
Defining issues test |
(moral reasoning)
Reilly and Piercy 8 healthy 3 h obtained per night for 3 Weight lifting tasks POMS
[106] participants nights (SR) Fatigue 1
Confusion 1
Vigour l
Depression NS
Anger NS
Tension NS
Sleepiness i
Perceived effort 1
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Table 3 continued

References Subjects and Sleep intervention Exercise condition if =~ Performance Results™®
fitness status if applicable measure
provided
Scott et al. [192] 6 students 30 h of SD Rest and cycle POMS
ergometry at 50 % Fatigue 1e
VOsmax for 20 min Confusi NS
every 2 h for 30 h of ontusion
SD Vigour l
Depression
Tension NS
Anger NS
Tracking task NS

Sinnerton and 8 swimmers

Reilly [111]

2.5 h obtained per night for
4 nights (SR)

Skein et al. [126] 10 team-sport 30 h of SD

athletes

Vgontzas et al. 25 normally 6 h per night for 8 nights
[143] active
participants

Number l
cancellation task

2 choice reaction 1 at rest’
time and simple
reaction time

Muscular strength POMS
measures; Fatigue 1
Swimmi .
wimming . Confusion 1
performance test

Vigour !

Depression il

Anger i

Tension i

30 min graded POMS
exercise run, 50 min | iveliness !
int ittent int
intermittent sprin Alertness NS
exercise (15 m i
maximal sprint per ~ Energetic NS
min and self-paced Fatigue NS
after)

NA Multiple sleep i

latency test

NA not applicable, NS not significant, POMS Profile of Mood States, RT simple reaction time, SD sleep deprivation, SR sleep restriction, VO,
maximal oxygen uptake, | and T indicate decrease and increase, respectively

# All changes signified by 1 and | were statistically significant (p < 0.05)

° Note that, for RT, 1 represents a slowing down of reaction time

¢ Results here are derived from interaction effects. Please refer to the original article for main condition effects and further detail on the role of

cognition during exercise following sleep deprivation

difficult to extrapolate the results of these studies due to the
underpowered nature of the study. In contrast, sports-spe-
cific skill execution, submaximal strength, and muscular
and anaerobic power seem to decline following SR. Given
these findings, whilst it seems that SR impedes some
aspects of athletic performance; it is still not clear whether
sleep is critical to performance for all athletes who expe-
rience small one-off SR periods.

4.1.2 Sleep Deprivation and Exercise Performance

Similar to SR, the effects of total SD on exercise perfor-
mance are varied [120]. Mean time to exhaustion for

prolonged treadmill walking (80 % of VOj,x) is reduced
by ~11 % following 36 h of SD [94]. These results are
supported by other studies highlighting reduced time to
exhaustion (mean ~20 % [121]) during incremental
exercise protocols following SD [122]. In addition, mean
distance covered has been found to decline (6,224 to
6,037 m) following SD during 30 min of self-paced
treadmill running [123]. It appears time to exhaustion
decreases because of either perceptual changes or reduc-
tions in arousal and impaired muscle fiber coordination
(e.g. decreases in vertical jump performance and knee
extension torque [124]) following prolonged SD, although
the mechanisms behind this are unclear [94]. Indeed, it is

@ Springer



178

H. H. K. Fullagar et al.

proposed that increased muscular and central fatigue is
unlikely to explain decreases in prolonged exercise per-
formance following SD [112]; however, this warrants fur-
ther investigation.

Despite the popularity of sports that require high inter-
mittent-sprint performance (i.e. team sports [125]), there is a
relatively poor understanding of the effect of SD on these
activities. Skein et al. [126] recently reported slower mean
sprint times and reduced muscle glycogen concentration,
voluntary force, and activation during maximal isometric
knee extensions, along with an increased perceptual effort
following 30 h of SD in ten team-sport athletes [126]. Sim-
ilarly, several other studies have shown the detrimental
effects of SD on muscular strength [30, 124, 127], power
[128], and speed [129]. In contrast, Symons et al. [130]
reported no effect of 60 h of SD on a range of maximal upper
and lower body isometric and isokinetic strength tests.
Indeed, several studies have shown that grip strength per-
formance is maintained regardless of the amount of sleep
loss [131, 132], and shuttle run scores remain unaffected
[133]. Indeed, submaximal strength tasks may be more
susceptible to SD than maximal tasks due to the sustained
effort required to complete the task, whereby perception of
effort could increase exponentially with time to task com-
pletion [123]. In addition, differences in reported muscle
contractility (i.e. voluntary activation) between studies could
be explained by the sensitivity and accuracy of electromy-
ography measurements. Older studies (i.e. Symons et al.
[130]; [Table 1]) may have been limited in comparison with
the equipment used in recent research [126, 134].

In summary, although the effect of SD on exercise
performance remains somewhat unclear, there appears
sufficient evidence to imply that SD can have a significant
effect on aspects of athletic performance. This seems par-
ticularly pertinent for time to exhaustion in running
activities lasting longer than 30 min. Nonetheless, whilst
these studies reveal important physiological mechanisms,
conceptually it is debatable whether the findings are
applicable to elite athletic populations given it would be
rare for an athlete to endure a night(s) of complete SD.

4.2 Sleep Loss and Physiological Responses
to Exercise

4.2.1 Sleep Restriction and Physiological Responses
to Exercise

Examples of the susceptibility of physiological responses
to exercise following SR are the increase in heart rate,
minute ventilation, and plasma lactate concentration during
submaximal and maximal exercise after a partially dis-
rupted night’s sleep (3 h of sleep loss in the middle of the
night) [95]. These responses are attributed to the increased

@ Springer

metabolic demand [135], perceived effort [94], and cate-
cholamine concentrations following SR [136]. This could
be interpreted as SR acting as an additional stress to the
stress imposed by exercise itself [137]. In contrast, Martin
et al. [138] showed that 2 nights of fragmented sleep (eight
‘wake up’ calls ranging 30-75 min) had no significant
effect on heart rate, oxygen consumption, minute ventila-
tion, and core body temperature during 30 min of heavy
treadmill walking. Similarly, these findings support other
results, suggesting no alterations to physiological responses
following SR, i.e. lung function and power unaffected by
minor sleep loss [97, 111]. Whilst the error sensitivity
across metabolic collection systems could perhaps explain
some differences across studies [139-142], these differ-
ences are perhaps more attributable to the exercise mode
and protocol administered (running [98] vs. cycling [95];
free-paced exercise [111] vs. time to exhaustion [102]).

Although various hormonal concentrations (e.g. plasma
cortisol) will typically increase during exercise-induced
stress, the interaction between these responses and sleep
loss is inconclusive [31]. For instance, there have been
reports by some [99, 143], but not all [138, 144, 145]
studies that cortisol concentration might be lowered fol-
lowing sleep loss. These varied results are likely attributed
to the fact that cortisol secretion is dependent on the tim-
ing, intensity, and duration of the stimulus [146] and is
highly driven by circadian rhythms [147]. As an example
of the sensitivity of hormonal and additionally immune
responses to SR and exercise stimuli, GH, prolactin and
interleukin (IL)-6 have been shown to increase following
SR and four 250-m treadmill runs at 80 % maximum speed
[101]. This is supported by findings of next-day increases
in IL-6 (threefold) and tumor necrosis factor (TNF)-a
(twofold) following SR [148], although others have
reported these variables to remain unchanged at rest [149].
Since increases in these pro-inflammatory cytokines (e.g.
IL-6; mean 4.11 £ standard deviation 0.99 rising to
5.44 4+ 1.1 pg-ml~' [144] and TNF-o [143] following SR
and exercise) might be associated with unfavorable meta-
bolic profiles [143] and inflammatory disease risk [147,
150], there is concern about obtaining sufficient quality and
duration of sleep in all individuals from an overall health
perspective [14, 143].

4.2.2 Sleep Deprivation and Physiological Responses
to Exercise

Energy substrate balance appears vulnerable to sleep loss,
with 30 h of SD shown to blunt the full restoration of
muscle glycogen stores in team-sport athletes [126].
Without adequate intake, this could hinder the ability of
athletes to compete for sustained periods, as muscle gly-
cogen shortage is known to reduce muscle function and
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total work capacity [3, 151]. Indeed, energy imbalances are
associated with SD, potentially leading to decreased aero-
bic and anaerobic power production [21, 152]. Prolonged
periods of SD (36 h) are further associated with increased
sympathetic and decreased parasympathetic cardiovascular
modulation, and spontaneous baroreflex sensitivity during
sitting and vigilance testing in healthy adults [153]. Since
disruptions to the sympathetic—parasympathetic balance
are associated with overtraining [154], it is possible these
disturbances to the autonomic nervous system following
SD could support the development of an over-reaching or
over-training status [3, 155]. Indeed, of importance to
athletes, maintaining this autonomic balance is critical for
producing optimal performance [156]. Notwithstanding
this, most [94, 103, 122], but not all [122] studies have
reported that SD does not alter cardiorespiratory variables
during incremental exercise (e.g2. VO;.x, minute ventila-
tion). Further to these results, there were no significant
effects on cardiorespiratory or thermoregulatory function
despite a reduction in distance covered during 30 min of
self-paced treadmill running following SD [123]. Taken
with other results [94, 123, 157, 158], these findings sug-
gest that SD has minimal effect on cardiorespiratory
function during intermittent submaximal exercise, despite
observations of a reduction in performance. Oliver et al.
[123] hypothesize this could be due to the influence of the
perception of effort during the end stages of prolonged
high-intensity exercise. Extreme periods of sleep loss (i.e.
100 h without sleep) are more likely to negatively affect
cardiorespiratory variables than acute SD (24-36 h) [159].

Similar to the effects of SR, the effects of SD on hor-
monal and endocrine responses to exercise are unclear. It
has been shown that SD (50 h) does not affect blood
parameters such as blood lactate, epinephrine, norepi-
nephrine, and dopamine during treadmill walking to
exhaustion [121], nor in cases where subjects exercised
(28 % VO, max for 1 h every 3 h for 64 h of SD) during
the SD period (i.e. blood lactate concentration [12.1 vs.
11.8 mm01~171] [160]). However, such responses are
heavily influenced by circadian fluctuations [40], making
the effect of SD on these parameters difficult to determine.
Interestingly, these two studies [121, 160] and others [138]
that reported no differences in hormonal and endocrine
responses to exercise following SD used constant exercise
protocols, whereas two studies that reported significant
changes following SR [95, 99] utilized incremental tests to
exhaustion. Thus, the variable load at the end of exercise
appears to increase the final stress-related response. The
response of blood-cortisol concentrations to SD are similar
to those with SR, with inconsistent findings presented [138,
149, 161]. Theoretically, if increased cortisol concentra-
tions do occur [161], this could lead to increased muscle
catabolism and a reduction in protein synthesis [3]. As

such, this would lend support to the restorative theory that
sleep is required for muscular recovery [162]; however,
such hypotheses require further research for clarification.
For instance, whilst SD can initially blunt the secretion of
GH [163], possibly hindering growth [42] and recovery
[162], this deficiency is compensated for by increasing GH
secretion during waking hours [164].

4.3 Sleep Loss, Cognitive Performance, and Mood
Responses

Numerous studies report that when sleep is reduced to less
than 7 hin healthy adults, cognitive performance is poorer in
tests for alertness, reaction time, memory, and decision
making [23, 109, 165-170]. Heightened levels of sleepiness,
depression, confusion, and poorer overall mood states have
also been reported [171-174]. Decrements in cognitive
performance have previously been attributed to disruptions
to pre-frontal cortex functioning, as cognitive deficiencies
that occur outside this area of the brain malfunction in
qualitatively different ways [169]. Recently, a more uni-
versal effect of sleep disruption on cognition has been pro-
posed [175], due to the sensitivity of cognitive performance
to both arousal (not limited to pre-frontal activity) and
attention in a sleep-disrupted state [166]. The neuroana-
tomical mechanisms behind this state are intricately complex
[176]. For instance, when the quality and quantity of human
sleep is reduced, it appears the largest decreases in cerebral
metabolism (compared with the awake-rested state) are
apparent in the thalamus, cerebellum, and prefrontal, pos-
terior parietal, and temporal cortices [176, 177]. The reduced
metabolic rates within these regions have been correlated
with decreased cognitive performance [178, 179], high-
lighting their influence on optimum cognitive functioning
[176, 180]. Based on these collective findings, some support
suggested sleep benefits from models related to neural
mechanisms, rather than peripheral tissues [103].

4.3.1 Cognitive Performance and Mood Responses
Following Sleep Restriction

As an example of the sensitivity of cognitive function to
sleep disruption, simple reaction time (RT) has been shown
to increase in individuals following 1 h of SR for 2 nights
[108] and 4 h of SR for 5 nights [109]. In addition, Jarraya
et al. [117] found increases in RT and decreases in selective
and constant attention in 12 handball goalkeepers following
4-5 h of SR at both the beginning and the end of the night
[117]. With RT slower following even minor disruptions to
both sleep quality [108] and duration [117], it would seem
pertinent for athletes with a high reliance on this cognitive
component to ensure optimum sleep conditions prior to
competing (e.g. baseball, cricket). This may be particularly
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challenging for baseball teams who play more than 80 away
matches per season, where sleep conditions will change on
an almost daily basis. These recommendations might be
extrapolated to a host of individual and team-sport athletes,
as many sports also involve critical decision making [181,
182], which is also susceptible following SR [169].
Although the majority of literature supports the impairment
of decision making following sleep loss [169], others have
reported no effects [183]. Khazaie et al. [183] reported no
change in abstract reasoning, time reproduction skills, or
decision-making ability in 26 sleep-restricted (<6 h sleep
for 5 nights) medical residents. Whilst this was most likely
due to a lack of an effect of partial SR on pre-frontal cog-
nition or the interaction between the type of SR and type of
cognitive task, it does show that optimum sleep may not
always be critical for maintenance of decision-making
performance over an acute period.

The understanding of the effect of SR on memory and
recall is also equivocal, with some authors reporting
decrements in short-term memory following SR [184],
whilst others report no change [185]. For instance, Drum-
mond et al. [185] found no changes in visual working
memory or filtering efficiency following 3.5—4 h of sleep.
Whilst SR is unlikely to affect elite players’ memory of
how a (motor) skill is executed, it could potentially affect
the recall and understanding of tactical awareness or
positioning. From this perspective, it seems that sufficient
sleep should be obtained following training sessions, as the
perceptual and motor learning processes continue into and
throughout subsequent sleep [186]. Another example of the
detrimental effects of SR on cognitive performance is the
plethora of evidence that reports poorer mood states after
SR, with decreases in vigor along with increases in

depression, sleepiness, and confusion [106, 109, 115, 172,
187]. These negative mood states have been linked to over-
reaching and over-training [188—190]. Indeed, this increase
in psychological fatigue following SR would appear to
create a neurocognitive state not conducive for either
engaging in physical activity requiring a high motivational
component or employing optimal decision making; how-
ever, such concepts still require further substantiation.

4.3.2 Cognitive Performance and Mood Responses
Following Sleep Deprivation

The effects of SD on cognitive performance are quite clear,
with many studies showing that greater total sleep loss
results in poorer overall mood states, with increased fati-
gue, sleepiness, and confusion, decreased vigor [30, 138,
191] and liveliness [126], and heightened depression [192].
In addition, decreases in logical reasoning, coding, decision
making, and filtering efficiency have also been reported
[185, 191, 193]. The speed and accuracy at which these
tasks are performed are also negatively affected by SD
[194, 195]. Moreover, previous studies show that partici-
pants perform poorer in tests for auditory vigilance [192],
simple and complex RT [191, 192, 196], and memory [175,
194, 197, 198] following complete sleep loss. Limited data
are available for cognitive functioning during sporting
events, although during extreme sports (i.e. long-haul yacht
racing), it appears cognitive impairments present following
extensive SD [86]. These findings potentially have severe
repercussions for athletic performance (Table 4). None-
theless, conflicting results do exist, with no significant
differences in simple and complex responses to an altered
Stroop test for decision making during 96-125 h of

Table 4 Effects of sleep loss on cognitive functioning and possible extrapolations to sport performance (column 1 adapted from Durmer and

Dinges [23], with permission)

Effects of sleep loss on cognitive performance

Possible effects on professional athletes

Time pressure increases error rate

Response time slows

Both short-term recall and working memory
performances decline

Reduced learning (acquisition) of cognitive tasks

Response perseveration on ineffective solutions is
more likely

Tasks may be begun well, but performance
deteriorates as task duration increases

Increased compensatory effort is required to remain
behaviorally effective

More errors in time-affected sports (e.g. shotclock in basketball)

Decreased reaction time could be especially pertinent for sprinters, baseballers, cricketers,
goalkeepers, and tennis and handball players

Effects the messages coaches can deliver to athletes, this will have a flow-on effect on
tactical awareness (may be pertinent for teams with set plays e.g. American football, ice
hockey, rugby league, basketball, and soccer)

Blunt cognitive-induced training adaptations during periods of high-intensity learning
(e.g. players could struggle whilst learning new tactics and formations during the pre-
season in sports such as soccer and Australian rules football)

If an athlete continually tries to perform a task in the wrong manner from a reduced
proprioceptive state, this could lead to an increase in injury [3]

Fatigue can lead to an increase in decision-making errors. Could affect all sports played
over prolonged periods (e.g. decathlon, American football, baseball, Australian rules
football)

This would suggest a decrease in time to fatigue, affecting numerous sports that
experience intermittent and repeated exercise bouts
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adventure racing (~ 100 h of SD [199]). These differences
are most likely attributable to the intra-individual vari-
ability in personality and mood state and sleep require-
ment, in addition to sample size and task familiarity [200].
For instance, Edinger et al. [201] found vastly different
responses for sleepiness and mood when investigating the
daytime functioning of two players during a 146-h mara-
thon tennis match. Indeed, humans are sometimes unaware
of their increasing cognitive deficits and declining neuro-
behavioral function following SD [65]. In summary, SD
results in relatively unequivocal decrements in most
aspects of cognitive function and mood responses.

5 Future Research

Currently, there is insufficient evidence to clarify the
importance of sleep for athletes and the effects of sleep loss
on exercise performance, alongside physiological and
cognitive responses to exercise. Indeed, more research is
required to confirm what dimensions of exercise perfor-
mance are affected by sleep loss, especially those with a
focus on repeated bouts of intermittent exercise and sport-
specific performance. Admittedly, very little of the current
literature has been conducted in team-sport athletes, mak-
ing the extrapolation of assumptions regarding sleep and
performance to team sports difficult. Furthermore, there is
little to no statistical analysis in the majority of previous
studies with regard to magnitudes of effect, which may
cloud some statistical inferences as to the effect on per-
formance with respect to practical relevance [202]. More-
over, the majority of studies that assess the effect of sleep
loss on athletic performance are those involving SD, a
scenario that is very rare in the real world. For athletes, it

Table 5 Practical recommendations for sporting practitioners

would seem more pertinent in future research to investigate
the effect of SR on parameters related to athletic perfor-
mance. Future research may also focus on the interaction
between sleep and acute and chronic training adaptations.
Further research is also required to confirm whether
reduced sleep in elite athletic populations is associated with
illness and injury occurrence, and whether such distur-
bances can partly explain the over-training state. Pre-
liminary evidence indicates that athletes who are at least
functionally over-reached present with sleep disturbances
and illness prevalence during high-volume training [203].
From a purely scientific perspective, it is pertinent certain
factors are considered in future endeavors when defining
the effect of sleep on athletic performance within an
experimental protocol [21, 204], including isolating
homeostatic and circadian components, utilizing an exter-
nally valid competitive event and minimizing the many
confounding variables that affect sports performance [205].

6 Practical Recommendations

The following recommendations (Table 5) are based on the
literature within this review. However, the authors recog-
nize that given the equivocal findings for most summaries,
future research is required to confirm these recommenda-
tions. Most importantly, it is recommended to understand
the intra-individual differences with regards to sleeping
patterns. Practitioners should strive to identify where sleep
problems exist, and if necessary employ ethical interven-
tions. If problems persist, these should be dealt with by
medical professionals [7]. Whilst there are numerous
examples of the interaction between sleep and performance
that may aid practitioners, there is little literature

Identify whether sleep problems exist within your athletic population—collect and compare with longitudinal data across a variety of
situations and competitions. Where possible, collect performance and/or match data to detect possible associations. There may be instances

where there are no sleep issues apparent

If issues are present, identify poor practice; how, when, and why do these issues occur. If problems persist, treat in conjunction with a trained
medical professional from the team to improve the quantity and quality of sleep (follow sleep hygiene practice, i.e. no technology 30 min
before bedtime, no TV or use of laptops in bed; dark, cool, and quiet rooms)

Understand that the effect of a poor night’s sleep (acute sleep restriction) before a match or training may not necessarily affect athletic
(exercise) performance. Theoretical principles and limited evidence would suggest it is more likely to affect illness and injury occurrence

Avoid early morning training sessions following sleep disruption where possible, as these can be more detrimental to muscle strength and

power performance than late bedtimes

Be aware that poor sleep prior to training could influence motivation and may hinder both cognitive- and physiological-induced training

adaptations

Where possible, align training sessions to game times to adjust circadian rhythms. However, such practices have logistical issues and should

not be at the risk of the quality of training

Practitioners, where possible, should supplement this understanding of sleep loss and performance with an increased knowledge of the
relationship between sleep and recovery. Despite a widely held assumption that sleep is crucial for recovery, the interaction between sleep
and recovery remains poorly understood. Limited evidence indicates sleep has a role to play in athletic recovery; however, the mechanisms
behind this remain uncertain, so this assumption should be treated with caution
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confirming the importance of sleep to physiological and
psychological recovery. In particular, evidence of the role
and importance sleep plays within the professional sporting
environment during various scenarios is lacking. Thus,
although sport science personnel and researchers should be
aware of the complex effects of sleep loss on athletic
performance, such knowledge needs to be supplemented
with sufficient understanding of sleep’s role in recovery,
and possible sleep hygiene strategies to alleviate these
issues. Accordingly, future examination of the evidence of
sleep and the potential role it may play in recovery for
athletes is warranted.

7 Conclusion

Although sleep is generally considered critical for human
and athletic performance, there are mixed results regarding
objective performance decrements in the current scientific
literature. Individual athletes appear to lose sleep just prior
to competing or if forced to train at early times; however,
evidence for such instances in team sports is lacking.
Exercise performance seems to be negatively affected
during periods of SD (specifically endurance and repeated
exercise bouts), although conflicting results exist for the
effect of acute SR, as performance during maximal one-off
efforts (in particular for maximal strength) is generally
maintained. Possible reasons for these differences could be
due to contrasting research designs and statistical power.
The effects of sleep loss on physiological responses to
exercise could potentially hinder muscular recovery and
lead to a reduction in immune defense, although this still
remains speculative. The majority of studies focusing on
sleep loss and cognitive performance and mood responses
have found detriments to most aspects of cognitive func-
tion (i.e. RT) and mood stability, results that potentially
could hinder the neurocognitive components of many
sports. Despite common assumptions around the impor-
tance of sleep, the lack of scientific evidence (especially in
elite athletes) suggests future research into the examination
of sleep and athletic performance is warranted.
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