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I. Abstract 2 

After several papers reported that Whole Body Cryotherapy (WBC) can improve objective and 3 

subjective markers of sleep, supported by anecdotal reports of post-exposure sleepiness from players at 4 

Southampton FC (SFC; PhD sponsor), the original aim of this thesis was to elucidate the effect of WBC 5 

on sleep in professional football players. However, after the UK COVID-19 lockdowns, WBC was not 6 

considered covid safe and, therefore, sleep became the central theme. Sleep plays an important role in 7 

the maintenance of both physiological and psychological homeostasis. During sleep, the release of 8 

human growth hormone and other anabolic hormones peak, inflammatory processes are modulated, and 9 

memories and skills are consolidated. Therefore, sleep is considered integral to athletic recovery and 10 

player well-being. Despite this, professional football players regularly present with sub-optimal sleep 11 

duration and/or quality. However, the factors associated with sleep variability are not fully understood, 12 

and there is no consensus on what the optimal level of sleep for athletes is. Therefore, this thesis 13 

conceptualised the following research questions: (1) What is known about the quality and duration of 14 

sleep amongst professional footballers?  (2) What factors affect sleep in professional football players, 15 

specifically at SFC? (3) What are suitable and effective ways of improving sleep in professional football 16 

players? These questions were addressed across 2 systematic reviews (Chapters 2 & 4), an 17 

interventional study (Chapter 3), an observational cohort study (Chapter 5), a method agreement study 18 

(Chapter 6), and finally a case study (Chapter 7). 19 

Chapter 3 presents a study that aimed to (1) investigate the effect of a WBC applied across an in-season 20 

microcycle on the objective and subjective sleep quality in under-18 (U18) professional footballers, and 21 

(2) determine the effect of WBC on game-day inflammation, testosterone, and cortisol. Unfortunately, 22 

this study was curtailed by the COVID lockdowns. Nevertheless, novel findings were reported. 23 

Specifically, whilst objective sleep data were not significantly different between groups, players who 24 

received WBC during the microcycle preceding a competitive fixture, reported a greater sense of 25 

alertness following wake, as determined by the Leeds Sleep Quality Index. Whilst these results are 26 

subjective, they could also be indicative of improved sleep architecture following WBC. However, 27 

considering objective sleep was determined from wrist-worn activity monitors without the capability to 28 

detect sleep stages, this cannot be known with certainty.  29 

In Chapter 4, a scoping review of observational studies was performed that suggested that professional 30 

football players’ mean sleep duration, sleep latency, and wake after sleep onset (WASO), were all within 31 

recommended guidelines (these same reference limits were also used for Chapter 4). This conclusion 32 

was made on the basis that over 63% of the included studies reported means that were above the lower 33 

reference boundary for sleep duration. Despite this, several papers reported error bars that exceeded the 34 

reference limits, suggesting that suboptimal sleep remains common among individual players. In 35 

Chapter 5, an observational study was performed on under-18 professional SFC players, and the results 36 

matched what was observed from the scoping review in Chapter 4. Specifically, whilst sleep duration 37 

on matchday+1 (the day proceeding matchday) presented with a beta estimate (derived from linear 38 

mixed models) of 400mins, the remaining day types presented with sleep durations of above 420mins, 39 

the lower end of the reference limits. Nevertheless, in this study, confidence intervals breached the 40 

reference limits, therefore, further suggesting that suboptimal sleep occurs in this population. In tandem, 41 

results from Chapter 4 and Chapter 5 potentially indicate that group-level interventions are unnecessary. 42 

Rather, practitioners may find it more efficient to target support to players who report sleep 43 

disturbances.  44 
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The scoping review presented in Chapter 4 also suggested that professional football players' sleep was 45 

also more variable compared to age-matched controls and several factors (e.g. scheduling variables) 46 

were associated with disrupted sleep. Chapter 5 builds on these findings by demonstrating for the first 47 

time that scheduled start time (the time players were scheduled to arrive at training or for a fixture) was 48 

associated with the amount of sleep that U18 players attained. Specifically, for every hour increase in 49 

start time, player sleep duration increased by an estimated 19.1mins (CI:9.4–28.79; p<0.001). This 50 

occurred in tandem with an 18mins (CI:9.3–26.6; p<0.001) later wake time, per hour increase in 51 

scheduled start time. It is not clear to what magnitude start time would have to be extended to generate 52 

increases in player performance, secondary to increased sleep duration. However, considering the 53 

player's age from this study (age: 17.3 ± 0.7yrs), a later start time may befit their intrinsic chronotype 54 

and, therefore, support the players by reinforcing their natural sleep habits.  55 

Whilst data from Chapter 5 support the notion that scheduling variables are associated with sleep in 56 

U18 professional footballers, they also suggest that sleep is not meaningfully associated with external 57 

workload. Global positioning and accelerometry data were collected and collated across 1-day, 7-day, 58 

and 28-day periods. For every 100m increase in high-speed running (>5.5 m·s−1), sleep onset and wake 59 

time were extended by 4.68min (CI:2.78—6.58mins) and 3.38mins (CI: 1.27—5.5mins), respectively. 60 

However, considering that workload had no significant effect on total sleep duration, the changes to 61 

wake time and sleep onset time should not concern practitioners.  62 

In Chapters 3, 5, and 7, objective sleep monitoring was completed using ReadiBand wrist-worn activity 63 

monitors. Though, it was acknowledged that these devices cannot readily link objective sleep quality 64 

and performance, and players' data could be missing due to poor band adherence. Therefore, another 65 

approach was trialled where the effect that inadequate sleep has on cognitive variables that are sensitive 66 

to sleep loss was determined, rather than measuring sleep directly. Consequently, this thesis also 67 

assessed the use of a novel virtual reality eye-tracking device that could rapidly administer an 68 

oculomotor task which was reported to be sensitive to total sleep deprivation. However, to be efficacious 69 

in a footballing environment, the device would have to demonstrate sensitivity to the daily fluctuation 70 

of sleep. Target radial variation (a measure of spatial accuracy) was found to be significantly correlated 71 

with perceived daytime sleepiness (r=0.33, p=0.005), however, no further relationships were observed 72 

between oculomotor function, psychometric vigilance, daytime sleepiness, and sleep metrics. In a 73 

retrospective analysis on a second data set from military personnel (that was included to augment the 74 

original analysis), only psychomotor vigilance, and not oculomotor function, were associated with the 75 

total amount of sleep achieved. This suggested that this device would not be efficacious in a footballing 76 

environment as a replacement for sleep monitoring. 77 

Following the research presented in Chapters 4 and 5, it was surmised that a bespoke approach to sleep 78 

intervention would be more efficacious than team-based interventions. To this end, a framework was 79 

conceptualised in collaboration with a multidisciplinary team from SFC (Chapter 7). Next, a player was 80 

referred to the scheme after reporting excessive night time awakenings. After consultation, the player 81 

completed several subjective questionnaires to assess sleep quality (Pittsburgh Sleep Quality Index), 82 

insomnia severity (Insomnia Severity Index), and daytime sleepiness (Epworth Sleepiness Scale) 83 

followed by a period of objective sleep monitoring. The sleep monitoring confirmed excessive 84 

nighttime awakenings and based on the responses from the initial consultation, a sleep hygiene 85 

intervention was applied tailored to the players' responses during the initial consultation. Results 86 

revealed improved subjective sleep quality, insomnia severity, and nighttime awakenings. Whilst a case 87 

study cannot establish causality, it does provide a potential framework for practitioners looking to 88 

provide targeted sleep interventions. 89 
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Conclusions: 90 

• In general, professional football players' sleep quantity, latency, and WASO is within available 91 

population-based reference limits. 92 

• Scheduling variables, and not workload variables, are associated with activity monitor-derived 93 

objective sleep metrics in professional football players. 94 

• Scheduled start time is associated with the amount of sleep that professional U18 football players 95 

receive. 96 

• An oculomotor task does not have the requisite sensitivity to detect acute sleep loss in professional 97 

football players. 98 

• A bespoke sleep intervention strategy can be efficacious in an applied footballing environment for 99 

players reporting sleep disruption. 100 

  101 
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VIII. Thesis introduction 513 

I. Background 514 

Contemporary football involves periods of low-intensity movements interspersed with high-intensity 515 

accelerative and decelerative actions [1–3]. The result is substantial disrupted physiological [4–7] and 516 

psychological [56–59] homeostasis, and the onset of exercise-induced muscle damage that can be 517 

measured in the days after exercise [12]. Considering that professional football players are required to 518 

perform up to 60 competitive fixtures per season [12], practitioners and researchers have invested great 519 

amounts of investigative interest in recovery strategies aimed at re-establishing pre-exercise function 520 

[13], maintaining athletic performance [14], and reducing injury risk [15].  521 

Optimal sleep quantity and/or quality is considered an essential element to athletic recovery [14] and to 522 

the maintenance of physiological [16] and psychological [17] homeostasis. During sleep, the release of 523 

human growth hormone and other anabolic hormones peak, inflammatory processes are modulated, and 524 

memories and skills are consolidated. Furthermore, recovery from muscle-damaging exercise has been 525 

observed to be impaired in the presence of sleep restriction [18], and sleep extension has been observed 526 

to improve elements of physiological and psychological wellbeing after competition [19]. 527 

Despite a well-documented relationship between sleep, recovery, and performance, athletes have been 528 

observed to have suboptimal sleep compared to age-matched controls [20], with professional football 529 

players presenting with significantly greater sleep onset latency variability compared to non-athletic 530 

comparators. However, the factors associated with sleep disruption in these populations are not fully 531 

understood, nor is the optimal approach to sleep monitoring and intervention. 532 

This thesis was first instigated to assess the use of Whole-Body Cryotherapy (WBC) in professional 533 

football players. After several papers reported that WBC can improve objective and subjective markers 534 

of sleep, supported by anecdotal reports of post-exposure sleepiness from players at Southampton FC 535 

(SFC; PhD sponsor), this thesis initiated studies which aimed to elucidate the effect of WBC on sleep 536 

in professional football players. However, after the UK COVID-19 lockdowns, WBC was not 537 

considered a covid safe therapy, and the English Football Association prohibited its use. Therefore, 538 

considering the aforementioned information and the work completed thus far, sleep became the central 539 

theme.  540 
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II. Thesis aim and objectives 542 

Initially, this thesis aimed to answer the following questions: 543 

1. What are the optimal exposure frequency and timing of WBC within the professional 544 

microcycle at Southampton FC? 545 

2. Can WBC be used as an ergonomic sleep a id for professional football players? 546 

After covid, adaptions were made, and the following thesis aims were conceptualised:  547 

1. What is known about the quality and duration of sleep amongst professional footballers?  548 

2. What factors affect sleep in professional football players, specifically at SFC? 549 

3. What are suitable and effective ways of improving sleep in professional football players? 550 

These aims were addressed across 2 systematic reviews (Chapters 2 & 4), an interventional study 551 

(Chapter 3), an observational cohort study (Chapter 5), a method agreement study (Chapter 6), and 552 

finally a case study (Chapter 7). See Figure 1 for a schematic overview of the thesis. 553 

  554 

 
Figure 1: PhD thesis schematic. *Published in the International of Sports Medicine **Published in the Journal 

of Sports Science 



XVIII | P a g e  

 

III. Specific aims 555 

The specific aim of this thesis are as follows: 556 

1. Examine the use and frequency of post-exercise WBC, compared to passive recovery, on 557 

markers of inflammation, redox, and variables related to post-exercise fatigue (Study 1) 558 

2. Investigate the effects of WBC, applied across an in-season microcycle on the objective and 559 

subjective sleep quality in under 18 (U18) professional footballers, and determine the effect of 560 

WBC on game-day inflammation, testosterone, and cortisol (Study 2) 561 

3. Examine what is known about sleep quality and quantity, in relation to published norms, and 562 

identify the main literature themes concerning barriers to optimal sleep in full-time, 563 

professional footballers (Study 3) 564 

4. Assess the influence of scheduling and workload variables on objective sleep markers in 565 

professions football players (Study 4) 566 

5. Investigate if a virtual reality eye-tracking smooth pursuit assessment is sensitive to day-to-day 567 

variation in sleep metrics, and assess if the test can detect the presence of sleep loss in a military 568 

training environment with prescribed sleep deprivation (Study 5) 569 

6. Trial an individualised sleep monitoring and intervention strategy aimed at improving the 570 

subjective and objective sleep in a professional U18 football player reporting suboptimal sleep 571 

(Study 6) 572 

 573 

 574 

 575 

 576 

  577 
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Chapter 1 578 

1. The demands of elite football and the role of sleep in 579 

recovery and performance (Literature review: part 1) 580 

  581 
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1.1. Physiological and psychological demands of football 582 

To understand the role and importance of sleep in athletic recovery and wellbeing in professional 583 

football players, it is logical first to understand the effects of competitive fixtures and training on 584 

subsequent physiological disruption.  585 

Therefore, the purpose of this section is to explore the physiological and psychological demands of 586 

football before implicating sleep in the recovery process.  587 

1.1.1. Match and Training demands 588 

The physiological demands of modern association football (football) have increased over recent decades 589 

[21,22]. The appropriate evaluation of player work rate is, therefore, necessary for sport scientists to 590 

monitor athlete condition and implement appropriate training and recovery regimes. With the advent of 591 

global positioning system (GPS) and multiple-camera tracking technologies, large sets of data 592 

quantifying the external loads experienced by players in elite football have been generated [23]. This 593 

has enabled an increasingly accurate evaluation of player activity [24], work rate [25], load, and injury 594 

risk [15]. 595 

Elite male footballers cover a distance of 9 to 14km per competitive fixture. This is largely dominated 596 

by low-intensity activity, with intermittent high-intensity movements interspersed throughout a game 597 

[1–3]. One study conducted in the English Premier League observed that the distance travelled at high-598 

intensity running (speed >19.8 km·h−1) can exceed 3000m [26] and Barnes et al. [27] highlighted that 599 

sprint distance has increased by approximately 30% between the 2006/07 and 2012/13 seasons, 600 

emphasising the growing physical demand placed on footballers. 601 

Further research has also highlighted inter-positional and inter-game variability in the amount of work 602 

completed at high intensity. Di Salvo et al. [28] examined the within-position differences in physical 603 

performance in Premier League and Championship (English tier-two league) players across multiple 604 

seasons. In both leagues, the greatest distance covered at sprint speeds (>25.2 km·h−1) was completed 605 

by wide midfielders, followed by attackers and wide defenders, with central defenders covering the 606 

least distance. Likewise, Dellal et al. [29] also observed greater high-intensity running (21-24 km·h-1, 607 

multiple-camera match analysis system) in wider positions and additionally noted differences when 608 

central midfielders were analysed based on their tactical roles (i.e. attacking or defensive). Moreover, 609 

whilst the total distance travelled appears unaffected by formation, attacking players performed more 610 

high-intensity work in 4-3-3 compared to 4-4-2 and 4-5-1 formations [30]. This is also possession 611 

dependant, with teams performing more high-intensity running in possession when utilising a 4-5-1 612 

formation [31]. 613 
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In addition to large amounts of high-intensity running across match play, research has highlighted 614 

considerable deceleration work within football. A meta-analysis demonstrated that footballers perform 615 

more high-intensity (>2.5m · s-2) decelerations compared to other popular team sports [12]. This too is 616 

position-specific, with wider midfielders performing more decelerations and changes of directions 617 

throughout a game [24,32]. Furthermore, the number of high-intensity actions has also been associated 618 

with increased injury risk. Bowen et al. [33] used accelerometer and GPS data to characterise the 619 

relationship between acute:chronic workload ratio and injury risk. Amongst the findings, increased 620 

acceleration work across a three-week period was most associated with increased overall injury risk. 621 

Match and/or training activities may also differ in professional (full-time, contracted player, with no 622 

other training or work obligations) players representing different age group teams (e.g., U18, U23, 1st 623 

team) from the same club. However, whilst senior 1st teams have frequently been analysed, there are 624 

somewhat limited data on U23 and U18 teams [24]. This may be due to a limited number of monitoring 625 

units [34], or differences in tactics and longer-term strategic factors (i.e., maturation status of players 626 

or preparing younger players for senior football compared to preparing senior players to be competitive) 627 

that make direct comparisons across age groups mute.  628 

In one study, the match demands of U18, U23, and 1st team professional players representing an English 629 

football club were compared across a season [35]. Results suggested that U18 players completed 630 

significantly (p<0.001) less HSR (>5.5 m·s−1) distance and high-intensity burst distance (defined as 631 

acceleration (≥4.0 m·s−2), deceleration (≤4.0 m·s−2), or impact (≥11G) activities completed in 632 

succession separated by 20 s or less) compared to U23 and 1st team players. However, in both cases, the 633 

effect size was revealed to be small (Cohen’s D: 0.2-0.6). Considering the effect sizes, it is not clear if 634 

the significant differences in match activities between age groups elicits a meaningful response to the 635 

severity of EIMD, injury risk, or potential sleep disruption. It is also noteworthy that the authors elected 636 

to group accelerative, decelerative, and impact activities. Declarative actions are more associated with 637 

the onset of EIMD, compared with acceleration [36], whereas some analysis suggests that accelerations 638 

are more greatly associated with non-contact injury risk [33]. It may be useful to understand how these 639 

specific variables differ over different age groups so that recovery strategies (e.g., whole-body 640 

cryotherapy or sleep support) can be better tailored. 641 

In a similarly designed study, the same analysis was applied to U18 and 1st team players representing a 642 

professional club in Switzerland [35]. In this instance, accelerations and decelerations were analysed 643 

independently. Compared to the 1st team, the U18 team performed a significantly lower number of 644 

decelerations (≤4.0 m·s−2) per game (1st: 33.7 ± 9.5, U18: 27.3 ± 8.1), although no significant difference 645 

was detected in the number of accelerations (≤4.0 m·s−2) per game (1st: 19.4 ± 6.7, U18: 18.5 ± 6.8). 646 
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This suggests that 1st team players may be at greater risk of EIMD, and potential sleep disruption 647 

compared to U18 players.  648 

It is challenging to compare the data between these two studies directly [35,37]. Firstly, the variables of 649 

note in this discussion are reported in incompatible ways (i.e., analysing accelerations and decelerations 650 

independently compared to grouping them with impacts). Furthermore, the two studies are set in 651 

different countries and different clubs which may implement differing tactics, playstyles, and 652 

development targets. This may be presented in differing match actions. Nonetheless, these studies still 653 

highlight the fact that football players of all age groups experience considerable external load, including 654 

decelerative loading. Therefore, players likely experience notable EIMD and wider physiological 655 

disruption [38]. 656 

Regardless of the inter-positional and potential inter-team (e.g., U18, U23, 1st team) heterogeneity, the 657 

prevalence of deceleration work in football implicates a high degree of mechanical loading during 658 

competitive fixtures [38]. Significant demand is placed on a player’s ability to repeatably absorb 659 

decelerative forces through eccentric muscular contraction, in turn causing sarcomere disruption and 660 

exercise-induced muscle damage (EIMD) [39].  661 

1.1.2. Validity of external load measures 662 

There is a range of available external load metrics that can be derived from both accelerometry (e.g., 663 

number of high-speed decelerations and accelerations) and GPS (e.g., total distance and distances 664 

performed at a predefined velocity) units, and the consensus is that these metrics can give a valid 665 

indication of daily or accumulated load alongside peak match demand [40,41]. The devices themselves 666 

have also been validated against gold-standard methodology. Specifically, devices show good 667 

agreement for peak speed and distance covered with radar guns and runs over predefined distances, 668 

respectively [40,42]. Furthermore, their reliability has been consistently observed [42,43]. However, 669 

the specific validity of individual external load variables may depend on the post-exercise physiological 670 

disruption that sport scientists wish to monitor. For example, the number of high-speed decelerations is 671 

associated with the onset and severity of EIMD [4–7] whereas the number of accelerations has been 672 

associated with an increased risk of non-contact injury [33]. Therefore, the validity of the individual 673 

external load measure may depend on the explicit element of physiology that a practitioner wishes to 674 

monitor. 675 

Selecting an appropriate external load metric to monitor potential sleep disruption is not unequivocal. 676 

Although this is discussed in greater detail later in this review, a conclusive relationship between 677 

external load and sleep quality in football players has not been established [44–46], despite studies that 678 

highlight a potential association between sleep and external load in other sports [47]. However, the 679 
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limited number of studies that have assessed the potential for a relationship in football have, thus far, 680 

only utilised subjective [44,45] or activity monitor [46] based sleep monitoring which cannot elucidate 681 

sleep architecture. This indicates the need for further exploratory observational studies in professional 682 

footballers to provide greater clarity on any potential meaningful association.  683 

Several studies that have sought to study potential relationships between external workload and sleep 684 

have utilised high-speed running (HSR) distance (running speeds m·s−2) as a global measure of total 685 

workload [44–46]. Whilst this approach discounts activity at other speeds, or specific associations 686 

between sleep and greater speeds, previous research has reported large correlations (R >0.6) between 687 

HSR and other external load metrics (e.g., total distance) [46]. However, HSR in isolation may not 688 

encompass all aspects of physiological disruption that may impact EIMD severity, sleep propensity, or 689 

sleep quality/quantity. The number of decelerations has been linked to EIMD severity [4–7], and the 690 

associated DOMs, may impact sleep (i.e., pain/discomfort during nocturnal movements). Likewise, 691 

considering evidence linking the number of accelerations with non-contact injury risk [33], and separate 692 

evidence, albeit limited, highlighting a potential link between sleep quality and injury [48], it is logical 693 

to include these actions in any future exploratory analysis in football players. 694 

It is not the purpose of this literature review to make recommendations and influence the method by 695 

which Southampton FC analyses its data. Rather, it looks to establish if their current practises have the 696 

requisite validity to give an accurate indication of a player’s external load so subsequent analysis can 697 

determine if there is a statistically significant association between external load and sleep.  698 

1.1.3. Exercise-induced muscle damage in football 699 

The eccentric muscular contractions, resulting from the notable number of high-intensity decelerations, 700 

and changes of direction in contemporary football, likely causes EIMD [24,49]. Metabolic processors 701 

also likely contribute to primary EIMD [50], however, eccentric mechanical loading is considered to be 702 

the primary driver of EIMD onset and severity [36,51]. The importance of eccentric loading can be 703 

attributed to the fact eccentric muscular contractions recruit fewer motor units compared to concentric 704 

contractions of the same force [36,51]. Consequently, greater mechanical stress is placed on fewer 705 

muscle fibres resulting in structural and physiological disruption of those fibres. Specifically, during 706 

lengthening, sarcomeres can stretch non-uniformly until the actin and myosin filaments of the 707 

contractile apparatus no longer overlap. This can result in the sarcomere “popping” phenomenon [52] 708 

and increases the tension on the non-contractile structural proteins of the contractile unit. In turn, this 709 

can result in further disruption to the ultrastructure of the muscle fibre and contributes to the subsequent 710 

EIMD [52].  711 
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EIMD typically presents with oedematous swelling, an influx of intramuscular proteins and enzymes in 712 

blood, delayed onset muscle soreness (DOMS), impaired muscular function, and further inflammatory 713 

processes that may exacerbate the initial muscular damage [36]. Considering the complexity and scale 714 

of mechanisms surrounding EIMD, its onset and severity are challenging to determine non-invasively 715 

in football players [36]. Rather, EIMD can be assessed indirectly by sampling the levels of 716 

intramuscular proteins in blood, repeatedly, over time [7], measuring muscle function [6], or 717 

subjectively monitoring a player’s perception of DOMs [53] in the proceeding time after the initial 718 

damage. Considering the impact that EIMD may have on a player’s comfort, injury risk, and 719 

performance, it is not surprising that there is a plethora of studies that have sought to characterise EIMD 720 

in professional senior football players [4–7]. However, it is important to note that there is a scarcity of 721 

data that has also examined the onset and severity of EIMD in adolescent players. Whilst it is likely that 722 

EIMD will remain consistent over differing age groups, there may be elements relating to a player’s 723 

maturation status that may alter the time-course of EIMD symptom severity and recovery. Nevertheless, 724 

it is evident that professional football players do withstand significant EIMD that can be sampled over 725 

the proceeding days [4–7]. 726 

The effects of a competitive fixtures on markers of EIMD have been examined extensively [4–7] in 727 

adult male professional football players. Creatine Kinase (CK) is a commonly measured blood marker 728 

of EIMD. In muscle, CK catalyses the reaction where adenosine diphosphate donates a phosphate ion 729 

to create adenosine triphosphate [4]. As a result of EIMD, muscle cell integrity is degraded and CK 730 

leaks into peripheral blood, where it is sampled to track the time-course of EIMD recovery [36]. Varley 731 

et al. [7] sampled CK after two competitive fixtures and saw a significant increase, compared to pre-732 

match levels, and CK had not normalised after 60 hours. Likewise, an earlier study [12] observed that, 733 

in second-division football players, CK had not returned to baseline by 72 hours post-game.  734 

Inter-game variation in CK has also been highlighted with one study observing differences of up to 41% 735 

in a between-game analysis of CK activity. Authors suggested that variations in high-intensity actions 736 

likely resulted in differences in CK levels, however, the study did not quantify changes of direction, 737 

distance covered, or any other measure of in-game activity, so these findings should be interpreted with 738 

caution [54]. Nevertheless, CK is highly variable with factors including age, ethnicity, muscle mass, 739 

hydration, exercise intensity, and fitness affecting levels in blood [4,5,36]. It has been suggested that 740 

CK has more validity in detecting the presence of EIMD rather than the magnitude [36]. More robust 741 

conclusions might be obtained if within-athlete CK activity is examined, however, CK activity might 742 

also be considered alongside other markers of EIMD to gain a more complete gauge of EIMD severity 743 

and recovery. 744 
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For example, while Nedelec et al. [55]  were not able to run correlations between CK and match activity 745 

due to technical issues, perceptions of muscle soreness were strongly correlated with the number of 746 

sprint actions of less than 5m, at 48 and 72 hours post-match, in professional footballers. Whilst the 747 

accelerations likely contributed to the severity of EIMD, it is likely that the deceleration phase of the 748 

sprint generated damage to the ultrastructure of the muscle, causing nociceptor stimulation, and pain 749 

[36].  750 

Alongside the appearance of intramuscular milieu in blood, and the onset of soreness, EIMD is also 751 

associated with the reduction of muscular performance. This likely impacts the players ability to 752 

perform in training, or in competitive fixtures [55]. For example, after a match, the magnitude of the 753 

reduction in countermovement jump (CMJ) performance and knee extensor torque were correlated with 754 

the number of directional changes within a fixture. Moreover, while peak power output, as determined 755 

by a CMJ, does not appear to have the same within-game variation compared to CK activity [6], 756 

correlations have been detected between CK and power output, suggesting that both are valid in 757 

determining the severity of post-game EIMD. This supports the idea that player performance is affected 758 

by the onset, and potentially the severity, of EIMD. Observations of reduced muscle function combined 759 

with perceptual indices, (e.g., DOMS) indicate that football induces significant levels of EIMD, and it 760 

is likely that its severity is dictated by the number of high-intensity match actions, chiefly decelerations, 761 

that a player completes. Up to 120 hours might be necessary for players to fully recover from a 762 

professional game, necessitating a need for comprehensive recovery strategies, especially during 763 

periods of fixture congestion, where up to three games might be played in a 7 day period. 764 

1.1.4. Inflammation and reactive oxygen species. 765 

After EIMD, an immune response is triggered that mediates the subsequent repair and adaptation 766 

processes [36,56]. The term ‘inflammation’ is often used to characterise this response and it consists of 767 

a cascade of leukocytes, pro-inflammatory macrophages, and anti-inflammatory macrophages that have 768 

a multitude of cellular and transcriptional effects associated with damaged muscle break-down, tissue 769 

repair, and muscle plasticity [56]. Inflammatory proteins may also have an influence on sleep in humans, 770 

and act as hypnogenic compounds [57]. Much of what is understood about the inflammation response 771 

to EIMD is derived from animal models that have elicited muscle damage through unloading/loading 772 

paradigms [56]. However, histological observations in humans also offer insight into the time-course of 773 

inflammation in humans. 774 

Muscle biopsies sampled directly after muscle-damaging exercise in cohorts of healthy males suggest 775 

that leukocytes, predominately neutrophils, accumulate immediately after EIMD onset [58,59]. These 776 

then transmigrate to sites of muscle damage and break down damaged tissue through phagocytosis and 777 

the release of proteolytic enzymes. In turn, this generates substances that are readily turned into reactive 778 
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nitrogen (RNS) and oxygen species (ROS) [56]. The time-course of the subsequent influx of 779 

inflammatory proteins is heavily dependent on the intensity and unfamiliarity of the initial exercise, as 780 

well as the pre-exercise state of muscle [51,56,60,61]. In humans subjected to ‘severe’ muscle-damaging 781 

exercise, leukocyte levels have been observed to remain above baseline for up to three weeks post-782 

damaging stimulus [60] and myofiber necrosis has been observed after electrostimulation [61]. 783 

However, this level of physiological disruption is not likely under normal exercise conditions and 784 

research suggests that leukocyte levels typically peak within 24 hours post-EIMD [62], and disappear 785 

rapidly from repairing muscle fibres [56]. 786 

After the initial neutrophil invasion, pro-inflammatory macrophages, notably tumour necrosis factor-α 787 

(TNF-α) and interleukin-1 (IL-1) [63,64] begin to accumulate approximately 1 to 4 hours post muscle-788 

damaging exercise [56]. These proteins also have phagocytosis effects and initiate further downstream 789 

inflammatory proteins [65]. Between 4 and 24 hours post-muscle damage, anti-inflammatory 790 

macrophages can be observed in both muscle biopsies and in the extracellular space [56]. These anti-791 

inflammatory macrophages, for example IL-10, are associated with myogenin expression, and myotube 792 

formation and initiate other key repair transcription factors associated with repair and muscle plasticity 793 

[66].  794 

The release of anti-inflammatory proteins marks the commencement of the muscle repair and adaptation 795 

phase of the inflammatory process. Much of what is understood about inflammations' mechanistic role 796 

in adaptation and muscle plasticity is derived from knock-out animal models, where specific genetic 797 

mutations have been deselected [67]. However, mice and rodents, that constitute much of the animal 798 

models, are more metabolically active and their inflammatory processes may be quicker compared to 799 

exercising humans [68]. Nevertheless, murine models’ rich genetic diversity enables researchers to 800 

obtain specific gene mutations that enable them to model a multitude of proteins, cellular processes, 801 

and diseases in a manner that cannot be repeated ethically in humans [67]. Such investigations have 802 

elucidated the roles that specific inflammatory proteins have in muscle plasticity, secondary to EIMD. 803 

For example, mouse model investigations suggest interleukin (IL) -6 (IL-6) is essential for myoblast 804 

proliferation [46]. Likewise, studies in cultured murine myoblasts examined in vitro have demonstrated 805 

that low levels of IL-1β significantly impair myogenesis [70]. Further, in rodents subjected to hindlimb 806 

suspension and then reloading to cause muscle damage, IL-10 was observed to be a critical mediator of 807 

muscle repair and regeneration through its impact on myogenin transcription factors [71].  808 

It is clear that the inflammatory process is axiomatic to the homeostatic processes that mediates the 809 

breakdown, repair, and adaptation of damaged muscle, secondary to EIMD [72]. However, the same 810 

inflammatory process can also acerbate the primary damage [73]. Toumi and Best [73] proposed that 811 

the breakdown of damaged muscle tissue through neutrophil-mediated phagocytosis generates 812 
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substances readily turned into ROS, including superoxide and hydrogen peroxide. ROS and RNS have 813 

an inherently unstable chemical structure, hosting one or more unpaired electrons within their atomic 814 

orbitals. This results in a significantly reactive radical [74]. Under repeated or severe exercise, ROS and 815 

RNS production may initiate further phagocytosis and generate oxidative stress can damage cellular 816 

proteins, lipids, and deoxyribonucleic acid, in turn, exacerbating the initial damage and disrupting 817 

remodeling [75]. See Figure 2 for a schematic overview relationship between EIMD, inflammation and 818 

ROS. 819 

Inflammation presents in a biphasic dose-response relationship, synonymous with exercise-induced 820 

hormesis [72,76]. Whilst it is essential to the EIMD recovery and adaptive remodelling process, the 821 

production of RNS and ROS can exacerbate the initial damage. Therefore, it is essential to manage this 822 

process in players to ensure a balance between the restorative and muscle-damaging components 823 

associated with inflammation. Practitioners employ several methodologies to manage inflammation and 824 

support EIMD recovery, and sleep may be a primary modulator with holistic systemic effects [57].  825 

Notably, sleep, inflammation, and immunity share a two-way relationship. Not only do certain 826 

inflammatory proteins act as sleep-initiating hypnogenic compounds, but pro-inflammatory proteins 827 

peak during the night in humans [57], suggesting that the sleep state is a key regulator of the 828 

inflammatory process. Sleep is further associated with the anabolic compounds which drive key 829 

anabolic processes that are associated with EIMD recovery and muscle plasticity [57]. These factors 830 

are reviewed later in this chapter.  831 

 832 

 833 
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Figure 2: The relationship between the inflammatory response to mechanical injury and further muscle damage, 

adapted from Toumi and Best [73]. The initial mechanically induced damage produces myofibril tearing and 

inflammatory cell infiltration. Neutrophils may promote further damage through the release of oxygen-free 

radicals and lysosomal proteases and elastases [73]. 

 

Several antioxidative mechanisms preserve optimal reactive oxidant balance and limit oxidative stress, 834 

however, these can be outpaced by repeated EIMD, even in an adapted muscle [77]. The influx of 835 

neutrophils, other leukocytes, and pro and anti-inflammatory macrophages in addition to other 836 

inflammatory proteins can be measured in blood to determine the magnitude of the inflammatory 837 

response.  838 

1.1.5. Inflammatory response to competition in football 839 

Romagnoli et al. [78] saw a 3-fold increase in neutrophil levels after a competitive fixture in Italy’s 840 

Serie A. Levels peaked at 30 minutes post-game and had not returned to pre-game levels after 48 hours. 841 

This occurred in tandem with an influx of CK demonstrating an inflammatory response occurring 842 

alongside EIMD.  Another study in players competing in secondary divisions in Portugal saw less 843 

modest increases in neutrophil levels after a competitive fixture and levels had returned to pre-game 844 
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levels by 24 hours post-game [79]. Differences in the immune reaction across the two studies can be 845 

attributed to the potential variances in match intensity or state of residual fatigue upon entering into the 846 

study. 847 

After the neutrophil invasion, an influx of interleukins has also been observed after competitive fixtures. 848 

IL-6 is a pro-inflammatory cytokine and is commonly used as a marker of inflammation following the 849 

initial immune response. IL-6 has been observed to be significantly increased immediately after a 850 

competitive fixture, normalising by 13 hours post-game [80]. Compared with basketball, volleyball, 851 

handball and a non-exercising control, Souglis et al. [81] noted that footballers experienced the greatest 852 

increase in IL-6 and wider inflammatory markers (e.g. TNF-α). These results also coincide with 853 

research that suggests that footballers experience greater highspeed decelerations compared to other 854 

sports [24], indicating greater eccentric work. Romagnoli et al [82] saw a similar response in IL-6 after 855 

a professional football game, with levels peaking 30 minutes post-game and returning to pre-match 856 

values by 24 hours post-game. Therefore, a greater acute-phase inflammatory response is expected. 857 

Further inflammatory markers are also commonly sampled in the hours and days post-competitive 858 

fixture to indicate the presence and magnitude of the inflammatory response in football players [83]. 859 

For example, C-reactive protein (CRP) is hepatic in origin and is produced in response to IL-6 and TNF-860 

α. During inflammation, its primary purpose appears to stimulate tissue factor production and clear 861 

tissue debris [65]. In elite-level footballers, Souglis et al. sampled CRP immediately, 13 and 37 hours 862 

post-game [51]. Although levels were increased at 13 hours, they returned to baseline levels at 37 hours. 863 

Likewise, Romagnoli et al [82] saw elevated levels at 24hrs post-fixture, compared to baseline, 864 

however, levels had normalised by 48hrs. A further study looked to characterise the inflammatory time 865 

course in football players up to 144-hours post fixture [84]. Their results concurred with previous 866 

research [51]. CRP peaked at 24 hours, and no significant difference was observed beyond 48 hours 867 

post-competition, compared to the control. However, despite no significant differences from 48 hours 868 

to 144 hours, results still presented with substantial heterogeneity (as evidenced by the magnitude of 869 

the error bars). Whilst, a larger study power might have generated significant results, a more recent 870 

study with a larger sample size also noted no significant difference 2 days post-fixture [51]. In line with 871 

data that indicates positional differences in match activity, the same study also noted greater CRP levels 872 

in midfield players.  873 

Some research has highlighted CRP as a valid measure of player load, particularly when multiple games 874 

are played across a single week [85]. In 23 players from an under-20s team competing in São Paulo’s 875 

first division, one study tracked endocrine and inflammatory markers during a 7-day period where 3 876 

games, each separated by 48 hours, were played. Each variable was correlated with the number of GPS-877 

recorded high-intensity actions completed by players and, whilst significant moderate to weak 878 
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correlations were detected in IL6 and IL1β after all three games, only CRP presented with a strong 879 

correlation after game 2 (r=0.71, p<0.01) and game 3 (r=0.79, p<0.01) in addition to a moderate 880 

correlation after game 1 (r=0.59, p<0.59) [50]. Considering the severity of EIMD and injury risk is most 881 

likely causally linked with the amount of high-intensity work completed by players [6,24,33], this 882 

suggests that CRP is a valid measure of player load, particularly when multiple games are played across 883 

a microcycle. 884 

Furthermore, CRP is readily sampled in both relatively small (~25μl) quantities of blood and serum 885 

using point-of-care assay devices, without the need to transport samples to a laboratory via a cold-chain. 886 

This enables a valid and convenient method of obtaining CRP levels without altering the players' normal 887 

routine. However, care must be taken in the interpretation of CRP. As discussed, it is released as part of 888 

the inflammatory cascade [85], but, its production is agnostic of the source of inflammation. As a result, 889 

CRP may be elevated due to a respiratory virus (e.g., the common cold [86]), or autoimmune disease 890 

(e.g., Asthma [87]). Considering these factors alongside residual inflammation from a previous bout of 891 

physical activity, research needs to be mindful of a plethora of factors when deciding at what point in 892 

the microcycle CRP should be sampled. Following typical workload tapers that occur in the days before 893 

a fixture, the theoretical most rested state of a football player is the hours before a competitive fixture. 894 

Likewise, the most fatigued state is in the hours post-fixture. All other factors aside, these points provide 895 

two potential windows in which a valid repeatable measure can be obtained. 896 

1.1.6. Psychological impact 897 

Psychological demands of football incorporate a multitude of factors that can impact wellbeing, anxiety, 898 

motivation, football-specific skill execution, and performance, with some suggesting that perceptual 899 

responses may be an early indicator of fatigue [56–59]. Several self-reported athlete-specific assessment 900 

tools have been utilised throughout the literature. Tests, including the Daily Analysis of Life Demands 901 

for Athletes (DALDA) [88], Recovery-Stress Questionnaire for Athletes (REST-Q-Sport) [89], and the 902 

Brief assessment of Mood (BAM+) [90], incorporate multiple components to assess mood state and 903 

perceived recovery. Whereas simpler tests self-report DOMs, or individual Likert scales for mood, 904 

wellbeing, stress and sleep [91]. 905 

The perception of workload is also a consideration and proved to be a powerful tool. A recent review 906 

has highlighted those subject assessments benefit from simplicity and links with an athlete's 907 

physiological and psychological status have contributed to its longevity [92]. An older study recorded 908 

significant correlations (r = 0.50 to 0.85) between post-training session ratings of perceived exertions 909 

(RPE) and several heart-rate-based indices of fatigue in u18 footballers [93]. More recently, a similar 910 

trend was observed between morning subjective fatigue and heart rate variability in a similar cohort 911 
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[91]. This demonstrates that the demands of competitive football also perturbed the psychological 912 

homeostasis of the players. 913 

1.1.7. Recovery methods 914 

Within the performance sciences, recovery can be defined as a multifaceted, physiological, 915 

psychological and time-relative process that re-establishes pre-exercise function [13]. This process can 916 

be supported by strategies designed to modify the physiological and psychological side effects of match 917 

play so that a more efficient recovery is achieved [13,94]. A plethora of these strategies have received 918 

in-depth investigative interest and are briefly reviewed herein. 919 

1.1.7.1. Nutrition and hydration 920 

The purpose of a post-football nutritional strategy is initially to replace glycogen and to rehydrate. It 921 

has been long held that cellular hydration supports protein turnover through the activation of anabolic 922 

pathways [95]. However, current hydrational strategies may already be sufficient for most team sport 923 

athletes. Research has demonstrated that athletes can recover from 2% of body mass loss of water 924 

through the intake of fluid, specifically with a Na+ concentration of 61 mmol/L, within 6 hours of 925 

competition [96,97]. Consequently, so long as an appropriate rehydration strategy is observed, 926 

dehydration is unlikely to be a limiting factor in recovery. Likewise, the consumption of high glycaemic 927 

index carbohydrates at regular intervals maximises muscle glycogen resynthesis [96,97]. 928 

Sufficient protein intake is also required to support EIMD repair [98]. The most effective quantity and 929 

type of protein have been subject to some debate and football-specific data are scarce [99], however, 930 

around 20g of protein post-exercise appears sufficient to stimulate protein synthesis [100]. Compared 931 

to consuming carbohydrates or protein on their own, the co-ingestion of both substances has been shown 932 

to improve symptoms of EIMD, including creatine kinase levels and muscle function, despite no 933 

differences in anabolic signalling or glycogen metabolism [100,101]. 934 

Aside from macronutrients, several other vitamins, and antioxidant-rich supplements have been 935 

purported to enhance recovery [102,103]. Vitamins, specifically C and E, can stabilise ROS and are 936 

termed antioxidants. A recent meta-analysis [74] reviewed the role of the vitamins C and E in EIMD 937 

recovery, however, there was too much variability in blood markers of EIMD to make firm conclusions. 938 

In football-specific studies, De Oliveria et al. [104] reported inhibited oxidative stress, characterized by 939 

reduced lipid peroxide activity, in football players who received high-dose vitamin supplementation 940 

supplantation for 7-days before and after an exercise stressor, compared to a placebo control. 941 

Nevertheless, CK activity, vertical jump and sprint performance were not significantly different 942 

between groups, suggesting no effect on EIMD. It may be possible that the effect of vitamin 943 

supplementation on EIMD is negligible over short-duration interventions, and longer terms studies are 944 



32 | P a g e  

 

required to observe a statistically significant effect. In support, one longitudinal study supplemented 945 

vitamin C and E across a season and significant differences were only observed at the end of the season 946 

rather than at predetermined sampling points throughout the study [105]. While this suggests that 947 

vitamin supplementation can improve markers of oxidative stress, its effect on EIMD, and therefore 948 

athletic recovery appears muted. 949 

1.1.7.2. Compression garments 950 

Compression garments were initially used in the treatment of inflammatory conditions within clinical 951 

settings [106] and have been implemented widely among athletes to facilitate recovery from EIMD 952 

[79]. Nonetheless, there are few studies investigating their use in professional football players. A recent 953 

systematic review of recovery methods in footballers [108] highlighted just two studies that used 954 

compression garments in semi-professional footballers [81,82], with no data from contracted, full-time 955 

professionals. Nevertheless, compression garments worn during and for 3 days post-game (7 hours per 956 

day) failed to improve CK and lactate dehydrogenase (LDH), compared to a control group, in regional 957 

and national players. In the wider literature, the effectiveness of compression garments is equivocal 958 

[111], and the mechanism of support is yet to be fully elucidated. However, the addition of pressure is 959 

thought to reduce the space available for swelling to occur as well as positively affecting venous return, 960 

wider hemodynamic, and lymphatic drainage [112].  961 

An ‘ideal’ compressive force of 17.3 and 15.1 mmHg has been suggested for the calves and quadriceps, 962 

respectively [113]. However, it has been highlighted that the pressure received from a garment may 963 

differ between individuals, potentially due to anthropometric disparities, and many may not receive 964 

adequate stimuli [86]. This in turn may account for the equivocal results between studies [111]. In 965 

support of this, Hill et al. [107] compared the influence of two garments that provided a mean pressure 966 

of 8.1 ± 1.3 mmHg and 14.8 ± 2.2 mmHg at the thigh level, respectively. Although there was no 967 

difference in CK, CRP, and myoglobin, muscle function was significantly improved with the higher-968 

pressure garment. This suggests that pressure is an important modulator when prescribing compression 969 

garments. 970 

1.1.7.3. Cold Immersion and cryotherapies 971 

The aim of cold immersion and cryotherapies is to reduce tissue temperature to induce a therapeutic 972 

response. The reported benefits include analgesia, a reduction in tissue metabolism, and a reduction in 973 

inflammation post-EIMD [115,116] several cryotherapy methodologies are now available to 974 

practitioners, including the local application of ice packs, cold water-immersion, whole-body 975 

cryotherapy and partial body-cryotherapy. Definitions can be found in Table 1. 976 

 977 
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Table 1: Examples and definitions of cryotherapies 

Cryotherapy Description Temperature Duration 

Cold water 

immersion (CWI) 

[117] 

Neck-down, or waist-down immersion in cold water <15°C 5 to 25 

mins 

Whole-body 

cryotherapy (WBC) 

[118] 

Extremely cold air for short periods while wearing 

minimal clothing (slippers, socks, shorts, gloves, hat 

and face mask), in specially designed chambers. 

-110°C to -

160°C 

120 to 240 

secs 

Partial-body 

cryotherapy (PBC) 

Extremely cold air for short periods while wearing 

minimal clothing (slippers, socks, shorts, gloves, hat 

and face mask), in cabins with the head exposed. 

-110°C to -

190°C 

120 to 240 

secs 

Local ice 

application [115] 

Application of crushed ice (or similar) directly to 

tissue.  

 5 to 15 

mins 

Local ice application is used to reduce oedema and promote analgesia following tissue trauma. After a 978 

review, Bleakley and Hopkins [115] concluded that a tissue temperature <13°C is sufficient to decrease 979 

nerve receptor sensitivity, firing rate and muscle spasm. Other cryotherapies have recorded temperatures 980 

of 5.3 ± 3.0°C on the surface of the legs [119], suggesting a cold-induced analgesic effect is possible 981 

without the direct application of ice. 982 

WBC is used as a recovery aid in elite sports settings, despite limited evidence of its effectiveness 983 

[90,92,93]. The limited number of investigations to date have reported no [116,122,123], mixed [124], 984 

or beneficial [125–127] effects of post-exercise WBC on inflammatory and wider EIMD markers.  985 

CWI is a more established cryotherapy that is also used in an attempt to reduce inflammatory markers; 986 

several studies have suggested efficacy in football [128]. Compared to static stretching, one study found 987 

that CWI combined with active recovery significantly improved recovery from EIMD in academy 988 

footballers playing for a Premier League club [128]. Yet, no significance was found between active 989 

recovery and CWI. This suggests that CWI can be effective, but its efficacy is similar to strategies that 990 

are relatively less sophisticated and potentially better tolerated.  991 

1.1.7.4. Massage 992 

Massage describes the mechanical manipulation of body tissues with rhythmical pressure to promote 993 

health and well-being [129]. Massage is a commonly utilised recovery strategy with 78% of French 994 

professional football teams reporting regular use of numerous massage techniques including effleurage, 995 

petrissage, tapotement, friction, and vibration [130]. However, despite its widespread use, evidence 996 

suggests only moderate physiological benefits, and there is a scarcity of studies investigating its 997 

effectiveness in football players [103,131]. Studies have reported that massage had no effect on the 998 

removal of metabolic by-products, including H+ and La-, and did not modulate peripheral blood flow 999 

[104]. A meta-analysis of 22 trials did note modest improvement in muscle performance recovery but 1000 

found that the effect sizes were greater in non-athletic, compared to athletic, populations and found that 1001 
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shorter (5-12 min) treatments appeared more effective [133] [101]. Nevertheless, this meta-analysis 1002 

also highlights the inconsistencies between the results in the included studies [133]. This in turn may 1003 

be due to the challenges in controlling the massage pressure of the masseuse and body composition of 1004 

the receiver. 1005 

Interestingly, massage also appears to have a role in supporting psychological recovery. Not only is a 1006 

more pronounced effect on the perception of DOMS recovery compared with objective markers of 1007 

EIMD [134], but, the association between massage and positive mood states is long established [135]. 1008 

The mechanisms supporting perceptual and mood enhancement secondary to massage are unclear, 1009 

however, it might be related to the social interaction between the athlete and masseur leading to 1010 

sympathetic withdrawal or a placebo. That said, the overall balance of the research suggests that 1011 

massage can be an effective method to aid psychological recovery.  1012 

1.1.7.5. Active Recovery 1013 

Active recovery involves structured activity performed at low intensity for a short period (15 to 20mins). 1014 

Common modalities include running, swimming, or cycling [100,136]. In the acute stages of exercise 1015 

recovery, the effects of active recovery are long-established. Several studies have noted an increased 1016 

rate of La- removal immediately after active recovery, suggesting an increase in blood flow leading to 1017 

La- oxidation [109–111]. In professional footballers competing in Spain, active recovery improved 1018 

countermovement jump performance compared to those who completed passive recovery [140]. This 1019 

study was not randomised and had no crossover element; therefore, results should be interpreted with 1020 

caution. However, these results are corroborated by data collected from a randomised trial of 1021 

professional footballers competing in Italy. In a comparison of recovery strategies, active recovery was 1022 

more effective than water immersion and passive rest for reducing muscle pain, after preseason training 1023 

[141]. This suggests, at the very least, a subjective effect on EIMD.  1024 

1.1.7.6. Stretching 1025 

Stretching is primarily used to increase range of motion, decrease musculofascial stiffness and is used 1026 

frequently for injury prevention [100]. In a study on professional football teams, 50% of clubs surveyed 1027 

reported using stretching as a recovery strategy [100]. However, stretching does not appear to be 1028 

efficacious in enhancing recovery after exercise. A review of 12 studies completed by the Cochrane 1029 

group found that post-exercise stretching had little to no effect on muscle soreness, noting consistent 1030 

results across studies [114]. In footballers representing an English Premier League academy, a static 1031 

stretching protocol was implemented post-match. Elevated CK levels, oedema, DOMS and reduced 1032 

countermovement jumps confirmed the presence of EIMD. However, stretching was unable to produce 1033 
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any changes in markers of EIMD at 48 hours post-match, suggesting a limited beneficial effect in 1034 

footballers [143].  1035 

1.1.7.7. Sleep 1036 

Sleep and sleep in football is a central theme within this thesis and is reviewed in detail later in this 1037 

thesis. In the interim, a brief outline of sleep relevance in football recovery is provided here. 1038 

Sleep is an essential, and multiphasic event that contributes to physiological and psychological health. 1039 

Footballers are subject to physiological and psychological stressors (training/competition stress, 1040 

DOMS, extreme lighting) that can negatively influence sleep and, in general, have been associated with 1041 

suboptimal sleep quality compared to age-matched controls [20,46]. However, despite several authors 1042 

commenting that further research is required, little progress has been made regarding the acute and 1043 

chronic effects of reduced sleep in professional footballers and athletes in general [100,144].  1044 

What is clear, is that sleep facilitates vital metabolic and immune processors [100,144]. During sleep, 1045 

anabolic hormones are released, which in turn promotes protein synthesis, peripheral muscular repair 1046 

and plasticity [14]. Dattilo et al. [14] postulated that a reduction in testosterone and human growth 1047 

hormone excretion, secondary to sleep restriction, can negatively affect athletic recovery. Athletes 1048 

exposed to post-game sleep deprivation have recorded greater levels of CRP and CK compared to 1049 

controls [18,145]. While this still requires elucidation, the concept that sleep and physiological recovery 1050 

are synonymous is clear.    1051 

The link between sleep and cognitive health is better understood. The demands of competitive fixtures 1052 

impose a psychological toll and sleep is recognised to be a key modulator in the stress-recovery 1053 

continuum [146]. Athletes exposed to sleep deprivation after competition report reduced performance 1054 

in sport-specific skills [147], while sleep disruption due to travel significantly affects stress-recovery 1055 

scores [18]. 1056 

1.2. Sleep and recovery in professional football 1057 

Humans spend approximately one-third of their life in a state of sleep [148]. Sleep is not merely defined 1058 

as an absence of wakefulness, but is an active, regulated and metabolically distinct state [148], 1059 

characterised by a reversible perceptual disengagement from the environment [149]. The overarching 1060 

reason for sleep is not clear, however during sleep, a plethora of homeostatic processors that are 1061 

essential to health and well-being are up regulated [149]. 1062 

In this section, the role of sleep in relation to recovery will be reviewed, followed by an overview of 1063 

sleep physiology, sleep monitoring, and ways sleep might be improved in professional footballers.  1064 
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1.2.1. Sleep physiology: mechanisms regulating the sleep/wake cycle 1065 

Sleep-wake regulation is generally explained through a two-process model termed Process S and 1066 

Process C  [151]. Process S represents sleep homeostasis, or sleep debt, and is associated with the 1067 

accumulation of sleep-promoting substances that accumulate during wakefulness [150]. As Process S-1068 

associated substances reach an upper boundary, sleep onset is initiated. Likewise, as substances 1069 

dissipate towards a lower boundary, wakefulness commences [150]. This boundary oscillates 1070 

throughout the day (Figure 3).  1071 

The accumulation of sleep-promoting substances was first identified in animal studies where sleep was 1072 

induced in rested controls by the transfusion of cerebral spinal fluid from sleep-deprived subjects [152]. 1073 

Subsequent investigations have sought to identify specific compounds and their respective mechanistic 1074 

interactions that inhibit sleepiness and/or wakefulness [127]. Brown et al. [153] proposed that sleep-1075 

inducing factors should fulfil the following criteria: 1. Administration induces sleep, 2. Levels of the 1076 

substrate should increase with sleep propensity, and 3. Substances should act on brain regions that are 1077 

involved with sleep.  1078 

 

Figure 3: A simplified simulation of Process S. The normal sleep/wake timing is indicated by black and white 

bars, respectively. The blue line indicates the baseline condition with 8 hours of sleep and 16 hours of waking. 

During the time period that the blue line increases the model is awake. When it reaches the upper threshold (the 

upper sinusoidal black line) the model goes to sleep and the line decreases. This process continues until it 

reaches the lower threshold, and the model awakens again. The green line indicates the effects of a 2h nap 

starting around 18:00 followed by a normal night of sleep. The red line indicates sleep deprivation (40h of 

continuous waking by skipping a night) and recovery sleep during the following night. Note that the model 

assumes that naps and sleep deprivations have no effect on circadian regulation on the next day. Taken from 

DeBoer, 2018 [150]. 
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Adenosine has been strongly implicated as a clear wakefulness inhibitor whose kinetics appear 1079 

synonymous with Process S [127]. The hypnogenic effects of adenosine were initially elucidated in 1080 

felines [128] and further research has highlighted that the administration of adenosine or adenosine 1081 

agonists can induce sleepiness and reduce cognitive function [155,156]. Adenosine levels have also 1082 

been observed in a dose-dependent manner with time spent awake [157]. Consequently, accumulation 1083 

tracks sleep propensity. Neuro-stimulants including caffeine, often recreationally consumed in the form 1084 

of coffee, and other substances (e.g., theophylline) actively work as adenosine receptor antagonists, 1085 

blocking adenosines sleep-promoting effect [153]. Interestingly, caffeine is often consumed before 1086 

competition by athletes who seek to benefit from its stimulating effect to support performance [16]. 1087 

However, this may also impair their ability to sleep and recover, particularly after night games [16]. 1088 

Nevertheless, whilst there is a vast evidence base implicating the waking accumulation of adenosine in 1089 

the homeostatic onset of sleep (Process S), much of the data is in animal studies. Nevertheless, 1090 

adenosine remains strongly implicated across all mammalian species. 1091 

Other substances have also been associated with Process S, including nitrous oxide and prostaglandin 1092 

D2, however, mechanistic pathways remain somewhat unknown [153]. Cytokines, normally associated 1093 

with inflammation, also appear to have a notable role in sleep regulation [158]. In humans, IL1 1094 

administration results in fatigue and sleepiness [158], and levels of IL1 and TNF-α appear to track sleep 1095 

propensity, peaking at sleep onset [159]. This further demonstrates the propensity of sleep with 1096 

inflammation and EIMD recovery. Furthermore, in rodent models, ribonucleic acid expressions of IL1 1097 

and TNF-α demonstrate a diurnal pattern [160,161]. This suggests that recovery modalities with 1098 

purported anti-inflammatory actions (e.g., WBC [116], tart cherry juice ingestion [162]) may also 1099 

modulate sleep regulatory behaviour. This has received some attention in the literature. For example, 1100 

WBC has been reported to reduce the number of nocturnal movements in physically active males. 1101 

However, the results are conflicting [163]. Likewise, tart cherry juice has anti-inflammatory actions and 1102 

was able to improve sleep, although, whether this was related to inflammatory protein modulation or 1103 

other mechanisms (e.g., naturally occurring melatonin) is unknown [162]. 1104 

Process C dictates the daily rhythm of sleep. Under this process, sleep onset is initiated through several 1105 

circadian processors driven by a series of endocrine-controlled homeostatic actions mediated by the 1106 

hypothalamus [164]. Circadian activity actively synchronises to an approximate 24-hour cycle [165]; 1107 

however, individuals entrain differently depending on exogenous and endogenous signals. The primary 1108 

exogenous stimuli are light/dark signals passing through the retinohypothalamic tract to the 1109 

suprachiasmatic nucleus of the anterior hypothalamus. Decreases in light lead to increased secretion of 1110 

melatonin from the pineal gland. Melatonin, in turn, transmits time information to other homeostatic 1111 

processors associated with sleep onset [131,164]. These induce the physiological changes associated 1112 

with sleep onset, including increased vagal tone and parasympathetic activity, reduced heart rate, and a 1113 
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reduction in core temperature [166,167]. Increased light signals close to bedtime, for example from 1114 

electronic device use, inhibit melatonin production, in turn, down-regulating Process C and affecting 1115 

subsequent sleep onset [131,168]. While it is unknown if device use in footballers is greater than that 1116 

of the general population, sleep hygiene interventions that limit phone use have been successful in 1117 

improving sleep quality in highly trained amateur footballers [169]. Consequently, electronic device 1118 

use might inhibit sleep onset in footballers as well as the general population [131,168]. 1119 

Endogenously, how an individual’s circadian activity is entrained to a 24-hour system is subject to 1120 

individualised factors that differ from person-to-person [138]. The result can be described by way of a 1121 

chronological phenotype, or chronotype, which reflects the phase of entrainment of an individual 1122 

[165,170]. An individual’s chronotype can be quantified by determining the point of mid-sleep on nights 1123 

when there are no work or additional pressures affecting sleep or wake time. By determining the point 1124 

of mid-sleep in this manner, it is hypothesised that sleep onset is more likely to occur in line with their 1125 

chronotype [165]. However, chronotype is more traditionally assessed on a continuous scale using 1126 

specially validated questionnaires (e.g., Morningness-Eveningness Questionnaire (MEQ) or the Munich 1127 

Chronotype questionnaire and categorised based on a person's ‘morningness’ or ‘eveningness’ [170].  1128 

Morning types prefer waking and sleeping earlier, whereas evening types preference a later wake and 1129 

sleep onset time; these are also colloquially termed larks and owls, respectively. An individual’s 1130 

chronotype extends beyond sleeping preferences and is further reflected in a range of physiological and 1131 

cognitive processors that are subjected to circadian pressures, including differences in glycaemic control 1132 

[171], appetite [144], alertness [145], and academic performance (in adolescent students) [145]. 1133 

There is clear evidence indicating that chronotype varies across ages. In a large-scale cross-sectional 1134 

study (n= 53,689), Fischer et al [165] modelled the point of mid-sleep (time measure of chronotype) on 1135 

work-free days and determined that peak lateness occurred during late adolescence, approximately 104 1136 

mins later than the lifespan average [165], before transitioning to an earlier time throughout an 1137 

individual’s 20s, 30s and 40s [165]). While the data presented in a near-normal distribution, indicating 1138 

very late and very early chronotypes across all ages, results still demonstrated a clear relationship 1139 

between age and chronotype [165].  It follows that circadian sleep pressures may differ across ages, and 1140 

this may need to be reflected in how professional footballers' start times are scheduled across age 1141 

groups.  1142 

In adolescent students in the USA (age: 13 to 18yrs), scheduling a later school start time resulted in 1143 

longer sleep durations [173], reductions in daytime sleepiness [174], reductions in motor vehicle 1144 

accidents, and improved academic performance [175]. Whilst the factors that influence sleep behaviour 1145 

in professional footballers may be different in similarly aged general populations, adjusting start time 1146 

may improve sleep in adolescent professionals. 1147 



39 | P a g e  

 

 

Figure 4: Graph showing the mean ± SD chronotype by age. The inlay represents the number of responses by 

age. Blue represents males, pink represents females. Taken from Fischer et al [165]. 

 

Thermoregulation also appears causatively associated with sleep onset, with a further impact on sleep 1148 

quality and architecture [176]. Approximately 2 hours before sleep, core temperatures begin to decline 1149 

under circadian (Process C) control [177]. The reduction is caused by increased peripheral, notably 1150 

distal [178], vasodilation that shunts warm central blood to the periphery where body heat can be 1151 

dissipated into the ambient environment [176]. As a result, a decrease in core, and increase in peripheral 1152 

temperature is observed before sleep is initiated [176,179]. Changes in distal vasodilation and 1153 

reductions in core temperatures track melatonin release and are consequently considered a circadian 1154 

process associated with Process C [176]. The temporal relationship between sleep onset and core 1155 

temperature can be modified by exogenous manipulation. For example, in 8 healthy participants, the 1156 

administration of melatonin supplementation at 1300 increased distal skin temperature, and decreased 1157 

core (rectal) temperature out of phase of their normal diurnal rhythm [180], and the blockade of 1158 

melatonin release through the application of harsh light nullified the circadian temperature change 1159 

[181]. 1160 

Immersion in hot water prior to, but not immediately before, sleep has been shown to increase sleep 1161 

depth and decrease sleep latency [176]. This has been termed the ‘warm bath effect’ and does not appear 1162 
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immediately compatible with the circadian cooling role in sleep [176]. The mechanistic pathways 1163 

require elucidation, nevertheless, heating before sleep may augment distal vasodilation which, in turn, 1164 

may have a direct impact on sleep or, alternatively, may further facilitate the conduction of heat from 1165 

the core [182]. Van Someren et al. [182] proposed that changes in core and skin temperature could 1166 

modulate neuron activity in sleep-regulating areas of the brain. To test this, sleep was objectively 1167 

assessed (PSG) while participants wore a water-cooled whole-body thermal suit during sleep that was 1168 

capable of selectively and independently cooling distal and/or proximal areas of the body. The data 1169 

suggested that a 1°C increase in proximal skin temperature shortened sleep latency by 2.68mins (CI: 1170 

1.34 – 4.03mins) [183]. It should be noted that this relationship was only revealed through a regression 1171 

analysis that was performed post hoc, nevertheless, the results solidified the relationship between 1172 

thermoregulation and sleep onset.  1173 

Another study combined data from two interventional protocols (total n= 20) where participants were 1174 

free to initiate sleep independently from any external cues or zeitgebers (external time cues), in order 1175 

to evaluate the role of heat loss in sleep initiation. Compared to core and distal skin temperature, results 1176 

revealed that the distal-to-proximal temperature gradient was the strongest variable in predicting sleep 1177 

onset latency [179]. This implicates sleep-wake states as a major driver of thermoregulation, and not 1178 

just a consequence of circadian processors [177]. It also suggests that sleep onset is linked to the 1179 

thermoregulatory response that dissipates heat from the core, rather than changes in core temperature 1180 

itself. specifically sleep onset may be associated with a feedback loop secondary to peripheral 1181 

vasodilation. This is further demonstrated by studies [184] where ice was ingested before sleep. 1182 

Although core temperature declined, sleep was not initiated. Instead, alertness increased alongside 1183 

vasoconstriction [184].  1184 

The vasodilation that facilitates the movement of core heat to the surrounding environment is caused 1185 

by the decreased sympathetic drive to the vessels of the periphery [185]. This is suggestive of a general 1186 

reduction of sympathetic and an increase in parasympathetic drive that commences approximately 2 1187 

hours prior to sleep [167], occurring in tandem with melatonin release [131,164] and core temperature 1188 

reductions [177]. Parasympathetic drive can be readily quantified through indirect assessment of the 1189 

vagal control of the heart using heart rate variability (HRV) analysis [186]. Through this methodology, 1190 

a clear circadian pattern has been observed across several demographics that accumulates in increasing 1191 

vagal (parasympathetic) signals as sleep onset approaches [166,187,188], this is also accompanied by a 1192 

concurrent reduction in heart rate [166] (Figure 5). In turn, this implies that sleep onset requires an 1193 

autonomic nervous shift towards parasympathetic predominance [185]. Disruption, or augmentation, of 1194 

this process may affect sleep. 1195 



41 | P a g e  

 

 

Figure 5: The Circadian rhythm of heart rate variability variables overlaid with time-specific segment averages. 

Overall periodic curve derived from random-effects meta-analysis (solid line). Time-specific segment average 

values (Dots). Taken from [166]. 

 1196 

1.2.2. Sleep physiology: sleep architecture 1197 

Once sleep is initiated, it can be defined as a reversible behavioural state of perceptual disengagement 1198 

from the environment and its onset is marked by distinct electrical changes within the brain [149]. 1199 

However, sleep itself is not a homogeneous state [149]. Distinct phases of sleep can be identified 1200 

through the measurement of action potentials across the brain using electroencephalography (EEG) 1201 

[149] and the structure and organisation of sleep, termed sleep architecture, can be described. Normal 1202 

sleep has two distinct phases, non-rapid eye movement (NREM) and rapid eye movement (REM) sleep. 1203 

NREM sleep is further divided into stages N1, N2, and N3, each representing the relative depth of sleep 1204 

[149]. Previously, N3 was subdivided and referred to stages 3 and 4, respectively. However, stages 3 1205 
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and 4 were combined considering the difficulty in interpreting the stages [189]. Examples of EEG 1206 

recordings for each stage of sleep can be found in Figure 6.  1207 

NREM stage 1 (N1) is marked by the transition of recurrent alpha waves to mixed frequency waves. 1208 

This sleep stage typically lasts less than 10 minutes and serves as a transition from wakefulness to sleep 1209 

[149] (Figure 6). When Sommers et al. [190] recorded sympathetic afference by monitoring the 1210 

interneural nervous activity of muscle blood vessels alongside cardiovascular measures, entry into 1211 

NREM sleep was associated with a significant reduction in heart rate and mean blood pressure. This 1212 

suggests increasing parasympathetic predominance on entry into sleep and is synonymous with the 1213 

circadian autonomic pattern [166]. Sommers et al. [190] did not report a significant change in 1214 

sympathetic activity during N1, nevertheless, the transition into stage occurs when the distal to core 1215 

temperature gradient is at its maximal [177]. 1216 

NREM Stage 2 (N2) is characterised by the presence of sleep spindles, spontaneous rhythmic bursts of 1217 

EEG activity, and k-complexes, small positive signals on either side of a larger negative wave [161], 1218 

and is further associated with reduced heart rate, blood pressure, and core temperature compared to 1219 

 

Figure 6: Electroencephalogram (EEG) characteristics of each of the 4 stages of non-rapid eye movement sleep. 

The four electroencephalogram tracings depicted here are from a 19-year-old female volunteer. Each tracing 

was recorded from a referential lead (C3/A2) recorded on a Grass Instruments Co. (West Warwick, R.I.) Model 

7D polygraph with a paper speed of 10  m·s−1 , time constant of 0.3 sec, and 1/2 -amplitude high-frequency 

setting of 30 Hz. The arrow denotes the presence of a K-complex and the horizontal line denotes sleep spindles. 

Taken from Carskadon and Dement (2011)  [149]. 
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wakefulness [139,149,162]. As sleep persists, the length of each successive N2 increases, eventually 1220 

contributing to approximately 45 to 55% of total sleep duration [149].  1221 

In contrast, stage 3 (N3) only contributes to 3 to 8% of sleep, yet it is distinguishable by increased slow-1222 

wave activity [149]. Stage N3 has the highest arousal threshold of all the NREM of sleep and is 1223 

characterised by increased high-voltage, slow-wave activity on the EEG [151]. N3 is termed slow-1224 

wave-sleep (SWS) and is marked by a reduction in sympathetic output [190]. As participants entered 1225 

SWS sleep Sommers et al. noted significantly reduced sympathetic bust frequency and amplitude, 1226 

compared to waking, from neurons controlling vessels in the lower limb vascular. 1227 

The relative stages of sleep are also sensitive to temperature fluctuations [176,177]. Using a theromosuit 1228 

in 8 healthy subjects, the warming of proximal skin increased the proportion of slow wave sleep from 1229 

18.0 ± 3.6% to 25.9 ± 6.1% at the expense of lighter sleep states and nocturnal awakenings [191]. This 1230 

occurred with a concurrent reduction in core temperature, suggesting that the mechanistic pathway in 1231 

this case may be related to a feedback loop involving vasodilation and sleep-regulating parts of the brain 1232 

[176,177]. Previously, suggestions have been made that the most efficacious way to predict sleep 1233 

latency and NREM sleep depth is to induce distal vasodilation without increasing core temperature, 1234 

rather than direct action on core temperature [184]. 1235 

In healthy individuals, NREM (stages 1 to 4) and REM sleep alternate in a cyclical manner. The first 1236 

cycle lasts between 70 and 100 minutes, and each subsequent cycle lasts, on average, between 90 and 1237 

120 minutes (Figure 7). During sleep, several well-documented physiological changes occur, these are 1238 

summarised in Table 2. 1239 

 

Figure 7: Progression of sleep states across one single night in a normal volunteer. This graph was based on an 

encephalogram, electrooculogram and electromyogram and assessed in 30 second epochs to derive the stages 

of sleep. Taken from Carskadon and Dement   [149]. REM (rapid eye movement). 
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The final stage of sleep is termed REM sleep and is characterised by the presence of low-voltage, mixed-1240 

frequency brain activity, complete muscle atonia, and bursts of rapid eye movements [149]. The initial 1241 

phase of REM sleep may only last up to 5 min, however, subsequent bouts become progressively longer 1242 

as sleep persists. Whilst REM sleep may occur during the first half of the night, it features 1243 

predominantly more in the latter half [149]. REM sleep provides several essential cognitive tasks 1244 

including functions relating to learning, motor skill, and memory consolidation [192,193]. Unlike 1245 

NREM sleep, REM sleep presents with brain waves and autonomic activity that is more similar to that 1246 

of wakefulness [149]. The notable difference between REM sleep and wakefulness is the state of atonia 1247 

(absence of muscle tone) that prevents people from moving while dreaming [149]. 1248 

1.2.3. Methods of assessing sleep quality, sleep quantity. 1249 

Sleep assessment methods can be categorised as objective or subjective. Objective measures utilise 1250 

technologies and predictive algorithms to measure sleep quality and quantity. Some methodologies go 1251 

further to provide detailed information on sleep architecture and nocturnal physiology [194]. Subjective 1252 

measures use sleep diaries and questionnaires to determine perceived sleep quality and quantity and 1253 

further assessments provide highlight the presence of insomnia or daytime sleepiness [194–196]. 1254 

Table 2:  Physiological changes during Non-rapid eye movement and rapid eye movement. 

Physiological 

Process 

NREM REM 

Brain activity Decreases from wakefulness Increases in motor and sensory areas, 

while other areas are similar to NREM 

Heart rate Slows from wakefulness Increases and varies compared 

to NREM 

Blood pressure Decreases from wakefulness Increases (up to 30 percent) and varies 

from NREM 

Sympathetic nerve 

activity 

Decreases from wakefulness Increases significantly from 

wakefulness 

Muscle tone Similar to wakefulness Absent 

Blood flow to brain Decreases from wakefulness Increases from NREM, depending on 

brain region 

Respiration Decreases from wakefulness Increases and varies from NREM, but 

may show brief stoppages; coughing 

suppressed 

Airway resistance Increases from wakefulness Increases and varies from wakefulness 

Body temperature Is regulated at lower set point than 

wakefulness; shivering initiated at lower 

temperature than during wakefulness 

Is not regulated; no shivering or 

sweating; temperature drifts toward 

that of the local environment 

Sexual arousal Occurs infrequently Greater than NREM 

NREM (non-rapid eye movement) 

REM (rapid eye movement)  
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1.2.3.1. Objective sleep assessment 1255 

Polysomnography (PSG) is an objective method and is largely considered to be the gold standard of 1256 

sleep quality assessment with the capability to provide an in-depth analysis of the structure and quality 1257 

of sleep [194]. Polysomnography has had limited use in athletes. It can be complex and comparatively 1258 

invasive with participants having to undergo extensive instrumentation to observe brainwave activity, 1259 

muscle tone, eye movement, expired gas analysis, breath patterns, and cardiac indices [167]. 1260 

Nevertheless, using polysomnography, researchers have highlighted short-term reductions in REM 1261 

sleep and persistent disordered breathing in U17 footballers who participated in a training camp at 1262 

3600m above sea level [196]. This demonstrates the ability of polysomnography to produce a detailed 1263 

study of athlete's sleep quality and architecture. Although portable polysomnography technologies are 1264 

available [196], analysis is normally completed in specialised sleep laboratories. The unfamiliar sleep 1265 

environment can reduce the validity and few sleep laboratories can accommodate large numbers of 1266 

people over consecutive nights [197]. This makes it challenging to extensively utilise in team sport 1267 

environments, nevertheless, it remains the gold standard method to measure sleep.  1268 

Wrist-actigraphy devices can also provide objective information on sleep in professional football 1269 

players [20], and there is a growing literature base where they have been used to elucidate sleep quality 1270 

in football players. Whilst these devices can estimate similar metrics to PSG (e.g., Wake after sleep 1271 

onset (WASO), sleep duration, sleep onset latency, etc.), they provide data by interpreting nocturnal 1272 

movements with proprietary algorithms, rather than encephalography [198,199]. This means that wrist-1273 

actigraphy devices cannot provide information regarding sleep architecture, therefore, the effect of 1274 

scheduling variables, workload, and other factors on the relative depth of sleep cannot be ascertained 1275 

from wrist-worn activity monitors alone [167]. Nevertheless, where PSG requires instrumentation that 1276 

may alter a player's normal bedtime routine, or remove them entirely from their normal sleeping space, 1277 

activity monitors remain a valid alternative that can collect objective sleep data relatively non-evasively 1278 

compared to PSG.  1279 

Activity monitors are typically worn on the athlete’s wrist [197], and research has demonstrated high 1280 

levels of agreement between these devices and PSG  [198,199] when interpreting nocturnal metrics. In 1281 

one validity study, 34 healthy non-athletes wore a range of 6 research grade and commercial wrist-1282 

accelerometery devices while sleep was also assessed using PSG [199]. Participants engaged in 2 nights 1283 

of normal sleep, and a third night where sleep was purposefully disrupted. Compared to PSG, high 1284 

epoch-to-epoch sensitivity (all ≥0.93) was observed across all sleep metrics (sleep duration, sleep 1285 

efficiency, sleep latency, WASO) [199]. However, comparisons relating to sleep depth were mixed and 1286 

did not show acceptable agreement with PSG, suggesting wrist-accelerometery is a valid assessment of 1287 

two-stage sleep (i.e., assessing whether the wearer is in a state of wakefulness or sleep). Additionally, 1288 

in 11 participants, when two wrist-accelerometers were worn concurrently, both devices demonstrated 1289 
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93% agreement with each other over a 7 day period, demonstrating reliability [200]. Whilst wrist-worn 1290 

activity monitors may provide a valid alternative to PSG that can provide objective information on 1291 

participants' sleep, they may be limited by the internal algorithm used to estimate sleep metrics. 1292 

Considering that each band's respective algorithm is proprietary, and therefore unique, it limits direct 1293 

comparisons between bands and each algorithm must be validated against PSG. Furthermore, the 1294 

accuracy of the band will be reliant on the quality of the predictive algorithm[199,201]. Moreover, it 1295 

has been highlighted that periods of inactivity, such as sedentary time during travel, can be registered 1296 

as periods of sleep. The raw data can be manually screened and corrected in some devices; however, 1297 

this increases the risk of potential biases. Furthermore, unlike polysomnography, the stages of sleep 1298 

cannot be measured [199,202]. Nevertheless, in combination with subjective assessments, their validity 1299 

in providing objective sleep data and application in field research have rendered wrist-accelerometery 1300 

highly efficacious in team-athlete sleep analysis [20,197,202]. 1301 

1.2.3.2. Subjective sleep assessment 1302 

Subjective measures of sleep quality are less technologically sophisticated; however, they can provide 1303 

a valid assessment of sleep quality and several questionnaires have been trialled in athletic populations 1304 

[202,203]. They are suitable for field research in team environments and investigations have shown 1305 

good reliability and validity between subjective and objective measures of sleep quality [202]. That 1306 

said, they rely on truthful and subjective feedback from athletes that limits the confidence in which 1307 

conclusions can be made. 1308 

Various subjective methods have received investigative interest. The Leeds Sleep Evaluation 1309 

Questionnaire (LSEQ) is commonly used to assess subjective sleep quality and has been used in athletic 1310 

populations [204]. The LSEQ uses ten 100mm visual analogue scales (VAS) to assess four sleep quality 1311 

metrics that are largely synonymous with wrist-accelerometery measures. They include ease of getting 1312 

to sleep, quality of sleep, awakenings following sleep onset and behaviour following wake. Participants 1313 

are asked to mark the VAS where the midpoint represents the norm before any intervention. The 1314 

Pittsburgh Sleep Quality Index (PSQI) also assesses sleep quality, but over a 19 item self-reported 1315 

questionnaire. The PSQI assesses sleep quality over a 1 month period and therefore is not suited to 1316 

shorter interventions. Scores of ≥5 on the PSQI indicated sub-optimal quality [205]. Further self-1317 

reported questionnaires do not assess sleep quality per se but do look to subjectively quantify related 1318 

variables. For example, The Insomnia Severity Index (ISI) and Epworth Sleepiness Scale (ESS) have 1319 

also been utilised to investigate clinically relevant insomnia and daytime sleepiness, respectively [206]. 1320 
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1.2.3.3. Other methods of assessing sleep 1321 

Sleep restriction also has profound effects on psychomotor abilities which can be measured through 1322 

several methodologies, as a surrogate to typical objective and subjective assessments. The Psychomotor 1323 

Vigilance Task (PVT) has commonly been utilised to assess psychomotor degradation after sleep 1324 

restriction or deprivation [207].  In one study, 160 adults completed the PVT every 2 hours whilst 1325 

staying awake for 24 hours. Results showed a clear detriment to performance as sleep restriction 1326 

continued [207], demonstrating that the PVT is sensitive to sleep deprivation.  1327 

Since its inception, the PVT has evolved. The most recent iteration of the PVT involves responding to 1328 

a randomised visual stimulus on a touch-screen computer tablet by tapping the screen. Further,  research 1329 

has also sort to highlight the most valid and sensitive PVT-derived metric in regards to sleep disruption 1330 

[208]. Still, the PVT takes 10 minutes to complete, leaving it susceptible to lapses in concentration, 1331 

limiting its validity in some cases [209]. One study evaluated the validity and sensitivity of 3- and 5- 1332 

minute versions of the PVT against the standard 10 minute version. However, results showed that the 1333 

shorter versions were not comparable in response speed, lapses, or errors, concluding that the 10min 1334 

version remains the gold-standard [209]. 1335 

Other tests also have the potential to give practitioners information on how their athletes have slept the 1336 

night before, but are quicker than the 10 minute PVT. If these tests are demonstrated to be valid and 1337 

reliable, then they may give practitioners a practical objective tool to assess how their athletes have 1338 

slept, and potentially perform and recover, in a point-of-care manner. Research investigating the 1339 

sensitivity of oculomotor function to sleep fluctuations is building momentum [210,211]. When a 1340 

moving target is visually tracked, spatial and temporal predictions are used to circumvent the neural 1341 

delay required for visuomotor processing. Specifically, the cognitively predicted path of the object must 1342 

be synchronised with the true moving target during continuous tracking [212]. This ability to track an 1343 

object in space, as well as time, is considered a function of attention [213]. In turn, attention, particularly 1344 

sustained attention, is susceptible to sleep deprivation [214]. 1345 

A small number of studies have investigated the sensitivity of a 3 min oculomotor smooth pursuit test 1346 

to sleep restriction and sleep deprivation [210,211]. Originally developed to assess mild traumatic brain 1347 

injury, the smooth pursuit test requires participants to visually track a target as it follows a predictable 1348 

circular path. Eye-tracking software then determines the accuracy with which the target is tracked in 1349 

both space and time [210,211]. In military personal subject to 26 hours of sleep deprivation, the smooth 1350 

pursuit test revealed increases in tangential and radial variability, suggesting a loss of ability to predict 1351 

the target in both time and space, respectively [211]. These results are collaborated by later research 1352 

that found degradation of binocular coordination after sleep deprivation [215], demonstrating that 1353 

oculomotor function is affected by sleep deprivation and a smooth pursuit test can detect it. 1354 
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However, the majority of the research thus far has been collected from a military sample, undergoing 1355 

total and extended sleep deprivation [211,215]. For the technology to have a wider impact, particularly 1356 

in sports, future research needs to elucidate the influences of sleep restriction in athletes.   1357 

1.2.4. The relationship between sleep and exercise performance 1358 

The effects of sleep on physiological performance have been extensively researched using sleep 1359 

deprivation (defined here as a complete absence of sleep) research designs [216,217], although, the 1360 

results of such studies are somewhat equivocal in terms of the magnitude of change [16,217]. 1361 

Nevertheless, the majority of studies have observed cognitive and/or physiological deficits as a 1362 

consequence of sleep loss, albeit in laboratory settings [218–224]. However, such protocols deprive 1363 

participants of sleep for periods that exceed 24 hours. Whilst these studies have demonstrated reductions 1364 

in repeated sprint performance [218] and power [219], a complete lack of sleep is not the common 1365 

reality faced by the majority of athletes [20].  1366 

Further studies have investigated the effect of sleep restriction (defined here as a reduction of total sleep 1367 

time) on performance which, arguably, has more ecological validity. Eleven healthy participants 1368 

completed force-velocity and Wingate tests after a normal night's sleep (control), and after two sleep 1369 

restriction protocols that either delayed sleep onset by 4 hours or woke participants 4 hours early [219]. 1370 

Both sleep restriction protocols significantly affected anaerobic performance, indicating that sleep 1371 

restriction impairs function. In a similar research design, 12 male Judo athletes, competing in national 1372 

championships, completed a handgrip strength test, maximal voluntary contraction of the elbow flexors, 1373 

and a Wingate test before and after sleep restriction [220]. Morning re-tests yielded no significant 1374 

differences. However, when participants were re-assessed in the evening, lower limb power output was 1375 

significantly impaired in participants that awoke 4 hours early. A similar effect was also observed in 10 1376 

nationally competitive male taekwondo athletes, where 4 hours of morning sleep restriction similarly 1377 

impaired anaerobic performance [221]. Alongside sleep restrictions, results may be influenced by 1378 

chronotype disruption. Whilst this is conjecture, all participants from these studies [219–221] were in 1379 

their late adolescence (>20 years), therefore, their chronotypes are likely to be approaching peak 1380 

lateness [165]. Consequently, they may better withstand later bedtimes compared with earlier wake 1381 

times. Nevertheless, these studies demonstrate that sleep disruption has the potential to disrupt 1382 

physiological measures of exercise performance. 1383 

Although arguably more ecologically valid than total sleep deprivation, 4 hours of sleep restriction, as 1384 

used in the aforementioned studies [219–221], may only be experienced by professional football players 1385 

in specific situations, for example, during and after travel [225–227]. However, this is unlikely to be 1386 

the norm. Nevertheless, studies have also observed significant performance decrements in participants 1387 

that have been subjected to more modest levels of sleep restriction [217]. For example, in professional 1388 
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rugby athletes, players who received <6hrs of sleep the night before performed significantly less total 1389 

(self-selected) load across bench press, squat and bent over row exercises compared to players who 1390 

received >8hrs sleep [228].  1391 

Not all studies agree with the results discussed thus far. Blumert et al. [229] exposed national-calibre 1392 

male collegiate weightlifters to a maximal weightlifting protocol after 24 hours of total sleep deprivation 1393 

and observed no significant difference compared to a normal night's sleep. Similarly, athletes 1394 

(undefined) who had their bedtime delayed until 3 am (with a consistent wake time) experienced no 1395 

significant decline in peak power, mean power output, and peak velocity compared to a reference night 1396 

where participants followed their normal routine [230].  The reason for the disparity between studies is 1397 

not clear. However, the effects of sleep loss are a highly variable phenomenon. Notwithstanding the 1398 

interindividual differences in the physiological and cognitive responses to sleep loss in the general 1399 

population [231], studies have also reported more prominent intraindividual variation in sleep efficiency 1400 

and onset latency in professional footballers, as well as wider athletic populations [20], compared to 1401 

age-matched non-athletic controls [46]. Considering both the variation in how professional players 1402 

sleep, and the response to sleep loss, it may be more logical to prescribe individualised intervention to 1403 

athletes reporting sleep loss, compared to more wholesale, team-based interventions [232].  1404 

Nevertheless, there is sufficient evidence to suggest that sleep loss disadvantages performance 1405 

[16,217,233]. One review of studies investigating the effect of loss on resistance exercise performance 1406 

concluded that inadequate sleep could impair maximal strength, notably in the absence of motivational 1407 

strategies during exercise performance [233]. Another review suggested that aerobic performance may 1408 

be more sensitive to sleep loss, compared to anaerobic performance [217]; citing studies observing 1409 

reductions in yo-yo intermittent recovery test performance after just 4 hours of sleep restriction [221].  1410 

Alongside studies demonstrating that sleep restriction/deprivation can negatively impact performance 1411 

[16,217,233], there are also compelling data suggesting that sleep extension can positively affect 1412 

performance [221]. Sleep extension involves implementing a strategy that directly increases sleep 1413 

duration, normally by mandating a waketime and sleep time or by setting sleep duration targets [221]. 1414 

In varsity tennis players [234], significant improvements in daytime sleepiness occurred in tandem with 1415 

enhanced serve accuracy when athletes slept for 9hrs, compared to when participants slept for less than 1416 

7hrs. Furthermore, a mean sleep duration increase of 110.9 ± 79.7 min was significantly associated with 1417 

improved sprint times in colligate level basketball [235]. Similar improvements have also been observed 1418 

in college-level swimming performance after a sleep extension intervention. Indeed, where sleep 1419 

extension has been applied, studies have observed significant improvements in elements of wellbeing, 1420 

technical performance or physiological performance [234–236]. However, the primary demographic 1421 

studied are varsity level athletes with no studies on full-time professional athletes [234–236]. Further, 1422 
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where extensions have been applied, the increase in sleep duration has exceeded 60 mins [234–236], 1423 

with some studies mandating up to 2 hours of sleep extension [235]. Consequently, considering 1424 

professional football players scheduling, training, playing and travel commitments [96,100], the 1425 

magnitude of sleep extension necessary to mediate performance improvements may be unfeasible. 1426 

Nevertheless, the fact that sleep extension can potentially improve performance highlights its link with 1427 

sleep. 1428 

Whilst the influence of sleep loss and/or extension has been well investigated, the vast majority of the 1429 

literature investigates the effect of acute sleep manipulation on performance [16,217,233], therefore, 1430 

there is little information on the effect of longer-term sleep loss on athletic performance or recovery 1431 

[217,233]. What is understood is that sleep duration may be related to all-cause mortality. One meta-1432 

analysis suggested that sleep duration has a U-shaped relationship with cardio-vascular events, with 1433 

both habitual short and long sleep duration associated with an increased risk of all‐cause mortality [237], 1434 

and a more recent large prospective cohort study with follow-up (n=380k) revealed significant 1435 

associations between consistent poor sleep and all-cause mortality [238]. Nevertheless, Research 1436 

investigating the effect of persistently reduced or suboptimal sleep on physiological recovery and/or 1437 

performance is lacking. However, there is a growing body of evidence linking chronic sleep quality and 1438 

injury risk [239]. 1439 

1.2.5. Sleep and injury risk 1440 

Injuries impose substantial tolls on both professional football players and their clubs [240,241]. Injury 1441 

prevalence in football is higher than in many other team sports [241] with some research suggesting 1442 

that a typical squad of 25 players may sustain approximately 50 injuries per season [240]. Subsequent 1443 

research has also linked the time loss through injury to overall league position. Specifically, a significant 1444 

correlation (p=0.001, r = -0.44) was observed between the time spent injured during the season and the 1445 

place difference between their predicted (according to player value) and actual final league positions 1446 

[242]. Furthermore, the analysis suggested that for every 136 days lost to injury (across the team) 1447 

equated to 1 league point, and every 271 days lost equated to 1 league place. Notwithstanding the money 1448 

spent on wages while a player is injured, points and league positions lost to injury represent a major 1449 

financial liability to professional football teams [242]. Whilst there is a multitude of factors and 1450 

confounders related to injury onset and severity [33], there is a growing body of data that suggests sleep 1451 

quantity and quality may be associated with injury onset; although, the causative mechanisms are 1452 

unknown [239]. 1453 

In a follow-up survey conducted on adolescents aged 15 to 19 (n= 1773), insufficient sleep was 1454 

associated with the prevalence of low back pain 2 years later [243]. These results have also been 1455 

expanded upon in longitudinally designed studies using student-athletes. Milewski et al [244] monitored 1456 
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112 students (mean age: 15.2 ± 1.5yrs) across multiple sports over 21 months, recording a total of 250 1457 

injuries. Although analysis revealed that the number of hours of sleep per night (relative risk: 0.8, p= 1458 

0.006) and strength training (relative risk: 2.0, p= 0.01) independently predicted injury onset, the 1459 

strongest predictor was receiving <8 hours of sleep (relative risk: 2.1, p= 0.01). Similarly, when 496 1460 

adolescent athletes were longitudinally monitored over 52 weeks as part of a larger athlete screening 1461 

project [245], increases in load and intensity occurring in tandem with decreases in total sleep volume 1462 

were significantly associated with increased injury risk. These results have also been replicated in adult 1463 

endurance athletes (n= 95, mean age: 42 ± 10 yrs) where analysis suggested that a mean sleep quantity 1464 

of <7 hours over 14 days significantly predicted new injury risk, although training load was not 1465 

observed to be related to injury onset [246]. These studies consistently link suboptimal sleep volume 1466 

with increased injury risk, however, the knowledge base as a whole is limited by a lack of data from 1467 

elite or professional adult football athletes. Furthermore, subjective sleep diaries, or sleep recall 1468 

methods, have been used to assess sleep. Consequently, results maybe be confounded by sleep 1469 

overestimation and other potential biases [247–249]. 1470 

Whilst studies investigating the relationship between objectively assessed sleep quality and quantity in 1471 

professional footballers are scarce, what is available supports what has previously been discussed [244–1472 

246]. In a prospective cohort of 23 elite football players competing at the highest level in Brazil, Silva 1473 

et al. [48] used wrist-accelerometry to objectively monitor sleep over 10 days. Injury rate, injury 1474 

severity, and time loss to injury were then collated over the ensuing 6-month period to determine any 1475 

relationship between the sleep data and later injury occurrence. Results revealed that sleep efficiency 1476 

(R2=0.44) and WASO (R2= 0.30) accounted for 44% and 30% of the total variance in the total number 1477 

of injuries sustained. It is not surprising that both WASO (time spent awake after sleep onset) and sleep 1478 

efficiency (per cent of time spent asleep in bed not sleeping) presented with similar relationships, 1479 

considering the interrelated nature of the two variables. Sleep efficiency further accounted for 24% 1480 

(R2=0.24) and 47% (R2=0.47) of the variation in time lost to injury and injury severity, respectively, 1481 

reaffirming a probable link between sleep and athletic injury.  1482 

This study is not without its limitations. Primarily, its analysis links a relatively short period of sleep 1483 

monitoring with a longer injury monitoring with no simultaneous observation of both sleep and injury 1484 

[48]. Consequently, sleep and injury risk cannot be causatively associated due to unaccounted common 1485 

confounders associated with both sleep and subsequent injury, unless it is speculatively assumed that 1486 

sleep remained constant over the 6 month injury monitoring period. Therefore, results should be 1487 

interpreted appropriately. In footballers, sleep and injury rates have been monitored simultaneously 1488 

elsewhere, albeit only in case study form [250]. In a 31 year old professional fullback playing at the 1489 

highest level in France, researchers objectively (wrist-accelerometry) and subjectively (sleep diary) 1490 

monitored sleep during a preseason baseline period and then continuously across a period that contained 1491 
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15 competitive fixtures [250]. During this period, 3 injuries (moderate groin tear, moderate hamstring 1492 

strain, major ankle sprain) were sustained, equating to a total of 23 days of time loss. Analysis indicated 1493 

that sleep metrics were altered during the 7-day period and the night before injury occurrence. During 1494 

baseline, sleep efficiency was reported as 90 ± 3% whereas sleep efficiencies of 74%, 66%, and 79% 1495 

were reported the night before each injury, figures that fall below what is considered normal (85%) 1496 

[251]. This supports the findings of previous studies suggesting that a reduction in sleep efficiency is 1497 

related [48]. Moreover, compared to baseline (18 ± 13mins) substantial sleep latencies of 118mins, 1498 

159mins, and 73mins, respectively, were also reported on the night before injury occurrence. This 1499 

further supports a relationship between the player's sleep and injury occurrence. The baseline was 1500 

measured over 5 days, and no in-season measures were presented. Consequently, it is not known if sleep 1501 

on nights preceding injury was different compared to nights preceding no injury. Nevertheless, the case 1502 

study does support a link between sleep and injury, and it is clear that further investigation is warranted.  1503 

1.2.6. Sleep and anabolic signalling pathways 1504 

Mechanistically, the pathways that describe the role of sleep in athletic recovery, performance, and 1505 

injury require elucidation [252]. However, what is understood is that sleep has an encompassing role in 1506 

several hormonal, regulatory, and cerebral homeostatic processors that are heavily implicated in athletic 1507 

recovery [14]. Dattilo et al [14] proposed that periods of suboptimal sleep quantity or quality can restrict 1508 

muscle recovery by limiting anabolic and catabolic endocrine systems, specifically, the release of 1509 

human growth hormone (GH), insulin-like-growth factors (IGF), testosterone, and cortisol that are 1510 

known to be significantly mediated by specific sleep stages [253,254]. 1511 

It is long established that the hypothalamic-pituitary facilitated release of human growth hormone (GH), 1512 

an anabolic substrate [255,256], increases during sleep, in a sleep-stage dependant manner [253]. 1513 

During one study, sleep architecture was recorded in 8 participants while blood was drawn every 30mins 1514 

and sampled for human GH. Results demonstrated a clear relationship with NREM sleep with an 1515 

approximate increase of 27 μg/ml GH in blood that coincided with the first phase of slow-wave sleep. 1516 

When sleep was delayed by 3 hours, the spike in GH was similarly delayed until the first NREM phase, 1517 

indicating that the secretion is SWS dependant, and not circadian [253]. Human GH is also released in 1518 

a pulsatile manner across the 24-hour cycle in response to exercise, blood sugar levels, and protein 1519 

ingestion [257,258] (Figure 8). However, subsequent studies demonstrated that over 95% of GH is 1520 

secreted during NREM sleep [257–259]. 1521 
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Figure 8: Release of Cortisol and GH (Growth Hormone) by sleep stage as measured by EEG [189] 

 

In response to GH stimulation, hepatic-originated IGFs are produced and enter circulation [255,256]. 1522 

IGFs have a range of metabolic, mitogenic, and anabolic cellular responses [260] and their effects 1523 

include satellite cell activation, proliferation, survival, and differentiation, myotube plasticity, 1524 

regulation of protein synthesis, muscle hypertrophy, and neuronal myelinisation [261–263]. 1525 

Accordingly, the intrinsic relationship between sleep, the hypothalamic-pituitary axis, and the anabolic 1526 

signalling that is essential for EIMD and repair is self-evident. However, IGFs are also involved in an 1527 

intricate feedback mechanism whereby it inhibits GH gene expressions and actively stimulates the 1528 

secretion of somatostatin, a peptide that acts as an antagonist to GH-releasing hormone (an upstream 1529 

activator of human GH release) [264]. In humans, exogenous supplementation of GH-releasing 1530 

hormone can stimulate NREM sleep [265], which implicates the GH-IGF-somatostatin pathway as a 1531 

self-limiting system. To be precise, the release of GH is associated with NREM sleep, but the down 1532 

steam products of GH limit substances that can initiate NREM sleep. Therefore, the focus may be better 1533 

placed on ensuring athletes receive optimal slow-wave sleep, rather than attempting to enforce a sleep 1534 

duration that is above what is normally expected. 1535 

Further to GH release, in males, the hypothalamus and pituitary are implicated in the nocturnal 1536 

production of testosterone, a major anabolic hormone, from the testis [14,266,267]. Secondary to the 1537 

release of gonadotropin-releasing hormone (GnRH) from the hypothalamus, the pituitary secrets 1538 

luteinizing hormone (LH) [266,267], which, in turn, acts on the testis to produce testosterone. Like GH 1539 

and IGFs, this system has an intricate feedback mechanism, where testosterone metabolites inhibit 1540 

GnRH and LH production [268]. 1541 

Like GH, testosterone kinetics have been intrinsically linked to specific sleep stages. Lubroshitzky et 1542 

al [254] monitored sleep architecture while determining nocturnal LH and testosterone levels in 6 1543 
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healthy participants. Results showed a clear increase in testosterone and LH levels on sleep initiation, 1544 

before peaking at the first bout of REM sleep. Testosterone levels then remained at that level until 1545 

waking. Subsequent studies have confirmed the relationship between testosterone and the first REM 1546 

sleep [269,270]. One study used a sleep fragmentation protocol of 7 mins sleep 13 min awake, repeated 1547 

72 times over 24 hrs, that prevented REM sleep and observed a notably reduced testosterone curve 1548 

[226]. Likewise, in another study, results indicated that testosterone levels still peaked to coincide with 1549 

the first REM phase despite bedtime being delayed by 8 hours (from 2300 to 0700), compared to a 1550 

control [270]. Both studies [269,270] observed small evening-time increases in testosterone regardless 1551 

of intervention, suggesting that its secretion is partly circadian, nevertheless, results demonstrated that 1552 

testosterone is a sleep-mediated hormone. Considering the role of testosterone as a major anabolic 1553 

endocrine, this, in turn, provides a logical mechanistic link between sleep and athletic performance [14]. 1554 

It is likely that testosterone kinetics are similar in adolescent males compared to adults, however, much 1555 

of data thus draw is drawn from adult populations [269,270]. Nevertheless, the onset of puberty in males 1556 

is associated with an approximate 26-fold increase in testosterone levels which drives anabolic 1557 

processors during maturation. As discussed, adolescence is also associated with changes in sleep 1558 

architecture and a chronotype that favours later sleep onsets and wake times compared to other age 1559 

groups [165]. It is not clear if there is a mechanistic link between changes in testosterone kinetics and 1560 

in adolescent populations [271]. However, the link between sleep and testosterone is clear, and 1561 

considering the importance of testosterone in adolescent maturation, practitioners may wish to ensure 1562 

optimal sleep is achieved in their academy players. 1563 

1.2.7. Sleep and barriers to sleep in professional football players 1564 

It has not been established what the minimum quality or quantity of sleep is required by elite football 1565 

players, nor in the wider athletic community [131]. Most studies are designed to compare sleep quality 1566 

on game days to a ‘typical’ training day, which acts as the control. This is justified as the day type most 1567 

removed from competition and travel, and as the most numerous day type [272–277]. However, this 1568 

cannot provide a robust measure in which to centre results due to continued potential stressors that may 1569 

affect sleep in professional footballers. Therefore, it is challenging to make assumptions about the day-1570 

to-day sleep quality of footballers.  However, athletes, in general, present with sub-optimal sleep 1571 

patterns [20]. Using wrist-accelerometry, Leeder et al. [20] studied sleep hygiene in 46 athletes 1572 

(canoeing n=11, diving n=14, rowing n=10 and speed skating n=11) and compared the data to 20 1573 

healthy, non-athletic aged-matched controls. Sleep was monitored for 4 nights during an out-of-season 1574 

training phase with periods involving long-haul flights excluded. Compared to the control group, 1575 

athletes had greater sleep latency (time to sleep onset), time in bed, time awake, 1576 

restlessness/fragmentation and reduced sleep efficiency despite no statistically significant differences 1577 

in total sleep time. The cause of the variation is likely multifaceted, nevertheless, this demonstrates, that 1578 
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whilst athletes might receive the recommended amount of sleep, total quality may be poorer.  Research 1579 

suggests that this may hold in professional footballers. Academy players representing professional clubs 1580 

presented with poorer sleep efficiency compared to age-matched controls, that were selected from a 1581 

local university, after a 6-day monitoring period [46]. Results also suggested the footballers had more 1582 

variable sleep latency and sleep efficiency after standard deviations were statistically compared between 1583 

groups. These observations are also broadly comparable with latter studies in profession female 1584 

footballing cohorts [278]. The cause of this is not entirely understood, nevertheless, it is likely 1585 

multifaceted. The purpose of this section is to review the potential factors that may affect sleep in 1586 

professional football players. 1587 

1.2.7.1. Sleep quality and variability in professional players 1588 

Cross-sectional studies utilising subjective questionnaires also highlight suboptimal sleep. One 1589 

investigation conducted on footballers competing in Qatar used multiple subjective assessments to 1590 

measure sleep quality (PSQI), clinically relevant insomnia (ISI) and daytime sleepiness (ESS). The 1591 

results were telling. Of the 111 footballers assessed, 76 breached the PSQI threshold for poor sleep 1592 

quality, whilst 30 presented with clinical insomnia, and 25 reported excessive daytime sleepiness [178]. 1593 

Other studies suggest that suboptimal sleep is not as widespread. In footballers playing in The 1594 

Netherlands top tier competition, one investigation recorded values of 3.6 ± 2.42 in the PSQI [279]. 1595 

Whilst participants were categorised as having adequate sleep by this methodology, the standard 1596 

deviation suggests players approached the threshold for clinically sub-optimal sleep. This study did not 1597 

use further sleep assessments; therefore, it is not certain if players are presenting with excessive 1598 

sleepiness or insomnia. It is also important to note that environmental and cultural factors between 1599 

athletes competing in Qatar [206] and Europe [279] might impact sleep.  1600 

Sleep in professional footballers may present with greater variability than in aged-matched non-athletic 1601 

controls [46,278]. This is discussed in greater detail in later sections; however, one source of inter-1602 

individual variation may be the player's respective chronotypes. Although some research suggests that 1603 

football player's chronotype distribute (e.g., morning, intermediate, evening) is not significantly 1604 

different from age-matched controls [280], chronotype approaches peak lateness during late 1605 

adolescence, before a gradual decline [165]. Consequently, how payers entrain to the 24-hour cycles 1606 

may change as the player continues through their career.  1607 

1.2.7.2. Night-time and evening matches 1608 

Evening and night-time fixtures are commonplace in elite football [131,274,281] and involve playing 1609 

competitive fixtures in stadia that are equipped with floodlit illumination equivalent to ≈2000 lux [131]. 1610 

Fullagar et al. [274] examined sleep after night-time fixtures, daytime fixtures and on training days in 1611 
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16 football players competing in the topflight German and Dutch leagues. Results suggested no 1612 

significant difference between training and daytime match days, however, after night matches total sleep 1613 

quantity was reduced by approximately 200 minutes. Players also reported later bedtimes and wake 1614 

times in addition to increased sleep latency compared to training days. Post-game logistical factors and 1615 

media commitments are highly likely to be a factor in the later bedtime, whilst greater sleep latency can 1616 

be explained by increased exercise and environmental arousal reducing parasympathetic outflow [282], 1617 

the results of the fixture may also exacerbate psychological barriers to sleep onset. Players also 1618 

subjectively rated significantly less restful sleep after night games  [274]. Players reported adequate 1619 

sleep on training days and after daytime fixtures, however, it is important to note that players might be 1620 

accustomed to sub-optimal sleep patterns, therefore report what is relative to them. Thus, actual sleep 1621 

quality might be suboptimal and subjective reporting is not sensitive enough to report this. 1622 

Physical activity close to habitual bedtime during night games might also affect sleep quality. However, 1623 

research is equivocal regarding the effect of evening physical activity with some studies showing no or 1624 

a beneficial effect on sleep [276,283], and others recording negative effects [284,285]. One suggestion 1625 

is that the intensity of exercise close to bedtime dictates the magnitude of sleep disruption. Oda and 1626 

Shirakawa [286] subjected healthy participants to exercise between 2120 and 2200 at a heart rate reserve 1627 

of 80%, 60%, or a rested control. Their analysis demonstrated increased bedtime arousal and sleep 1628 

latency (+14 minutes) when participants exercised at 80% of heart rate reserve, compared to other 1629 

conditions. Further, heart rate at bedtime was significantly increased and reduced high-frequency heart 1630 

rate variability, suggesting inhibited parasympathetic nervous output. Whilst it may be intuitive to 1631 

suggest that exercise should aid in sleep, it has also been suggested that prolonged high-intensity activity 1632 

might increase sympathetic nervous tone and/or blunt parasympathetic drive, antagonising sleep [282]. 1633 

As discussed, footballers cover considerable distances and undergo a substantial number of high-1634 

intensity actions, compared to other sports [12]. The result is a notable onset of EIMD symptoms and 1635 

homeostatic disruption [24]. In tandem with stadium lights, noise and emotional factors close to bedtime 1636 

[131], a state of arousal that affects a footballer's ability to sleep and recover is to be expected. 1637 

The physical activity associated with match play will also induce changes in core temperature [287], 1638 

potentially antagonising the circadian temperature cascade that accompanies sleep initiation [167]. 1639 

Moreover, competition-induced DOMS, secondary to significant EIMD, might impact restfulness 1640 

during sleep [288]. Furthermore, studies have highlighted that elite footballers are habitual caffeine 1641 

consumers, consuming the stimulant for both pleasure and as an ergonomic aid [289,290]. Caffeine is 1642 

well known to non-selectively antagonise adenosine receptors in the brain [291], in turn, disrupting 1643 

sleep homeostasis and arousal regulation [292]. One longitudinal study typically shows that caffeine 1644 

consumption reduced the length of slow-wave sleep and increases the time spent in NREM stage 1, the 1645 

number of awakenings, and sleep latency [291]. 1646 
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Further to the factors already presented, night-matches involve playing competitive fixtures in stadia 1647 

that are equipped with floodlit illumination equivalent to ≈2000 lux [131]. Light exposure can inhibit 1648 

melatonin production, reducing the circadian signals (Process C) that initiate sleep [293]. Previous work 1649 

has stated that just 1000 lux or more is sufficient to affect sleep [294], therefore, it is likely that the 1650 

intensity of the light can disrupt the circadian initiation of sleep (process C). Whilst the lux level during 1651 

night matches may be considerable, players may still be exposed to increased levels of light away from 1652 

night games, which in turn may affect sleep. One study suggested that approximately 80% of players 1653 

surveyed use electronic devices or watch television before bed which likely interrupts circadian 1654 

melatonin production [131,168]. In a cross-sectional study (n=9846), the frequency of electronic device 1655 

use was revealed to be significantly negatively correlated with sleep duration in non-athletic adolescent 1656 

teenagers [168], and investigations have observed improved sleep latency in interventions that have 1657 

limited electronic device use [169]. It is not known if electronic device use is notably greater in football 1658 

players compared to the general population. Regardless, if a player uses electronic devices close to 1659 

bedtime, then it is not unreasonable to assume sleep disruption follows.  1660 

1.2.7.3. Travel 1661 

The effect of travel has also been observed to be a meaningful and statistically significant sleep disruptor 1662 

in professional players. One study analysed the effect of short-haul domestic travel on professional 1663 

football players in Australia, over 12 matches (6 home, 6 away). The results were largely equivocal, 1664 

most likely due to low study power (n=6), however, there was evidence of increased sleep latency after 1665 

away matches, potentially resulting in a disrupted routine during periods of travel [18]. In another, better 1666 

powered, study [225], 15 elite male footballers were observed as they engaged in 18 hours of 1667 

international air travel. Over the investigative period, sleep duration and efficiency were reduced 1668 

significantly compared to baseline on travel days and after matches, with no additional effect on sleep 1669 

on training days. This suggests that sleep disruption during travel is limited to the actual travel day and 1670 

can likely be attributed to logistics and arousal of travel. 1671 

1.2.7.4. Circadian misalignment  1672 

A player's intrinsic chronotype coupled with, travel demands, and inconsistent schedules [96,131] may 1673 

also give rise to a phenomenon known as circadian misalignment, also colloquially termed social-jet 1674 

lag [295]. Specific to footballers, this may occur when player's schedules (e.g., night games, or days 1675 

off) dictate playing or training commitments that interfere with their normal sleep behaviour. One 1676 

consequence of this may manifest altered and suboptimal sleep behaviour during the nights following 1677 

the initial event. The prevalence of social jet lag has not been investigated in professional footballers, 1678 

nor has its potential effect on subsequent performance. However, social jet lag has been proposed as a 1679 

factor that may influence sleep in adolescent players [46]. In a study that investigated sleep across a 1680 
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microcycle, investigators noted reduced sleep duration on matchday+1 (MD+1), compared to other 1681 

days. Considering that MD+1 was a recovery day, which allowed players substantially more time to 1682 

socialise, the authors suggested that subsequent changes in sleep may be due to circadian misalignment 1683 

and social jet lag. Whilst this cannot be proven, other studies have suggested prevalent social jetlag 1684 

amongst adolescents [296] and adults [297]. Therefore, it can be reasonable surmised that professional 1685 

footballers may encounter circadian misalignment in light of inconsistent scheduling and night matches. 1686 

As chronotype reaches peak lateness during late adolescence, before falling throughout a person's 20s, 1687 

30s, and beyond. This may mean that circadian misalignment may manifest itself differently throughout 1688 

a player’s career. For example, if travel is scheduled during the evening, this may influence the sleep of 1689 

someone whose chronotype preferences an earlier bedtime, compared to someone who preferences a 1690 

later one. The subsequent effect on sleep, and sleepiness across subsequent days, may differ. This may 1691 

also influence the optimal scheduling for individual players across their playing schedules. 1692 

1.2.7.5. External workload 1693 

In athletes, several studies have suggested links between workload and subsequent sleep metrics [47], 1694 

consequently, a player's workload may be a factor influencing the amount of sleep that they achieve. 1695 

However, the data are equivocal. For example, in profession rugby league players that were monitored 1696 

during preseason, the number of acceleration/decelerations demonstrated a significant and positive 1697 

relation relationship with objectively derived sleep efficiency. Although the effect size was small (effect 1698 

size= 0.15), this suggests that players who engaged in more changes in velocity experienced improved 1699 

sleep. The cause of this relationship remains unknown, although authors suggested a perceptual 1700 

response associated with a perceived sense of effort [47]. Contrastingly, in trained endurance athletes 1701 

who were monitored before and during an intensified training period, the analysis suggested that 1702 

increased workload was associated with reduced sleep duration and efficiency [298]. Notably, 1703 

participants demonstrated a progressive decline in sleep efficiency and sleep duration over the 3-week 1704 

overreaching training block which may be related to the accumulation of mild muscular fatigue, 1705 

although, causation at not be inferred based on the data available [298].  1706 

In football players, a meaningful relationship between external workload and sleep metrics is yet to be 1707 

established. In senior English Premier League players, 1, 2, 3, and 4-day accumulated high-intensity 1708 

running (classified as total distance accumulated at speeds greater than 4m·s−1) were not found to be 1709 

significantly associated with perceived sleep quality [44,45], suggesting objective measures of 1710 

workload are not associated with subjective measures of sleep. However, in professional youth players, 1711 

Whitworth-Turner et al [275] reported a significant relationship between total high-speed running 1712 

distance (distance accumulated at speeds greater than 5.5 m·s−1) and subsequent objectively derived 1713 

WASO, time in bed, and sleep duration sleep metrics. While differences in how the workload was 1714 
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classified, and how sleep was measured, may account for discrepancies between studies, Whitworth-1715 

Turner et al [275] still reported only trivial increases in WASO, time in bed, and sleep duration per every 1716 

100m increase in high-speed running distance. Whilst this data cannot rule out a substantial relationship 1717 

between sleep and external workload, it does suggest that the magnitude of potential sleep disruption in 1718 

response to workload may not be sufficient to concern practitioners and coaches. Nevertheless, 1719 

polysomnography investigations would be better placed to confirm this. Furthermore, data collected 1720 

across different macro cycles may also better elucidate any potential relationships. 1721 

1.2.8. Methods to improve sleep in football players 1722 

There is a plethora of novel and more traditional strategies available to improve sleep quality in 1723 

footballers, athletes and the general population [216]. These range from sleep extension [234] and sleep 1724 

hygiene strategies [169] to more indirect methods, like whole-body cryotherapy [299] and showers 1725 

before bedtime [300]. Interestingly, many of these strategies revolve around countering the disruption 1726 

to the two-process model or augmenting it. 1727 

1.2.8.1. Sleep extension through scheduling 1728 

Sleep extension in non-athletes is well investigated and involves tasking participants to reach a target 1729 

total sleep duration, or time in bed, that is greater than what is normally experienced [216]. This is 1730 

normally applied in research settings, however, research in athletic populations is limited and there are 1731 

a scarcity of data on footballers. In varsity tennis players [234], improvements in daytime sleepiness 1732 

occurred in tandem with serve accuracy after participants were asked to extend sleep to 9 hours per 1733 

night. In collegiate basketball players, sprint times significantly increased after a mean sleep duration 1734 

increase of 110.9 ± 79.7 min [235]. Similarly, PVT scores have improved in military personnel after 1735 

they have undergone sleep extension [301]. Nevertheless, sleep extension interventions may not be 1736 

applicable in professional sporting environments. In cases where sleep extension has resulted in a 1737 

significant performance benefit [234,235], sleep extension durations >90 mins have been utilised. 1738 

Consequently, implementing sleep extension strategies of a similar magnitude is likely to be 1739 

incompatible with the training, scheduling, and family commitments that professional footballers may 1740 

face. However, a form of sleep extension may be achieved through the manipulation of the scheduling 1741 

variables that coaches have a substantial element of control over, for example, start time (the time 1742 

players are scheduled to arrive for training or competition). This could be particularly pertinent for 1743 

academy professional players whose biological chronotype (the intrinsic entrainment of an individual’s 1744 

circadian system to a 24-hour cycle) is expected to be later compared to senior players [165]. Biological 1745 

chronotype varies across the lifespan, peaking during late adolescence [165]. Consequently, it follows 1746 

that sleep scheduling considerations for professionals in their late teens or early 20s. 1747 
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In adolescents in the USA, a regression analysis from a cross-sectional survey of 2454 students (age: 1748 

12 to 19yrs) demonstrated that for every 1-hour extension in start time, sleep duration increased by 34.8 1749 

mins [255]. Likewise, using data from the American Time Use Survey [303], researchers observed a 1750 

25.2 min extension to sleep duration per 1-hour increase to start time. These results have been replicated 1751 

in subsequent studies [173], and other investigations have reported further benefits when start time has 1752 

been extended in American students. For example, in a retrospective analysis, Borloase et al. [174] 1753 

found that ESS scores were improved when start time was extended from 09:00 am to 10:30 am, most 1754 

likely as a result of an increased window in which to sleep. Further analysis also suggests that a later 1755 

start time is significantly associated with a reduction in motor vehicle accidents in adolescent drivers in 1756 

the USA [175], and there is growing evidence suggesting that later start times are beneficial to this age 1757 

group [175]. 1758 

Extending start time in professional footballers, notably in adolescent academy players whose 1759 

chronotype better suits later start times, may represent an indirect method of applying a sleep extension 1760 

strategy. The commitments of academy players representing a professional may differ from the general 1761 

population, and it is not known whether the more levels of sleep extensions associated with later start 1762 

times will manifest in a tangible performance benefit, such as is observed when >90mins of sleep 1763 

extension has been applied in varsity athletes [234,235]. Nevertheless, considering it is a low-tech and 1764 

practically cost-negligible intervention, it is worth investigating. 1765 

1.2.8.2. Sleep hygiene 1766 

Sleep hygiene strategies were initially developed for the treatment of moderate insomnia and are defined 1767 

as a set of behavioural and environmental initiatives intended to promote healthy sleep [304]. In a 1768 

review of sleep hygiene, Irish et al. [304] concluded that many strategies are supported by plausible 1769 

physiological or psychological mechanisms, however, research around their actual efficacy is limited 1770 

by vague, inconsistent recommendations and limited guidance. The authors also highlighted that 1771 

research is focused on acute effects in laboratory settings. Nevertheless, in 98 national representative 1772 

youth athletes (mean age: 18 ± 3yrs), significant correlations were observed between sleep hygiene and 1773 

PSQI scores (r= 0.45, p<0.001)  [305] and sleep hygiene education has been successful in improving 1774 

sleep metrics in national representative netball players [261]. 1775 

Sleep hygiene strategies aimed at reducing evening light exposure, caffeine intake, and alcohol 1776 

consumption have also been suggested for football players [281]. Experimentally, some of these 1777 

strategies are efficacious in football players [169]. After two-night games, Fullager et al. [169] placed 1778 

highly-trained amateur players in a dimly lit bedroom and prohibited electronic device use 15 to 30 1779 

minutes before bedtime. Compared to the control (players are free to make their own decisions), results 1780 
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revealed significantly greater sleep duration and fewer wake episodes. The improvements can be 1781 

attributed to the reduction in artificial illumination levels (relative to the control), preserving Process C 1782 

1.2.8.3. Thermoregulation: the ‘warm bath effect’ 1783 

There have been attempts to improve sleep quality in the general population, particularly as a treatment 1784 

for insomnia, by augmenting the circadian thermoregulatory process in the lead-up to, and during sleep, 1785 

taking advantage of the so-called ‘warm bath effect’ [307]. The overarching physiological mechanism 1786 

that underpins this phenomenon was introduced in section 2.1. Physiological mechanisms regulating 1787 

the sleep-wake cycle. In brief, using a theromosuit to apply heat to proximal and distal sections of the 1788 

body to induce vasodilation, Raymann et al [183] were able to reduce sleep onset latency by 3.09 min 1789 

(95% CI: 1.91 to 4.28). Subsequent application of the theromosuit during sleep increased the time spent 1790 

in slow-wave sleep at the expense of wakefulness and lighter NREM sleep [191]. Whilst the additional 1791 

slow-wave sleep may support the athletic recovery process, donning a full-body suit, similar in 1792 

appearance to a wet suit, may be impractical if used each night and is likely best suited for research, 1793 

i.e., to elucidate the mechanistic physiology. Water-based passive cooling (e.g., hot/warm bath or 1794 

shower) is a far more common and tolerable method to induce vasodilation close to bedtime, in an effort 1795 

to improve sleep metrics. One meta-analysis pooled the results of 13 studies (median n= 13) that 1796 

assessed the effect of water-based passive cooling before bed on subsequent sleep [307]. Analysis 1797 

revealed a trend that suggested a shower or bath 1 to 2 hours before bed improved sleep latency, sleep 1798 

duration, quantity of slow-wave sleep, and sleep efficiency; yet only sleep latency and sleep efficiency 1799 

demonstrated significance. Sleep latency presented with the largest effect size (Z= 2.58; p=0.01) with 1800 

reports indicating an average 8.6min reduction in the time taken to fall asleep. 1801 

One study has also observed significant benefits in football players when water-based passive cooling 1802 

has been applied before sleep. In 11 professional (full time, contracted) academy football players (mean 1803 

age: 18 ± 1yrs), Whitworth-Turner et al. [300] applied a warm shower 20 minutes before bedtime and, 1804 

compared to the control condition (no shower), sleep latency was significantly reduced from 24 ± 1805 

15mins to 17 ± 15mins. Sleep efficiency was also significantly improved (control: 94 ± 3%, shower 96 1806 

± 3%) in a trend that is observed elsewhere in the literature [307]. This suggests that a hot/warm bath 1807 

or shower may be a suitable intervention to improve sleep onset latency and efficiency in football 1808 

players when implemented as part of a sleep hygiene strategy. 1809 

1.2.8.4. Thermoregulation: application of cold  1810 

Perhaps counter-intuitively considering the warm bath phenomenon, cold immersion has also been 1811 

investigated as a potential sleep aid. The effects of several cooling methods have been investigated, 1812 
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with varying effects [163,299,308,309] and, where they have been effective, the underlying mechanistic 1813 

response is unclear. As a consequence, it is challenging to optimise specific methodologies. 1814 

As previously highlighted the application of cold therapies is increasingly being used as a recovery 1815 

modality within professional sport, and there have been several, but inconsistent, reports of improved 1816 

sleep after its use [163,299,308,309]. Most notably, the application of WBC, subjecting athletes to 1817 

extremely cold air (-110°C to -160°C) for short periods (120 to 240 secs) while wearing minimal 1818 

clothing (slippers, socks, shorts, gloves, hat and face mask), has been investigated as am ergonomic 1819 

sleep aid. After evening exercise, Douzi et al. [299] reported fewer nocturnal movements in healthy 1820 

participants who had received post-exercise WBC. Likewise, sleep disruption associated with increased 1821 

training intensity was attenuated by WBC in Olympic synchronised swimmers [308]. Further, in 1822 

academy players representing a professional club, increased testosterone was observed in players who 1823 

received post-exercise WBC. The investigators suggested that this may be a result of improved sleep, 1824 

however, sleep was not monitored as part of this study [310], so this cannot be confirmed. Contrastingly, 1825 

no benefit was observed in professional rugby players who received WBC after a competitive B team 1826 

fixture compared to a control (no intervention) or compared to when participants slept on a high-heat 1827 

capacity mattress; designed to support conductive heat transfer from the body [309]. Similarly, when 1828 

highly-trained cyclists engaged in a 4-week high-intensity cycling intervention (3 sessions per week) 1829 

over 4 weeks, post-exercise WBC failed to significantly affect objective sleep quality [163]. 1830 

The reasons for the disparities between studies are not clear. Both single and multiple exposures 1831 

reported significant [299,308] and non-significant results [163,309], suggesting a dose-response is not 1832 

apparent. Other factors might include the timing of WBC relative to bedtime, confounders from applied 1833 

studies, or the exposure temperature. However, in the studies available, there is no clear pattern to 1834 

confirm or reject these hypothesises [163,299,308,309]. This indicates that further investigation is 1835 

required to discover key variables that instigate a beneficial response. 1836 

The use of WBC as an ergonomic sleep aid in football is under-investigated. However, one study 1837 

utilising PBC, a similar modality to WBC where the head is not directly exposed, did report a significant 1838 

response in 9 professional footballers competing in the French second-tier [311]. Players randomly 1839 

engaged in 4 protocols, a control (no PBC), a 180-second exposure, a 90-second exposure, and two 90 1840 

seconds exposures separated by 5 minutes at room temperature. The reporting of the wrist-1841 

accelerometry data was atypical, with authors electing to report the amount of movement through the 1842 

x, y, and z-axis rather than the predicted sleep variables. Nevertheless, results indicated significantly 1843 

less nocturnal movement after the 180-second exposure protocol suggesting players may have slept 1844 

better.  1845 
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How WBC might support sleep is also not clear, and it is interesting to note that a similar relationship 1846 

between sleep and CWI has not been identified [312]. Several potential underlying mechanisms have 1847 

been discussed, including thermoregulatory or inflammatory pathways. However, the most compelling 1848 

evidence suggests that sleep maybe supported through parasympathetic activation, secondary to WBC 1849 

exposure. In 25 healthy males, a 3-minute (-120°C) WBC exposure induced a reduction in heart rate 1850 

and significantly increased HRV metrics associated with increased parasympathetic afference [313]. 1851 

These results have been replicated elsewhere [314,315] with further studies noting a stronger 1852 

parasympathetic output after WBC compared to PBC [314]. Hausswirth et al. [314] also observed a 1853 

greater reduction in skin temperature after WBC, compared to PBC, which occurred with a greater 1854 

release of noradrenaline; the catecholamine responsible for cold-induced vasoconstriction response 1855 

[272]. Consequently, WBC may increase parasympathetic outflow by baroceptor stimulation secondary 1856 

to increased central blood volume after cold-induced vasoconstriction [313][314,315], alongside 1857 

trigeminal nerve stimulation [119,317,318]. The antinomic response to WBC may then support the 1858 

circadian increase in parasympathetic afference associated with sleep onset  [139].  1859 

 1860 

A  B 

 

C    

Figure 9: Skin temperature (A), Muscle temperature (B) and Rectal temperature (C) before and after whole-

body cryotherapy (WBC) and cold water immersion (CWI). *significant difference from pre. †significant 

difference between conditions. Taken from  [319]. 
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WBC may also benefit sleep through the reduction of core temperature, mimicking the circadian drop 1861 

that is also associated with sleep onset [176–178]. WBC initially induces a small increase in core 1862 

temperature as warm blood from the periphery is shunted to the core, followed by a steady decline over 1863 

the next 60-minutes, following a long-observed phenomenon where core temperature and muscle 1864 

temperature continues to fall after the participant has been removed from the cold stimuli (Figure 9B 1865 

and C), termed thermal afterdrop [320,321]. Afterdrop was initially thought to be caused by cold venous 1866 

return, secondary to vasodilation upon rewarming [278,279]. However, observational data suggests that 1867 

the phenomenon is in part, or solely, a conductive mechanism that is a thermodynamic inevitability in 1868 

any model where the core is warmer relative to its shell [323]. Nevertheless, the data indicate a clear 1869 

reduction in core temperature. Nevertheless, this is yet to be linked to sleep in research. Previous 1870 

attempts at reducing core temperature through the ingestion of ice close to bedtime have not been able 1871 

to support sleep onset or depth [184]. Instead, while the core temperature was reduced, this occurred 1872 

alongside vasoconstriction and increased alertness, with no modulation to sleep onset. 1873 

WBC was initially introduced into sporting settings to attenuate inflammation secondary to EIMD 1874 

[115,116], and an alternative explanation as to why WBC may support sleep is its possible influence on 1875 

inflammatory proteins with anti- or pro-somnogenic properties [324]. As discussed, IL1 and TNF-α are 1876 

primary pro-somnogenic inflammatory proteins whose levels demonstrate a diurnal pattern and track 1877 

sleep propensity  [158–161]. However, they are also considered pro-inflammatory proteins [324], and 1878 

practitioners may recommend WBC specifically to limit pro-inflammatory action. Pournot et al. [127] 1879 

exposed 11 well-trained runners to a simulated trail run, with downhill segments designed to cause 1880 

EIMD. They then received daily WBC or passive recovery for four days. Results indicated reduced IL-1881 

1 and increased IL-1ra concentrations after WBC, suggesting WBC does not support pro-somnogenic 1882 

inflammatory proteins. TNF-α and IL-10 (a further somnogenic interleukin) were also sampled although 1883 

there was no significant change, which is also a trend observed elsewhere [116]. In another study, 1884 

Ziemann et al. [126] saw reductions in TNF- after WBC was applied daily across a microcycle in 1885 

professional tennis players during a post-competition recovery camp. Considering that IL-1 and TNF-1886 

α have observationally meaningful somnogenic actions [158–161], and it is likely that WBC reduces 1887 

levels in blood, results thus far suggest that any WBC sleep benefit occurs despite its anti-inflammatory 1888 

actions, rather than a direct mechanistic result. 1889 

1.3. Summary and general aims 1890 

In summary, this literature review highlights the substantial amount of workload a professional football 1891 

player performs throughout a competitive fixture. Specifically, research has demonstrated that the 1892 

magnitude of declarative, and other high-intensity actions, causes EIMD and physiological disruption 1893 

that can take days to normalise. The EIMD subsequently initiates an inflammatory cascade that is 1894 
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marked by the recruitment of neutrophils, macrophages, and inflammatory proteins [63,64]. These 1895 

substances are implicated in the healing process and the transcription factors that are associated with 1896 

muscle plasticity and adaptive remodelling. However, the inflammatory process also generates 1897 

substances that are readily converted into ROS and RNS that can outpace anti-oxidative mechanisms 1898 

and exacerbate the original muscular damage. Therefore, a large amount of investigative research has 1899 

been given to methodologies that can support the inflammatory process and augment the recovery in 1900 

professional football players. 1901 

Sleep is essential to this recovery process. During sleep, memories and skills are consolidated, 1902 

inflammation is modulated, and anabolic substrate production is increased. Football player's sleep 1903 

presents with greater variability compared to age-matched, non-athletic controls. Furthermore, 1904 

professional players encounter several barriers to restful, restorative sleep as part of their normal 1905 

competitive scheduling. These include the overall effect of night matches, scheduling variables, and 1906 

potentially workload. Therefore, to fully support the sleep and recovery of professional football players 1907 

research should investigate the barriers to sleep in professional footballers, methods to monitor good 1908 

sleep in this demographic, and approaches to improving sleep in a professional footballing environment. 1909 

Accordingly, the following study aims were conceptualised (Figure 1): 1910 

1. Examine the use and frequency of post-exercise WBC, compared to passive recovery, on 1911 

markers of inflammation, redox, and variables related to post-exercise fatigue (Study 1) 1912 

2. Investigate the effects of WBC, applied across an in-season microcycle on the objective and 1913 

subjective sleep quality in under 18 (U18) professional footballers, and determine the effect of 1914 

WBC on game-day inflammation, testosterone, and cortisol (Study 2) 1915 

3. Examine what is known about sleep quality and quantity, in relation to published norms, and 1916 

identify the main literature themes concerning barriers to optimal sleep in full-time, 1917 

professional footballers (Study 3) 1918 

4. Assess the influence of scheduling and workload variables on objective sleep markers in 1919 

professions football players (Study 4) 1920 

5. Investigate if a virtual reality eye-tracking smooth pursuit assessment is sensitive to day-to-day 1921 

variation in sleep metrics, and assess if the test can detect the presence of sleep loss in a military 1922 

training environment with prescribed sleep deprivation (Study 5) 1923 

6. Trial an individualised sleep monitoring and intervention strategy aimed at improving the 1924 

subjective and objective sleep in a professional U18 football player reporting suboptimal sleep 1925 

(Study 6) 1926 

  1927 
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Chapter 2 1928 

2. Post-exercise whole-body cryotherapy and recovery: a 1929 

systematic review and meta-analysis (Literature part 2) 1930 

1931 
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2.1. Abstract 1932 

Objective: To examine the use and frequency of post-exercise whole-body cryotherapy (WBC) on 1933 

exercise recovery. Design: A meta-analysis and systematic review. Change-score data were analysed 1934 

assuming a random-effects model and sub-grouped by the number of exposures. Data Sources: Web of 1935 

knowledge, PubMed, MEDLINE and SPORTDiscus to May 2021. Eligibility criteria for selecting 1936 

studies: post-exercise WBC in healthy participants; measured variables relating to recovery from 1937 

exercise; were available in English full-text; compared WBC to a passive control; and presented data in 1938 

a manner suitable for meta-analysis. If all criteria were met, but the data could not be synthesised for a 1939 

meta-analysis, then the study was included in the systematic review. Results: 11 studies were identified, 1940 

encompassing 139 participants (81 males, 31 females, 27 not stated, mean age 18 to 26.7 years) ranging 1941 

from healthy participants to Olympic athletes. Risk of bias factors included low-powered studies, 1942 

inadequate description of participants, and no randomisation. Creatine kinase (CK) activity, delayed 1943 

onset muscle soreness (DOMS), muscle function, cortisol, testosterone, and interleukin-6 (IL-6) were 1944 

subject to meta-analysis. Sleep, inflammation, and redox-related biomarkers were reviewed 1945 

qualitatively. Only multiple WBC exposures showed a beneficial effect on CK activity, DOMS, muscle 1946 

function, or cortisol. Single exposures beneficially affected testosterone, IL-1, and IL-1 receptor 1947 

agonist. No effect was detected for IL-6 and the effect on sleep is unclear. Summary/Conclusions: 1948 

Multiple WBC exposures are more likely to provide a beneficial effect on muscular performance, CK 1949 

activity, and DOMS. Single exposures might be adequate to increase testosterone, reduce inflammation 1950 

and support sleep. 1951 

  1952 
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2.2. Introduction 1953 

Whole-body cryotherapy (WBC) is used as a recovery aid in elite sport settings, despite limited 1954 

evidence of its effectiveness [118,120,121]. It involves subjecting athletes to extremely cold air (-110°C 1955 

to -160°C) for short periods (120 to 240 secs) while wearing minimal clothing (slippers, socks, shorts, 1956 

gloves, hat and face mask), in specially designed chambers [118]. WBC is purported to enhance athletic 1957 

recovery and alleviate symptoms of exercise-induced muscle damage (EIMD), caused by the 1958 

mechanical stress placed on sarcomeres during strenuous exercise [36]. EIMD is characterised by 1959 

oedematous swelling, increased intramuscular milieu in blood, delayed onset muscle soreness (DOMS), 1960 

diminished muscular function, and an inflammatory response that exacerbates the initial muscular 1961 

damage [36]. WBC has previously been used to attenuate inflammation in arthritic populations [325], 1962 

however, its effectiveness in relieving inflammation after EIMD is less clear. 1963 

Cryotherapies are generally used to reduce tissue metabolism and induce analgesia, with some 1964 

researchers proposing WBC mediates reductions in intercellular adhesion molecule-1 (ICAM-1), which 1965 

in turn lessens the transmigration of inflammatory proteins to sites of muscle damage [115,116]. 1966 

However, the limited number of investigations to date have reported no [116,122,123], mixed [124], or 1967 

beneficial  [125–127] effects of post-exercise WBC on inflammatory and wider EIMD markers, in 1968 

addition to a possible effect on redox balance [326–328]. Further reports suggest that WBC might be 1969 

efficacious in reactivating the parasympathetic autonomic nervous system after exercise [314,315], in 1970 

turn improving recovery through sleep [163,299,308,309].  1971 

The discrepancies between studies limits the confidence in the recommendations that can be made 1972 

available to practitioners. Heterogeneity in study outcomes might be explained by methodological 1973 

disparities and, whilst several authors have reviewed WBC and its efficacy [118,121,329,330], a 1974 

specific analysis of the effect these disparities have on outcomes via meta-analysis is incomplete. 1975 

Notably, investigations differ on the number of WBC exposures applied after muscle-damaging exercise 1976 

[122,123,125,126,310]. An exploratory analysis of the influence of WBC exposure frequency can 1977 

highlight where future research is required and enable practitioners to better understand where potential 1978 

benefits of WBC could be found, and in what time frame. 1979 

Therefore, the purpose of this investigation is to conduct a rigorous meta-analysis and systematic 1980 

review, with a specific sub-group analysis on exposure frequency, investigating the use of post-exercise 1981 

WBC, compared to passive recovery, on markers of EIMD, inflammation, redox, and variables related 1982 

to post-exercise fatigue and recovery in healthy and athletic populations. 1983 
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2.3. Methodology 1984 

This study was reported following the Preferred Reporting Items for Systematic Reviews and Meta-1985 

Analysis (PRISMA) statement [331]. This was a systematic review and meta-analysis of published 1986 

studies; therefore, ethical approval was not required. 1987 

2.3.1. Search strategy 1988 

Trials that used WBC as a therapeutic aid for recovery were identified following a search of the 1989 

databases PubMed, MEDLINE, Web of Knowledge and SPORTDiscus. In conjunction with Boolean 1990 

Logic commands, the search terms whole-body cryostimulation, whole-body cryotherapy, cryo* 1991 

chamber AND recovery, athlete, exercise, fatigue, sleep, redox and inflammation were used. See Table 1992 

3 for the complete search strategy. Peer-reviewed academic papers from the start of records until May 1993 

2021 and their references screened for additional studies. Results were imported to reference 1994 

management software (Mendeley Elsevier, Amsterdam, Netherlands) and duplicates were removed.  1995 

Table 3: Full search strategy 

Database Search terms 

Web of Science (“whole body cryostimulation” OR “whole body cryotherapy” OR “cryo* chamber”) 

 

 AND  

 

(“recovery” OR “athlete” OR “exercise” OR “fatigue” OR “sleep” OR “inflam*” OR 

“cortisol” OR “testosterone” OR “redox” OR “oxidative stress”) 

 

1900-01-01 

2022-10-31 

PubMed (“whole body cryostimulation” OR “whole body cryotherapy” OR “cryo* chamber”) 

 

 AND  

 

(“recovery” OR “athlete” OR “exercise” OR “fatigue” OR “sleep” OR “inflam*” OR 

“cortisol” OR “testosterone” OR “redox” OR “oxidative stress”) 

 

1900/1/1 to 2022/10/31 

SportDiscuss (“whole body cryostimulation” OR “whole body cryotherapy” OR “cryo* chamber”) 

 

 AND  

 

(“recovery” OR “athlete” OR “exercise” OR “fatigue” OR “sleep” OR “inflam*” OR 

“cortisol” OR “testosterone” OR “redox” OR “oxidative stress”) 

 1996 
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2.3.2. Eligibility criteria 1997 

Studies were excluded if they did not compare the effect of post-exercise WBC to a passive control in 1998 

non-clinical participants, did not sample a metric of recovery (as previously described), if there was no 1999 

passive control, or if the study population was clinical. Studies were also excluded from meta-analysis 2000 

if they did not yield enough information to accurately estimate the mean change score and standard 2001 

deviation. If this was the case, yet they met all other criteria, then they were included in the systematic 2002 

review only. Further, studies that only applied WBC before exercise were excluded. No specific 2003 

restrictions were set on exposure temperature and duration. Study suitability was assessed 2004 

independently by two authors (LE and JH).  2005 

2.3.3. Data extraction 2006 

Change from baseline scores were extracted from studies that assessed the effects of WBC versus 2007 

control by one author (LE) and independently confirmed by a second (JH). Standardised mean effect 2008 

sizes (ES) were calculated from pre–post-change scores between WBC and control groups, using the 2009 

standard deviation of those changes (SDchange). Measures of CK and inflammatory proteins were 2010 

obtained via venous or capillary sampling. Measures of DOMS were obtained via Likert or visual 2011 

analogue scales. Measures of muscle function were derived from the analysis of maximal isotonic, 2012 

isokinetic or isometric torque in addition to countermovement jumps (CMJ). Testosterone and cortisol 2013 

measures were obtained via venous blood or saliva sampling. 2014 

A meta-analysis was only performed if at least three data sets from unrelated research groups were 2015 

identified. Several studies reported data from CMJ with either hands-on-hips or where arms were 2016 

permitted to swing. Where studies reported both, only power derived from countermovement jumps 2017 

with hands-on-hips was considered for analysis. 2018 

Change scores were extracted or calculated from the included studies. Where SDchange was not reported, 2019 

values were calculated using the following equation [332]: 2020 

𝑆𝐷𝑐ℎ𝑎𝑛𝑔𝑒 =  √(𝑆𝐷2𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒 +  𝑆𝐷2𝑓𝑖𝑛𝑎𝑙 −  (2 ×  𝐶𝑜𝑟𝑟 ×  𝑆𝐷2𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒 ×  𝑆𝐷2𝑓𝑖𝑛𝑎𝑙)) 2021 

Where SDbaseline represents the baseline SD, SDfinal represents the post-intervention SD and Corr 2022 

represents a correlation coefficient. A conservative correlation coefficient of 0.5 was used in all cases 2023 

[332], this has been used elsewhere [333]. To assess the impact of this relatively arbitrary number, a 2024 

sensitivity analysis was completed where the main analysis was repeated using a correlation coefficient 2025 

of 0.25 and 0.75 to determine if the results were influenced [331,332]. Where data were presented in 2026 

graphs, ImageJ software (NIH, USA) was used to estimate data from figure images. Where only median 2027 

and confidence limits (CL) were presented, change scores were calculated only if the paper expressly 2028 
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stated that the data met the assumption of normality. If it did not, then the data were excluded from the 2029 

meta-analysis and considered qualitatively. Results were assessed with the I2 statistic, quantifying the 2030 

percentage of variability in effect size (ES) from heterogeneity, rather than chance. I2 thresholds were 2031 

interpreted following Cochrane guidance (0% to 40%: unimportant; 30% to 60%: moderate; 50% to 2032 

90%: substantial; 75% to 100%: considerable heterogeneity [332]. Where I2 fell between two 2033 

boundaries, the most severe interpretation was assumed. 2034 

Meta-analysis data were grouped by variable, then by the duration after exposure in which they were 2035 

sampled. These were: <1 hour, 1 to 24 hours, then 24, 48, 72, 96, 120, 144 and 168 hours post-exposure. 2036 

Data were then sub-grouped into single exposures (one exposure per study arm) and multiple exposures 2037 

(more than 1 exposure over consecutive days).  2038 

2.3.4. Risk of Bias 2039 

Risk of bias was reported using the Cochrane Collaboration online risk assessment tool [332] where a 2040 

series of signalling questions were used to assess potential bias. 2041 

2.3.5. Statistical Analysis 2042 

Data were analysed using RevMan statistical software package (version 5.0; The Nordic Cochrane 2043 

Centre, The Cochrane Collaboration, Copenhagen, 2011). Standardized mean ES and 95% confidence 2044 

intervals (CIs) were reported as (ES [LCL, UCL]), where LCL and UCL represent the lower and upper 2045 

95% confidence limits, respectively. Subgroup differences were presented as P values with χ2 scores, 2046 

while the likelihood of independent results was presented as P values alongside corresponding Z scores. 2047 

The threshold values for standardised changes were as follows: <0.2 (trivial), 0.2 (small), 0.5 (moderate) 2048 

and 0.8 (large) [334]. The threshold for statistical significance was set at P<0.05, and changes were 2049 

deemed very likely beneficial if the 95% CI cleared the threshold for the smallest worthwhile change 2050 

[335]. Effects were deemed unlikely beneficial if the 95% CI extended across the threshold for the 2051 

smallest worthwhile change. 2052 

2.4. Results 2053 

1233 studies were identified through database searches. After 303 duplicates were removed, 930 2054 

abstracts were screened with 888 subsequently excluded. 32 potential studies were assessed for 2055 

eligibility. Of these studies, 21 were excluded due to: 1. no English full text available; 2. no passive 2056 

control group; 3. no exercise; 4. if studies described partial body cryotherapy (PBC) rather than WBC; 2057 

or 5. if data could not be synthesised in a manner suitable for the meta-analysis. If the data met all other 2058 

assumptions, then the studies were considered for the systematic review (Figure 10).  2059 
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Figure 10: Search results schematic 

 2060 

11 studies met the inclusion criteria for the meta-analysis, including the following variables: CK, 2061 

DOMS, muscle function, cortisol, testosterone and IL-6. Sensitivity analysis revealed that a correlation 2062 

coefficient of 0.5 was considered sufficiently robust for the present analysis, with 0.25 and 0.75 not 2063 

altering the significance of the results. six additional (total 16) studies were then considered for a 2064 

systematic review, encompassing sleep quality, inflammation and antioxidant activity in addition to 2065 

those included in the meta-analysis (Table 4).2066 
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 Table 4: Study Information for investigation included in the meta-analysis and the systematic review. 

Study 

Author (s), Year 

Participants 

n, training status/level of 

competition (as stated in 

source) and sport, sex, 

intervention age, control 

age (if different)  

Study 

Design 

 

Exercise Protocol WBC Protocol 

Time (s), temperature, 

exposures 

Outcome 

measure 

Sampling time points in 

reference to first 

exposure. 

Creatine Kinase 

Russell et al., 2017 

[310] 

14, Professional youth 

football players, male, 18 

± 2 

Randomised 

repeated 

measures 

15 x 30m sprints with 

10m deceleration zone 

30/ 120, 60°C/135°C, 1 

exposure 

CK <1 hours,1 to 24 hours, 

24 hours. 

Hausswirth et al., 2011 

[124] 

9, well trained runners, 

male, 31.8 ± 6.5 

Randomised 

repeated 

measures  

Simulated trail run 180 in coldest, 

-10°C /-60°C/-110°C, 1 

exposure 

CK <1hour, 24 hours, 48 

hours 

Ziemann et al., 2012 

[126] 

6 per group, high-ranking 

national level tennis 

players, male, 23 ± 3.0, 20 

± 2.0 

Independent 

groups 

Tennis recovery camp 30/180, -60°C/-120°C, 2 

exposures per day for 5 

days 

CK 144 hours  

Mila-Kierzenkowska et 

al., 2011 [125] 

9, Polish Olympic Kayak 

team, f, 23.9 ± 3.2 

Repeated 

measures 

10 day microcycle 30/180, -60°C/ -120 to -

140°C, 2 per day for 10 

days 

CK 144 hour, 168 hours 

Wozniak et al., 2007 

[336] 

21, Olympic team 

Kayakers, Sex not stated, 

24.6 ± 4.3 

Repeated 

measures 

10 day microcycle -120 to -140°C, 3 times 

per day for 10 days 

CK 144 hours, 168 hours 

Wozniak et al., 2013 

[327] 

6, international-level 

rowers, sex not stated, 

26.7 ± 3.6 

Repeated 

measures 

6 day microcycle 10 to 20/ 180, -60°C/ -125 

to -150°C 

CK 72 hours, 144 hours 

Ziemann et al., 2013 

[337] 

9 per group, physically 

active, males, 21.7 ± 0.9, 

22.0 ± 2.0  

Independent 

groups 

Step up/step down 

exercise  

(30 minutes) 

20 to 30/ 180, -60°C/-

110°C, 2 times per day for 

5 days 

CK 120 hours (protocol 

included second 

exercise, only 120 hours 

post exposure met the 

criteria) 

Delayed onset muscle soreness 

Russell et al., 2017 

[310] 

14, Professional youth 

football players, male, 18 

± 2 

Randomised 

repeated 

measures 

15 x 30m sprints with 

10m deceleration zone 

30/ 120, 60°C/135°C, 1 

exposure 

Pain at rest <1 hours, 1 to 24 hours, 

24 hours 
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Hausswirth et al., 2011 

[124] 

9, well trained runners, 

male, 31.8 ± 6.5 

Randomised 

repeated 

measures  

Simulated trail run 180 in coldest, 

-10°C /-60°C/-110°C, 1 

exposure 

Pain at rest <1hour, 24 hours 

48 hours 

Costello et al., 2013 

[330] 

9, healthy adults, male and 

Female, 21.2 ± 2.1 

Independent 

groups 

Eccentric knee 

extensions 

20/180, -60°C /-110 °C, 1 

exposure 

Pain at rest 24 hours, 48 hours, 72 

hours 

Muscle function 

Russell et al., 2017 

[310] 

14, Professional youth 

football players, male, 18 

± 2 

Randomised 

repeated 

measures 

15 x 30m sprints with 

10m deceleration zone 

30/ 120, 60°C/135°C, 1 

exposure 

Power (CMJ) <1 hours, 1 to 24 hours, 

24 hours 

Jaworska et al., 2018 

(m) [338]  

10, university volleyball, 

male, Age not specified 

Independent 

groups 

2 week volley ball 

training with sports 

specific and power 

sessions  

180, -110 °C, daily 

exposure with weekends 

off (10 in total) 

Power (CMJ) 168+ hours 

Jaworski et al., 2018 (f) 

[338]   

10, university volleyball, 

female, Age not specified 

Independent 

groups 

2 week volley ball 

training with sports 

specific and power 

sessions  

180, -110 °C, daily 

exposure with weekends 

off (10 in total) 

Power (CMJ) 168+ hours 

Costello et al., 2012 

[319] 

9, healthy adults, male and 

female, 21.2 ± 2.1 

Independent 

groups 

Eccentric knee 

extensions 

20/180, -60°C /-110 °C, 1 

exposure 

Torque (knee 

extensor) 

24 hours, 48 hours, 72 

hours 

Hausswirth et al., 2011  

[124] 

9, well trained runners, 

male, 31.8 ± 6.5 

Randomised 

repeated 

measures 

Simulated trail run 180 in coldest, 

-10°C /-60°C/-110°C, 1 

exposure 

Torque (knee 

extensor) 

1 hour,24 hours, 48 

hours 

Cortisol 

Russell et al., 2017 

[310] 

 

14, Professional youth 

football players, male, 18 

± 2 

Repeated 

measures 

15 x 30m sprints with 

10m deceleration zone 

30/ 120, 60°C/135°C, 1 

exposure 

Cortisol <1 hour, 1 to 24 hours, 

24 hours 

Ziemann et al., 2012 

[126] 

6 per group, high-ranking 

national level tennis 

players, male, 23 ± 3, 20 ± 

2.0 

Independent 

groups 

Tennis recovery camp 30/180, -60°C/-120°C, 2 

exposures per day for 5 

days 

 

Cortisol 144 hours  

Mila-Kierzenkowska et 

al., 2011 [125] 

9, Polish Olympic Kayak 

team, female, 23.9±3.2 

Repeated 

measures 

10day microcycle 30/180, -60°C/ -120 °C to 

-140°C, 2 per day for 10 

days 

Cortisol 144 hours, 168 hours 

Wozniak et al., 2013 

[327]  
6, international-level 

rowers, sex not stated, 

26.7 ± 3.6 

Repeated 

measures 

6day microcycle 10 to 20/ 180, -60°C/ -125 

to -150°C 

Cortisol 72 hours, 144 hours 

Wozniak et al., 2007 

[336] 

21, Olympic team 

Kayakers, Sex not stated, 

24.6 ± 4.3 

Repeated 

measures 

10day microcycle -120 to -140°C, 3 times 

per day for 10 days 

Cortisol 144 hours, 168 hours 
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Schaal et al., 2015 

[308] 

10, national level 

Synchronised swimmers, 

female, 20.4 ± 0.4 

Randomised 

repeated 

measures 

1week microcycle 180 in coldest, 

-10°C /-60°C/-110°C 

Cortisol 186 hours 

Testosterone 

Russell et al., 2017 

[310] 

14, Professional youth 

football players, male, 18 

± 2 

Repeated 

measures 

15 x 30m sprints with 

10m deceleration zone 

30/ 120, 60°C/135°C, 1 

exposure 

Testosterone 1 to 24 hours, 24 hours 

Ziemann et al., 2012 

[126] 

 

6 per group, high-ranking 

national level tennis 

players, male, 23 ± 3, 20 ± 

2.0 

Independent 

groups 

Tennis recovery camp 30/180, -60°C/-120°C, 2 

exposures per day for 5 

days 

 

Testosterone 144 hours  

Krueger et al., 2019 

[116] 

11, healthy endurance 

trained, male, 25.9 ± 2. 

Randomised 

repeated 

measures 

Simulated trail run 180 in coldest, 

-10°C /-60°C/-110°C, 1 

exposure 

Testosterone <1 hour. 

 

Interleukin 6 

Jaworska et al., 2018 

[338] 

20, university volleyball, 

10 male, 10 females, Age 

not specified 

Independent 

groups 

2week volley ball 

training with sports 

specific and power 

sessions  

180, -110 °C, daily 

exposure with weekends 

off (10 in total) 

IL-6 168+ hours 

Krueger et al., 2019 

[116] 

11, healthy endurance 

trained, male, 25.9 ± 2. 

Randomised 

repeated 

measures 

Simulated trail run 180 in coldest, 

-10°C /-60°C/-110°C, 1 

exposure 

IL-6 <1 hour (protocol 

included second 

exercise, only 120 hours 

post exposure met the 

criteria) 

Ziemann et al., 2012 

[126] 

 

6 per group, high-ranking 

national level tennis 

players, male, 23 ± 3, 20 ± 

2.0 

Independent 

groups 

Tennis recovery camp 30/180, -60°C/-120°C, 2 

exposures per day for 5 

days 

IL-6 144 hours  

Studies for review 

Schaal et al., 2015 

[308] 

10, national level 

Synchronised swimmers, 

female, 20.4 ± 0.4 

Randomised 

repeated 

measures 

1 week microcycle 180 in coldest, 

-10°C /-60°C/-110°C 

Bedtime, time 

asleep, sleep 

latency, sleep 

efficiency. 

data averaged across 

week. 

Douzi et al., 2018 

[299] 

22, physically active, 

male, 28.5 ± 7.3 

Randomised 

repeated 

measures 

Standardised repeated 

high intensity exercise 

(forced convection 

WBC-2.3m s-1 wind 

speed) 30/180, 24°C/-

40°C 

Sleep time 

accelerometery 

Single night post 

exercise 
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Broatch et al. 2019 

[163] 

11 per group, recreational 

athletes (triathlon or 

cycling), male, 37 ± 9, 37 

± 8 

Independent 

groups 

4 week interval training, 3 

x per week (12 total), 

cycling 

180 in coldest, 

-10°C /-60°C/-110°C, 3 

exposures per week for 4 

weeks (after exercise) 

Bedtime, time 

asleep , sleep 

latency, sleep 

efficiency, 

moving time 

Data averaged across 4 

week period and 

compared to a control 

week 

Aloulou et al., 2020 

[309] 

19, under-23 rugby union 

forwards and backs, 20.6 

± 1.3, 20.8 ± 1.0  

Randomised 

repeated 

measures 

Professional rugby union 

game 

180, -110°C Time asleep, 

sleep latency, 

sleep 

efficiency, 

wake after 

sleep onset 

Single night post 

exercise 

Pournot et al., 2011 

[127] 

11, well-trained runners, 

male, 31.8 ± 6.5 

Randomised, 

cross over 

Simulated trail run 180 in coldest, 

-10°C /-60°C/-110°C, 1 

exposure 

IL-1, IL10, 

TNF-α, CRP 

<1 hour, 1 hour, 24 

hours, 48 hours 

72 hours, 96 hours. 

Krueger et al., 2019 

[116] 

11, healthy endurance 

trained, male, 25.9 ± 2. 

Randomised 

repeated 

measures 

Simulated trail run 180 in coldest, 

-10°C /-60°C/-110°C, 1 

exposure 

IL10, CRP, 

ICAM-1. 

<1 hour (protocol 

included second 

exercise, only 120 hours 

post exposure met the 

criteria) 

 

Ziemann et al., 2012 

[126] 

6 per group, high-ranking 

national level tennis 

players, male, 23 ± 3, 20 

± 2.0 

Independent 

groups 

Tennis recovery camp 30/180, -60°C/-120°C, 2 

exposures per day for 5 

days 

TNF-α 144 hours  

Wozniak et al., 2011 

[327] 

6, international-level 

rowers, sex not stated, 

26.7 ± 3.6 

Repeated 

measures 

6 day microcycle 10 to 20/ 180, -60°C/ -

125 to -150°C 

SOD, CAT, 

GPx, 

CD, TBARS 

72 hours, 144 hours 

Wozniak et al., 2007 

[326]  
21, Olympic team 

Kayakers, Sex not stated, 

24.6 ± 4.3 

Repeated 

measures 

10 day microcycle -120 to -140°C, 3 times 

per day for 10 days 

SOD, CAT, 

GPx, 

CD, TBARS 

144 hours, 168 hours 

Mila-Kierzenkowska et 

al., 2009  [328] 

9, Polish Olympic Kayak 

team, female, 23.9 ± 3.2  

Repeated 

measures 

10 day microcycle 30/180, -60°C/ -120 to -

140°C, 2 per day for 10 

days 

SOD, CAT, 

GPx, 

CD, TBARS 

144 hours, 168 hours 

Creatine kinase (CK), countermovement jump (CMJ), interleukin-6 (IL-6), interleukin-1 (IL-1), interleukin-10, tumour necrosis factor alpha (TNF-α), C-reactive protein 

(CRP), intercellular adhesion molecule-1 (ICAM-1), superoxide dismutase (SOD), catalase (CAT), glutathione peroxidase (GPx), thiobarbituric acid reactive substances 

(TBARS). 

 2067 
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2.4.1. Assessment of bias 2068 

No identified studies used a blind, randomised crossover design. Other sources of bias included: sex 2069 

not stated (2 studies), using the same baseline for both control and intervention conditions, no 2070 

randomisation (4) not listing method of randomisation (if any) (4) and stating that participants were 2071 

assigned to control due to cold sensitivity (1) (Figure 11). 2072 

 

Figure 11: Percentage risk of bias for the included studies 

 2073 

2.4.2. Effect of whole-body cryotherapy on exercise-induced muscle damage  2074 

2.4.2.1. Muscle function 2075 

From four studies, 10 data points were extrapolated (n=61; 38 male, 14 female, 9 sex not stated; mean 2076 

age: 23.7 years) [124,310,330,338]. The muscle damage interventions included sprints with 2077 

decelerations (1), simulated trail running (1), eccentric knee extensions (1), and a varsity volleyball 2078 

training microcycle (1) (Table 4). No overall statistically significant effect was detected (Z=1.27, 2079 

P=0.21). After sub-grouping, single exposures showed no statistically significant effect (Z=0.48, 2080 

P=0.63) and substantial and significant heterogeneity remained (I2=71%, P=0.005). After multiple 2081 

exposures, a significant effect was detected that favoured WBC (Z=2.50, P=0.01). However, there was 2082 

significant heterogeneity (I2=78%, P=0.004; Figure 12). 2083 

 2084 

 2085 
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Figure 12: Forest plot illustrating the effect of whole-body cryotherapy on muscle function at various time 

points post-exposure. The square boxes represent the standardised mean effect for each data set with lines 

demonstrating 95% CIs. The size of the boxes represents the weight of the dataset. The diamond represents the 

overall standardised mean effect. The forest plot is sub-grouped into single (top) and multiple (bottom) 

exposures. Effect considered significant at P<0.05. 

2.4.2.2. Delayed onset muscle soreness 2086 

From three studies, 10 data points were extrapolated (n= 72; 28 males, 4 females, 9 sex not stated; mean 2087 

age 23.7 years) [124,310,330]. Investigations included sprints with a deceleration phase (1), simulated 2088 

trail running (1), and eccentric knee extension (1) (Table 4). No overall statistically significant effect 2089 

was detected (Z=1.39, P=0.17) and heterogeneity was non-significant (I2=21%, P=0.25). No significant 2090 

effect was detected in the single exposure group (Z=0.27, P=0.79), however, a statistically significant 2091 

effect was detected for multiple exposures with a large effect size favouring WBC for multiple 2092 

exposures (Z=2.54, P=0.01). In both cases, heterogeneity remained minor (Figure 13). 2093 

  2094 
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Figure 13: Forest plot illustrating the effect of whole-body cryotherapy on delayed onset muscle soreness at 

various time points post-exposure. The square boxes represent the standardised mean effect for each data set 

with lines demonstrating 95% CIs. The size of the boxes represents the weight of the dataset. The diamond 

represents the overall standardised mean effect. The forest plot is sub-grouped into single (top) and multiple 

(bottom) exposures. Effect considered significant at P<0.05. 

 2095 

2.4.2.3. Creatine kinase activity 2096 

From 7 studies, 12 data points were extrapolated (n=88; 44 male, 9 female, 36 sex not stated; mean age 2097 

24.6 years) [124–126,310,327,336,337,339]. Studies included sprints with a deceleration phase (1), 2098 

simulated trail running (1), a tennis-specific recovery microcycle (1), an Olympic kayak training 2099 

microcycle (2), an Olympic rowing training microcycle (1), step-up task (1). Results approached the 2100 

significance threshold of p<0.05, but failed to breach it (Z=1.95, P=0.50). No significant effect (Z=1.34, 2101 

P=0.18) or heterogeneity (P=0.48, I2= 0%) was detected in the single exposure subgroup. For multiple 2102 

exposures, a significant effect was detected favouring WBC (Z=2.61, P=0.009), and considerable and 2103 

significant heterogeneity remained (I2=77%, P<0.0001; Figure 14). 2104 
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Figure 14: Forest plot illustrating the effect of whole-body cryotherapy on creatine kinase at various time points 

post-exposure. The square boxes represent the standardised mean effect for each data set with lines 

demonstrating 95% CIs. The size of the boxes represents the weight of the dataset. The diamond represents the 

overall standardised mean effect. The forest plot is sub-grouped into single (top) and multiple (bottom) 

exposures. Effect considered significant at P<0.05. 

 2105 

2.4.3. Inflammation 2106 

2.4.3.1. Interleukin-6  2107 

IL-6 was the only marker of inflammation to be quantitatively analysed. Four data points from three 2108 

studies were extracted (n=43; 33 male, 10 female; mean age 24 years) [116,338,340]. Studies included 2109 

a simulated trail run (1), a tennis-specific recovery microcycle (1) and a varsity-level volleyball training 2110 

microcycle (1). Analysis revealed no significant effect (single exposure; Z=0.56, P=0.57, multiple 2111 

exposure; Z=1.14, P=0.25).  Multiple exposures resulted in substantial heterogeneity (I2=70%) that 2112 

approached significance (P= 0.07) (Figure 15). 2113 

  2114 
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Figure 15: Forest plot illustrating the effect of whole-body cryotherapy on interleukine-6 at various time points 

post-exposure. The square boxes represent the standardised mean effect for each data set with lines 

demonstrating 95% CIs. The size of the boxes represents the weight of the dataset. The diamond represents the 

overall standardised mean effect. The forest plot is sub-grouped into single (top) and multiple (bottom) 

exposures. Effect considered significant at P<0.05. 

 2115 

2.4.3.2. Other inflammatory proteins 2116 

Further markers of inflammation were considered qualitatively (n= 44; all male, mean age 26.9 years). 2117 

Two laboratory-based studies investigated WBC effect on anti-inflammatory markers [116,127]. In one 2118 

study, participants experienced a single exposure, the other two multiple exposures. Interleukin receptor 2119 

agonist (IL-1ra) was increased, whereas interleukin-10 (IL-10) was unchanged. Four studies 2120 

investigated the effect of WBC on pro-inflammatory markers. Two were laboratory-based using well-2121 

trained participants [116,127] and two were field studies completed on athletes [126,338]. Three of the 2122 

four studies used multiple exposures and one used a single exposure. Levels of tumour necrosis factor-2123 

alpha (TNF-α) were decreased in one study [126] and not affected significantly in another [127].  C-2124 

reactive protein (CRP) levels were likewise decreased in one study [127], with no changes observed in 2125 

another [116]. One further study also identified a lower level of IL-1 [127] (Table 4).  2126 

2.4.4. Endocrine biomarkers 2127 

2.4.4.1. Cortisol 2128 

From 7 studies, 11 data points were extrapolated (n=72; 26 male, 19 female, 27 sex not stated; mean 2129 

age: 22.7 years) [116,125,126,308,310,327,336]. Studies exposed participants to sprints with a 2130 

deceleration phase (1), a tennis-specific recovery microcycle (1), an Olympic kayak microcycle (2), an 2131 

Olympic rowing microcycle (1), Olympic synchronised swimming microcycle (1), running (1). A 2132 

statistically significant effect was detected favouring WBC, with a large effect size (Z=2.42, P=0.02). 2133 

Subsequent subgroup analysis showed that single exposures had no statistically significant effect 2134 

(Z=0.3, P=0.77) with low heterogeneity (I2=13%). In multiple exposures, a large and significant effect 2135 
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was detected that benefitted WBC (Z=3.34, P=0.0008). Heterogeneity was moderate, yet insignificant 2136 

(I2=33%, P=0.17; Figure 16). 2137 

 

Figure 16: Forest plot illustrating the effect of whole-body cryotherapy on cortisol at various time points post-

exposure. The square boxes represent the standardised mean effect for each data set with lines demonstrating 

95% CIs. The size of the boxes represents the weight of the dataset. The diamond represents the overall 

standardised mean effect. The forest plot is sub-grouped into single (top) and multiple (bottom) exposures. 

Effect considered significant at P<0.05. 

 

2.4.4.2. Testosterone 2138 

Four data points were extrapolated from three studies that reported testosterone (n=27, all male; mean 2139 

age 21.8 years) [116,310,340]. Investigations implemented sprints with a deceleration phase (1), 2140 

simulated trail run (1), and tennis-specific recovery microcycle (1). Moderate non-statistically 2141 

significant heterogeneity (I2=46%, P= 0.14) was detected and a statistically significant effect was 2142 

demonstrated favouring WBC (Z=2.26, P=0.02). It was decided not to sub-group considering the low 2143 

power for multiple exposures (1 datapoint, n=6; Figure 17). 2144 

 
 
Figure 17: Forest plot illustrating the effect of whole-body cryotherapy on testosterone at various time points 

post-exposure. The square boxes represent the standardised mean effect for each data set with lines 

demonstrating 95% CIs. The size of the boxes represents the weight of the dataset. The diamond represents the 

overall standardised mean effect. The forest plot is sub-grouped into single (top) and multiple (bottom) 

exposures. Effect considered significant at P<0.05. 
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2.4.3. Redox biomarkers 2145 

Three studies from the same group examined redox biomarkers (n= 72 [sex not stated], mean age 24.3 2146 

years) [326–328]. All studies applied WBC across a microcycle (rowing (2), kayaking (1)) in 2147 

international athletes. In all cases, the antioxidant enzymes catalase (CAT), superoxide dismutase 2148 

(SOD) and glutathione peroxidase (GPx) were sampled in addition to the markers of lipid peroxidation, 2149 

including, thiobarbituric acid reactive substances (TBARS) and conjugated dienes (CD) (Table 4). All 2150 

studies reported improvement in redox balance, however, one observed no further improvement after 2151 

continued WBC use [341]. 2152 

2.4.4. Sleep quality 2153 

Four studies investigated the effect of WBC sleep quality (n=73; 63 male, 10 female; mean age 25.4 2154 

years) [163,299,308,309]. Participants engaged in professional under-23 rugby matches (1), high-2155 

intensity running (1), Olympic synchronised swimming microcycle (1) and high-intensity cycling (1). 2156 

Although the number of sleep quality studies identified met the prerequisite for quantitative analysis, 2157 

data could not be synthesised in a manner suitable for meta-analysis from at least three studies. 2158 

Therefore, sleep quality was evaluated qualitatively. All studies used wrist-actigraphy technologies. One 2159 

study reported the number of movements per minute by axis (x, y, z) during sleep, and the remaining 2160 

three used algorithms to estimate time asleep, sleep onset latency and efficiency. Two studies also 2161 

reported sleep and wake time [163,308], and one reported waketime after sleep onset (WASO) [309]. 2162 

Of the four studies, two studied professional athletes in the field [308,309] and two utilised recreational 2163 

athletes in laboratory-based trials [163,299]. Two studies used single WBC exposures [299,309], and 2164 

two utilised multiple exposures [163,308] (Table 4). Two studies reported a significant and beneficial 2165 

effect on metrics of sleep quality [299,308]. 2166 

2.5. Discussion 2167 

This meta-analysis and systematic review investigated WBC as a post-exercise recovery strategy, with 2168 

a subgroup analysis on exposure frequency. The primary findings of this study are that multiple 2169 

exposures applied daily for at least 4 consecutive days significantly improved symptoms of EIMD (e.g., 2170 

muscle function, CK, and DOMS), whereas single exposures did not. Furthermore, whilst multiple 2171 

exposures also had a beneficial effect on cortisol, testosterone levels were significantly increased after 2172 

just one exposure. No significant effect was detected for IL-6, although, markers of IL-1 and IL-1ra 2173 

were improved. This analysis also highlighted significant heterogeneity across the data set. This likely 2174 

due to the limited number of studies in this area to date, and the diverse range exercise and WBC 2175 

exposure regimes used (Table 4). 2176 

 2177 
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2.5.1. Exercise induced muscle damage 2178 

2.5.1.1. Muscle function 2179 

Muscle function has been described as a fundamental indicator of EIMD [342]. The more frequent 2180 

exposures to WBC may have promoted the removal of metabolites via the cold pressor response [124] 2181 

to a greater extent than single exposures. This may have contributed to the alleviation of pain during 2182 

movement [343], in turn, enhancing muscle function recovery. This could also be mediated by a placebo 2183 

effect; though this has not been investigated directly and remains conjecture. Two studies have 2184 

concluded that WBC was not more beneficial than a placebo amino acids supplement [122,123]. 2185 

However, both studies used an unconventional WBC protocol at -85°C. One mathematical model 2186 

suggests that a temperature of -130°C is required to influence muscle recovery, based on 3-minute 2187 

exposures [344], but this is also likely to be dependent on the chamber design. Nevertheless, 2188 

temperatures of ≤-110°C were exclusively used in all pooled muscle function investigations considered 2189 

in this meta-analysis [124,310,330,338]. Therefore, it is not clear whether -85°C provides a valid and 2190 

comparable therapeutic stimulus.  2191 

2.5.1.2. Creatine kinase 2192 

CK is used extensively as a marker of muscle damage in blood [36] and multiple WBC exposures 2193 

significantly reduced CK activity. Benefits were exclusively observed in athletic training camps, where 2194 

at least 5 daily exposures were applied across a microcycle [125,126,327,336]. Studies that utilised 2195 

fewer exposures appeared not to impact CK activity significantly [124,310], suggesting that more than 2196 

4 exposures are required to reduce secondary muscle fibre breakdown [124,345] or muscle fibre 2197 

permeability. Covariates are challenging to control for in applied studies and might be a factor in the 2198 

substantial heterogeneity that remained after subgrouping (I2=77%). It is important to note that CK is 2199 

known to be highly variable [4] and factors including exercise modality, intensity, training status, and 2200 

sex could potentially influence results [4,36,346]; irrespective of the number of WBC exposures. 2201 

Nevertheless, the limited number of studies available for analysis is likely to be the major cause of 2202 

heterogeneity in this instance. Considering the sensitivity of CK, it is likely that studies were 2203 

insufficiently powered to make firm conclusions. 2204 

2.5.1.3. Delayed onset muscle soreness 2205 

Costello et al. [330] previously reviewed the influence of WBC and PBC on DOMS and found no 2206 

statistically significant effect, albeit with low study numbers. Whilst the present meta-analysis and the 2207 

review presented by Costello et al. [330] took similar approaches, they differ in their eligibility criteria. 2208 

Studies that described a PBC device in their methodologies were not included in this meta-analysis, as 2209 

WBC and PBC are reported to trigger different physiological responses [314]. Considering the severely 2210 

limited number of included mstudies (n=3), robust conclusions cannot be made at this time. However, 2211 
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the results follow the same trend as muscle function and CK, alluding to the fact that multiple exposures 2212 

are required to maximise any therapeutic response. Reductions in DOMS might be attributed to a cold-2213 

induced analgesic effect [115,329] resulting from decreased receptor sensitivity, firing rate and muscle 2214 

spasm when skin temperature falls below 13°C [115]. The exposed surfaces of the legs have been 2215 

recorded at 5.3 ± 3.0°C [119], suggesting a cold-induced analgesic effect is plausible.  2216 

Whilst the results of the meta-analysis indicate multiple exposures are more effective in EIMD recovery, 2217 

some studies have observed benefits to EIMD after one single exposure. Hausswirth et al. [124] 2218 

recorded improvements in both DOMS and muscle function after one exposure, while CK remained 2219 

unaffected. It has been suggested that the within-athlete variability of CK has greater validity in 2220 

determining the presence of EIMD as opposed to the absolute magnitude [36], therefore these findings 2221 

should be interpreted accordingly. A placebo, short-term perceptual response or an analgesic effect 2222 

might account for the improvement in DOMS and muscle function. Especially considering that DOMS 2223 

and muscle function were improved just one hour after exposure. 2224 

2.5.2. Inflammation 2225 

2.5.2.1. IL-6 2226 

IL-6 was the only inflammatory protein that met the prerequisites for a meta-analysis. Neither single 2227 

nor multiple WBC exposures resulted in a significant effect on IL-6. Another study, not included in the 2228 

quantitative analysis due to the absence of numerical data, supports this with the authors stating that no 2229 

significant changes were observed in IL-6 [127].  2230 

2.5.2.2. TNF- CRP, and IL-1 2231 

It was theorised that the cold pressor response would induce a reduction in intercellular adhesion 2232 

molecule-1 (ICAM-1) that transmigrates cytokines to sites of EIMD, however, this has not been 2233 

consistently observed [116]. Studies have investigated TNF- and, while Pournot et al. [127] observed 2234 

no changes after 4 WBC sessions in 4 days, Ziemann et al. [126] did see reductions in TNF- after 2235 

WBC was applied daily across a microcycle in professional tennis players. Both studies utilised multiple 2236 

exposure protocols, however, Ziemann et al. [126]  collected data during a post-competition recovery 2237 

camp. Therefore, residual levels of TNF- from competition might account for some differences 2238 

between studies. 2239 

CRP is used as an acute phase marker of systemic inflammation [347] and was investigated in two 2240 

studies [116]. Krueger et al. [127] reported no changes in CRP compared to control after one exposure. 2241 

Pournot et al. [127], however, did see a significant change in CRP at 24 hours post-exercise in addition 2242 

to a benefit to IL-1 activity. Blood was sampled before the second exposure and, therefore, cannot be 2243 
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attributed to exposure frequency. Although, where Pournot et al. [127] sampled at 24 hours, Kruger et 2244 

al. [116] sampled directly after exposure, and as such, the difference in sampling points might account 2245 

for differences in the outcomes.  2246 

Pournot et al. [127] exposed 11 well-trained runners to a simulated trail run, with downhill segments 2247 

designed to cause EIMD. They then received daily WBC or passive recovery for four days. One-hour 2248 

post-recovery, researchers observed greater levels of IL-1ra compared to the control. IL-1ra typically 2249 

peaks within the first hour post-exercise [348] and counters the pro-inflammatory actions of IL-1. This 2250 

was not seen at subsequent time points during the proceeding four days of treatment, suggesting WBC 2251 

is most effective when applied directly after exercise. Pournot et al. [127] also considered the anti-2252 

inflammatory cytokine IL-10 and, although not numerically represented, the authors commented that it 2253 

was not affected significantly, which is also supported by others [116].  2254 

2.5.3. Endocrine markers 2255 

2.5.3.1. Cortisol 2256 

Cortisol presented with the same trend as DOMS, muscle function and CK, with reduced levels after 2257 

multiple exposures. Cortisol plays a multifaceted role in exercise recovery. It is principally catabolic 2258 

[349], responsible for liberating amino acids for muscle plasticity and adaptive remodelling [350]. 2259 

However, cortisol also competes for receptor space with the anabolic testosterone [350,351], and a 2260 

hyper-corticoid state is indicative of over-training or fatigue [350]. Increased cortisol release, secondary 2261 

to both exercise and cold exposure [350,352,353], might increase the inhibitory effect on testosterone, 2262 

limiting any testosterone-linked therapeutic response. It is possible that with familiarisation, the stress 2263 

response alleviates. This has not been investigated directly and, therefore, remains speculation.  2264 

2.5.3.2. Testosterone 2265 

Overall, WBC increased testosterone concentrations after exercise. Subgrouping was not completed in 2266 

this instance since only one data point considered multiple exposures, where n=6. Nevertheless, studies 2267 

demonstrated increased testosterone compared to no intervention, irrespective of the number of 2268 

exposures [126,310]. This suggests WBC can provide beneficial improvements to endocrinological 2269 

status and is perhaps mechanistically linked to improvements in EIMD. In one exception, Krueger et 2270 

al. [116] observed no differences in testosterone between groups when 11 participants received either 2271 

WBC or a passive control after high-intensity running. However, this study included a second ramped 2272 

bout of exercise after WBC, meaning only measures taken immediately after WBC met the inclusion 2273 

criteria, allowing very little time for testosterone levels to react to WBC. 2274 
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2.5.4. Sleep 2275 

It is commonly stated that sleep quality is axiomatic to the recovery process [354–356]. Heart rate 2276 

variability (HRV) investigations have demonstrated WBCs efficacy in increasing vagal-mediated 2277 

cardiac control, suggesting WBC can augment post-exercise parasympathetic reactivation and support 2278 

sleep quality [313,314]. The studies that have investigated the effect of WBC on sleep are varied 2279 

[163,299,308,309], with both single and multiple exposures reporting significant [299,308] and non-2280 

significant effects [163,309]. Whilst the number of exposures might still influence results, it is not an 2281 

apparent factor in the limited number of studies available to date. One recent study has measured 2282 

reduced noradrenaline after five successive WBC exposures suggesting physiological autonomic 2283 

habituation to WBC that might impact sleep quality [316]. However, WBC applied daily over a 14-day 2284 

microcycle in Olympic standard synchronised swimmers were still sufficient to positively influence 2285 

sleep [308]. Both Schaal et al. [308] and Douzi et al. [299] reported better sleep quality after participants 2286 

received evening WBC (~1900 and ~2030, respectively), yet, Allou et al. did not record a difference 2287 

when under-23 rugby players received WBC at a similar time (~2130) [309]. This makes it unclear if 2288 

the timing of WBC in relation to bedtime is a factor. In markers of EIMD, greater success has been 2289 

observed when WBC has been utilised in applied studies [125,126,327,336]. However, the same 2290 

conclusion cannot be drawn in sleep quality with applied studies reporting both a sleep benefit [308] 2291 

and no effect [309]. The same pattern is apparent in the two more laboratory-based investigations 2292 

[163,299]. None of the research to date suggests that WBC negatively affects sleep [163,299,308,309], 2293 

nevertheless, whilst it remains possible that sleep can be positively affected by WBC, further studies 2294 

are required. 2295 

2.5.5. Redox balance 2296 

EIMD and inflammation lead to, or occurs in tandem with, increased reactive oxygen species (ROS) 2297 

and exacerbated EIMD (58,59). Several antioxidative mechanisms counter ROS, though, these can be 2298 

outpaced by repeated EIMD, even in an adapted muscle, leading to a state of oxidative stress [77]. In 2299 

20 national-level kayakers, concentrations of SOD and GPx were attenuated by WBC by day 6. 2300 

However, concentrations were not different from the control group by day 10 [326]. This was 2301 

accompanied by reductions in TBARS and CD. A later study on female kayakers [328] mostly concurs 2302 

with previous data [326]. Finally, a study of a similar design measured antioxidant enzymes after 3 and 2303 

6 days of WBC [327], rather than 6 and 10 days [326], in international-level rowers. Results indicate 2304 

reduced enzymes at 6 compared to 3 days [328]. Overall, the data suggest that there might be no 2305 

additional benefit after 6 days of WBC on redox balance. All authors reporting redox data propose that 2306 

a homeostatic adaptation occurs in response to WBC that supports the antioxidant balance.  2307 
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WBC and other cryotherapies (cold-water immersion (CWI), local ice application, etc.) might reduce 2308 

tissue metabolism [115,116,329]. In turn, limiting secondary tissue damage and injury risk [36]. 2309 

However, the associated substrates also activate signalling pathways which ultimately regulate 2310 

transcription factors that drive muscle adaptive remodelling [72]. Whilst the prevention of inflammatory 2311 

proteins and ROS during competition congestion is of interest to practitioners, they should also be aware 2312 

of potential negative effects on muscle plasticity and adaptation. A growing body of evidence has 2313 

highlighted that post-exercise CWI can attenuate muscular adaptation to resistance training [357]. 2314 

However, in response to endurance and high-intensity cycling, CWI has no, or a slightly beneficial 2315 

effect on training outcomes [358]. WBC is yet to receive the same investigative interest. Nevertheless, 2316 

after a 4-week high-intensity cycling intervention (3 sessions weekly), post-exercise WBC did not 2317 

significantly influence peak aerobic power, oxygen uptake, time to exhaustion or substrate utilisation, 2318 

compared to the control [359]. Further research is needed to determine the effect on muscular strength 2319 

and mass. Although this indicates that practitioners should consider training aims as well as schedules 2320 

before WBC application.  2321 

2.5.6. Practical implications and future research 2322 

This review suggests that four or more WBC exposures are required to impact upon EIMD recovery. 2323 

Therefore, practitioners should schedule multiple exposures across a microcycle. Practitioners should 2324 

also beware that WBC might influence sleep quality, although data here are limited and further studies 2325 

are needed. Further research is also needed on WBC effect on muscle plasticity, anabolic signalling and 2326 

adaptation to exercise. There are also several intra and inter-individual factors that require elucidation.  2327 

2.5.7. Conclusions 2328 

In conclusion, the strength of the current body of literature is poor, with a small number of studies 2329 

presenting with low power. In the investigations available, a fairly large number of exercises are 2330 

considered, limiting sport-specific recommendations that can be made to athletes and practitioners. 2331 

However, the meta-analysis indicates that multiple exposures, applied across a microcycle can improve 2332 

EIMD recovery. This might be attributed to a reduced stress response over successive WBC exposures, 2333 

or, adaptive inflammatory and redox balance responses. There might also be a benefit to sleep after one 2334 

exposure that subsequently impacts endocrine and other markers of recovery.  2335 

  2336 
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Chapter 3 2337 

3. The effect of whole-body cryotherapy on sleep quality and 2338 

game-day endocrine and inflammatory markers in U18 2339 

professional football players: A descriptive pilot study 2340 

 2341 

This crossover-designed study was unfortunately curtailed by the Covid-19 pandemic and lockdown 2342 

restrictions. Consequently, only the first phase was completed. The resultant independent group analysis 2343 

is presented here.   2344 
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3.1. Abstract 2345 

No studies have investigated the use of whole-body cryotherapy (WBC) applied consecutively on the 2346 

prior to a competitive fixture. This may be particularly pertinent as some clubs may currently schedule 2347 

WBC in this manner with no evidence to suggest efficacy. Therefore, this study aimed to investigate 2348 

the effect of  WBC applied across an in-season microcycle on objective and subjective sleep quality and 2349 

game-day inflammation and endocrine markers in U18 professional footballers (n=17, 17.4 ± 0.6yrs). 2350 

On two consecutive game days (GD1 and GD2), Players were sampled for salivary testosterone, 2351 

salivary cortisol and capillary high-sensitivity C-reactive protein (hsCRP). Players then either received 2352 

WBC (CRYO; n=9) or no WBC (CON; n=8) over 4 consecutive days preceding GD2. During this 2353 

period, sleep was monitored objectively (activity monitor) and subjectively (Leeds Sleep Evaluation 2354 

Questionnaire). Within and between-group comparisons were made between GD1 and GD2 for the 2355 

inflammation and endocrine markers. Between-group differences amongst sleep metrics were compared 2356 

by day (Day 1 to 4) and by week. Testosterone levels decreased from GD1 to GD2 in both the CON 2357 

(GD1: 401.5 ± 162 pg/ml, GD2: 315.4 ± 123.8 pg/ml, p=0.031) and CRYO (GD1: 592.9 ± 146 pg/ml, 2358 

352.9 ± 146.1 pg/ml, p=0.028) groups. However, there was no significant between-group difference in 2359 

the change scores (p>0.05). There was also no significant within or between-group difference for 2360 

cortisol, hsCRP, or objective sleep metrics (p>0.05). Although, players in the CRYO group reported 2361 

better behaviour following wake (CRYO: 62 ± 11) compared to the control group (CON: 49 ± 17, 2362 

p=0.001) =This study suggests that WBC applied during an in-season microcycle does not affect 2363 

testosterone, cortisol, hsCRP, or objective sleep metrics. However, Players who received WBC felt more 2364 

alert after and thus WBC may be used to increase the perception of alertness in professional U18 football 2365 

players.  2366 
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3.2. Introduction 2367 

Sleep plays a pivotal role in physiological [14] and psychological homeostasis [192,193,360]. 2368 

Therefore, it is considered central to athletic performance and recovery [14]. However, football players, 2369 

sleep metrics present with significant inter/intra-player variation [275] and several factors have been 2370 

highlighted that may affect sleep, including day type (training day, match day, etc.,) [275], travel 2371 

[226,277], night matches [273,361], and fixture results [362]. Therefore, there is an interest in 2372 

methodologies that support sleep in football players [363–365]. Whole-body cryotherapy (WBC; a 2-3 2373 

min whole body exposure to -110°C to -160°C air wearing minimal clothing in specially designed 2374 

chambers) was initially developed to attenuate inflammation [118,366], however, WBC has recently 2375 

emerged as a novel therapy that may support sleep in athletes [367].  2376 

The mechanism in which WBC may support sleep is unclear, although, it may be related to an 2377 

augmented post-exposure parasympathetic response [299,313], with studies demonstrating that WBC 2378 

increases heart rate variability metrics associated with increased vagal tone [299,313]. However, reports 2379 

examining the ability of WBC to improve sleep are equivocal [299,308,359,368]. In Olympic 2380 

swimmers, daily WBC significantly attenuated sleep disruption during a training camp [308], likewise, 2381 

participants who received post exercise WBC objectively recorded less nocturnal movements compared 2382 

to those who did not [299]. Contrastingly, post-exercise WBC failed to significantly influence sleep 2383 

metrics in healthy males engaged in a 4-week high-intensity interval cycling intervention [359], and 2384 

post-game WBC afforded no significant sleep benefit to professional rugby players [368].  2385 

Nevertheless, in adolescent professional footballers [310], post-exercise WBC has been observed to 2386 

increase testosterone levels. This may be related to improved sleep [14]; however, an empirical link is 2387 

yet to be established [310]. Regardless, testosterone is an anabolic steroid that is essential to protein 2388 

synthesis, turnover, repair, and athlete recovery [14] and its levels have speculatively been suggested to 2389 

be an indicator of athletic preparedness [369]. Likewise, the post-exercise inflammatory response is 2390 

axiomatic to the recovery process [72,76], yet excessive inflammation can exacerbate exercise-induced 2391 

muscle damage and prolong recovery [72,76]. Some studies have reported that WBC can attenuate post-2392 

exercise inflammation, in turn, abating secondary muscle damage [116,367,370]. However, there has 2393 

been no research examining the effect of WBC in professional football players and studies have applied 2394 

WBC during an in-season period [299,308,359,368]. Furthermore, no research has investigated the use 2395 

of multiple WBC exposures applied across a microcycle, during the lead-up to a competitive. This may 2396 

be particularly pertinent as some clubs may be currently scheduling their WBC in this manner, due to 2397 

other scheduling commitments, with no evidence to suggest efficacy. 2398 

Therefore, this study provides the first data on sleep and WBC in professional football players by the 2399 

aims of this study were to (1) investigating the effects of a WBC applied across an in-season microcycle 2400 
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on the objective and subjective sleep quality in under 18 (U18) professional footballers, and (2) 2401 

determining the effect of WBC on game-day inflammation, testosterone, and cortisol. 2402 

3.3. Methodology 2403 

3.3.1. Participants  2404 

After informed consent, 17 under 18 (U18) professional footballers (17.4 ± 0.6yrs) from an English 2405 

Premier League academy were recruited for this study. All procedures were approved by the St Mary’s 2406 

University, Twickenham, ethics review board and were conducted in accordance with the Declaration 2407 

of Helsinki and Nuremberg Code.  2408 

3.3.2. Experimental procedure 2409 

This study was conducted during an in-season microcycle (Table 5), between two consecutive game 2410 

days (GD1 and GD 2), spaced 7 days apart. On GD1 players reported to the training ground and 2411 

provided capillary blood (serum hsCRP) and saliva samples (testosterone and cortisol) before travelling 2412 

by coach for an away fixture. Players were then randomly assigned to either the intervention group 2413 

(CRYO, n=9) or the control group (CON, n=8). Four days before GD2 players in the CRYO group 2414 

commenced 4 days (Day 1 to 4) of WBC (one exposure per day) using a specially designed liquid 2415 

nitrogen-cooled chamber (CryoAction, Wrocław, Poland) situated at the training ground. This WBC 2416 

regime was chosen as it was synonymous with what is commonly scheduled for the first team. The 2417 

WBC exposure took place at the end of each training day between 1500 and 1600. After ensuring that 2418 

their skin was dry and free of treatment oils, players wore minimal clothing (shorts, socks, clogs, mask, 2419 

gloves, and a hat covering the ears) and entered the prechamber (-60°C) for 30sec before moving to the 2420 

main chamber (-135°C) for 150sec. Players in the CON group remained seated in the changing rooms 2421 

during the treatment. On GD2, players reported for repeat capillary blood and saliva sampling. 2422 

Objective and subjective sleep data were collected for Day 1 to 4 inclusive. Blood and saliva measures 2423 

were taken at the same time to avoid circadian variation (Figure 18).  2424 

  2425 
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 2426 

Players were subsequently excluded from parts of the analysis for the following reasons: moved team, 2427 

unable to provide a biological sample and/or technical error. Final numbers for each variable are as 2428 

follows: Objective and subjective sleep analysis (n=15, CON=8, CRYO=7), saliva (n=10, CON=5, 2429 

CRYO=5), hsCRP (n=15, CON=6, CRYO=8). 2430 

 

Figure 18: The experimental protocol that was followed. The original proposal included a washout and a 

crossover arm; however, it was curtailed due to COVID-19 lockdown restrictions. GD (Gameday), WBC 

(Whole-body Cryotherapy). 

 2431 

3.3.3. Sleep monitoring 2432 

Sleep was objectively monitored using a ReadiBand (Fatigue Science, Vancouver BC, Canada) wrist-2433 

worn activity monitor. Nocturnal movements detected by the device are converted by built-in algorithms 2434 

to predict participant sleep quantity, sleep quality, awakenings per hour, total awakenings, wake after 2435 

sleep onset (WASO), sleep latency, sleep onset time and wake time. Player's mean weekly sleep duration 2436 

Table 5:  Typical in-season week for the U18 footballers involved in this study 

Day AM PM 

Monday (TD) Education Training 

Tuesday (TD) Training Gym training/ Injury prevention/ technical 

skills training/ analysis 

Wednesday (TD) Gym training/ Injury prevention, 

technical skills training/ analysis 

Education 

Thursday (TD) Education Training 

Friday (MD-1) Training Team meeting 

Saturday (MD)  Matchday 

Sunday (MD+1) Off/ rest day 

Training day (TD) 

Matchday minus one (MD-1) 

Matchday plus one (MD+1) 

Matchday (MD) 
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was also collated based on whether they achieved the minimum quantity of sleep (420mins) according 2437 

to published recommendations from the National Sleep Association (NSA; a not-for-profit organisation 2438 

based in the USA) [371]. 2439 

ReadiBands have demonstrated good accuracy compared to the gold-standard sleep-plethysmography 2440 

(93%), and good inter-device reliability [198,372]. Participants were given the same device, after their 2441 

assigned intervention (CON or CRYO), and asked to wear it on their non-dominant wrist. The devices 2442 

were then collected the proceeding morning at ~0830 (on arrival at the training ground) and synched to 2443 

cloud-based software. 2444 

Subjective sleep quality was assessed using the Leeds Sleep Evaluation Questionnaire (LSEQ). Upon 2445 

arrival to the training ground, participants were asked to mark 10 100mm visual analogue scales (VAS) 2446 

that assessed the ease of getting to sleep (GTS), quality of sleep (QS), and awakenings following sleep 2447 

onset (AFS) and behaviour following waking (BFW). The midpoint represented the present feeling 2448 

before the intervention. Scores were represented in mm. 2449 

3.3.4. Serum hsCRP and saliva endocrines 2450 

Blood and saliva samples were collected on the morning of GDs at a consistent time (between 0730 and 2451 

0830) upon arrival to the training ground. It was decided to only sample on GDs as it represented, 2452 

theoretically, the most rested and repeatable point of the microcycle, as players workload was 2453 

deliberately tapered in preparation of game day. After surface preparation, capillary blood was drawn 2454 

using a single-use lancet (ACCU-CHEK Safe-T-Pro Plus, Indiana, USA) and collected using untreated 2455 

serum separation microvettes (Microvette CB300, Sarstedt Inc, Nümbrecht, Germany). Samples were 2456 

then allowed to clot at room temperature for 30 minutes before centrifugation. 25μl of serum was then 2457 

aliquoted into reagent kits and serum hsCRP levels were analysed using a point-of-care analyser 2458 

(Eurolyser CUBE, Eurolyser Diagostica, Austria). 2459 

Saliva was collected via passive drool without stimulation. Samples were deposited into cryovials 2460 

(SalivaBio Cryogenic Vials, SalivaBio, USA), refrigerated at 4 to 6°C, and then frozen at -80°C within 2461 

3 hours of collection. They were then thawed, vortexed, and centrifuged at 1500g for 15 minutes. 2462 

Samples were analysed, in duplicate, using testosterone and cortisol (high sensitivity) enzyme 2463 

immunoassay kits (Salimetrics, PA, USA), respectively, following the manufacturer's protocol. Optical 2464 

densities were read on a plate reader (ASYS Expertplus plate reader, Biochrom, Germany) at 450nm 2465 

with a secondary filter correction at 492nm. A standard curve was generated with each plate using a 2466 

standard of a known sample dilation and a 4-parameter non-linear regression curve was fitted to convert 2467 

to µg/dL.  2468 
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3.3.5. External load assessment 2469 

Workload could not be controlled between groups, therefore, Global positioning system (GPS) data, 2470 

routinely collected by coaching staff, was used to determine any differences. Participants donned a vest 2471 

that placed a GPS and accelerometry unit (Viper V.2, StatSports, Ireland) between the scapulae. The 2472 

unit sampled GPS and accelerometry data at 10 Hz and 100 Hz, respectively. The data were downloaded 2473 

using specialist software (Viper, V.2.1.3.0) for analysis. High-speed running (HSR; total distance (m) 2474 

covered at running speeds >5.5m·s-1), total number of accelerations (ACC; an increase in speed for at 2475 

least half a second with maximum deceleration in the period of at least 0.5m·s-2) and total number of 2476 

decelerations (DEC; a decrease in speed for at least half a second with maximum deceleration in the 2477 

period of at least 0.5m·s-2). 2478 

3.3.6. Statistical analysis 2479 

A Shapiro–Wilk test was used to determine normality. Differences in activity monitor sleep data, LSEQ, 2480 

and GPS workload between groups were assessed using an independent t-test or Mann-Whitney U 2481 

(normality dependent). Within-group differences between GD1 and GD2 were assessed using paired 2482 

sample t-tests. Change scores between GD1 and GD2 were calculated and differences between groups 2483 

were assessed using an independent t-test. Pearson’s correlations were performed between day 4 2484 

objective and subjective sleep metrics and saliva endocrine samples. To assess assay reliability, 2485 

Pearson’s correlations were performed between duplicate samples. All data were analysed using the R 2486 

statistical environment and p<0.05 was considered statistically significant for all tests. 2487 

3.4. Results 2488 

Data are presented as mean ± standard deviation. No significant difference was found between groups 2489 

for HSR, ACC or DEC (p>0.05). Pearson’s correlations revealed that only objective sleep efficiency 2490 

and WASO had a significant relationship (R=0.87, p=0.032) (Figure 19). 2491 

 2492 

  2493 
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Figure 19: Pearson’s correlation matrix between day 4 sleep objective and subjective sleep variables and 

salivary endocrine samples. Dark blue indicates a very positive relationship, dark red represents a very negative 

relationship. * indicates a statistically significant relationship. WASO (wake after sleep onset), AFSleep 

(awakenings following sleep), QoSleep (Quality of sleep), GtoSleep (Ease of getting to sleep), BFSleep 

(Behaviour following sleep) 

 2494 

3.4.1. Sleep monitoring 2495 

There was no significant interaction between CON or CRYO for weekly mean sleep latency (CON: 2496 

27.3 ± 23.1 mins, CRYO: 23.3 ± 25.5 mins; p=0.15), WASO (CON: 37.8 ± 35.9 mins, CRYO: 33.0 ± 2497 

24.1 mins, p=0.87), MiB (CON: 483.6 ± 55.4 mins, CRYO: 506.1 ± 80.0 mins; p=0.33), sleep duration 2498 

(CON: 399.8 ± 55.6mins, CRYO: 419.4 ± 58.6mins; p=0.2), or sleep efficiency (CON: 82.8 ± 7.3%, 2499 

CRYO: 83.4 ± 8.2%; p=0.76). Likewise, there were no significant differences between CON and CRYO 2500 

on individual days in sleep latency, WASO, MiB, sleep duration, or sleep efficiency (p>0.05) (Figure 2501 

20). According to analysis, 66.67% of players in the CRYO group achieved ≥420mins sleep, compared 2502 

to 25% of the CON group (Figure 21). 2503 
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Figure 20: Activity monitor-derived sleep metrics displayed by day (left) and weekly mean (right). CON is 

shown in white and CRYO in grey. 

 2504 
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Figure 21: Number or players whose mean weekly sleep ≥420 minutes or higher. 

 2505 

Perceived BFW in the CON group was significantly lower compared to the CRYO group (CON: 49 ± 2506 

17, CRYO: 62 ± 11; p=0.001). No significant differences were observed between groups for GTS (CON: 2507 

45 ± 11, CRYO: 49 ± 17; p=0.33), QS (CON: 46 ± 13, CRYO: 51 ± 18; p=0.25), or AFS (CON: 51 ± 2508 

16, CRYO: 57 ± 17, p=0.17). By individual day, AFS was significantly higher (p=0.048) in the CRYO 2509 

group (59 ± 11mm) compared to CON (48 ± 10mm) on day 2. Likewise, BFW was significantly higher 2510 

(p=0.014) in the CRYO group (57 ± 10mm) compared to CON (53 ± 19) on day 3. There were no further 2511 

significant differences in perceived sleep metrics (Figure 22). 2512 
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Figure 22: Leeds sleep evaluation questionnaire results displayed by day (left) and weekly mean (right). 

CON is shown in white and CRYO in grey. *Indicates significance between groups (p<0.05). 
 

 2513 

* * 

* 
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3.4.2. Saliva endocrines and serum hsCRP 2514 

Inter-assay agreement between duplicate samples were high (testosterone: R2= 0.94, cortisol: R2= 0.84). 2515 

No within-group significant differences in cortisol levels were detected between GD1 and GD2 in both 2516 

the CON (GD1: 120 ± 40.1 pg/ml, GD2: 107.9 ± 24.4 pg/ml; p=0.525) and the CRYO groups (GD1: 2517 

184.3 ± 71.6 pg/ml, GD2:167.3 ± 68.5 µg /ml, p=562). However, testosterone significantly decreased 2518 

from GD1 to GD2 in both the CON (GD1: 401.5 ± 162 pg/ml, GD2: 315.4 ± 123.8 pg/ml, p=0.031) 2519 

and CRYO groups (GD1: 592.9 ± 146 pg/ml, 352.9 ± 146.1 pg/ml, p=0.028). When the change scores 2520 

(differences between GD1 and GD2) were compared between groups, no significant difference was 2521 

revealed in cortisol (CON: -12.3 ± 39.5 pg/ml, CRYO: -16.9 ± 59.9 pg/ml, p=0.89), or testosterone 2522 

(CON: -86.1 ± 59.9 pg/ml, CRYO: -239.3 ± 157.9 pg/ml). Whilst the mean change score between GD1 2523 

and GD2 for testosterone trended towards a reduction from GD1 to GD2, results did not reach the 2524 

significance threshold (p=0.097) (Figure 23A&B). 2525 

Likewise, there was no within-group significant difference in hsCRP levels between GD1 and GD2 in 2526 

both the CON (GD1: 0.55 ± 0.053 mg/L, GD2: 0.59 ± 0.13, p=0.584) and the CRYO groups (GD1: 0.66 2527 

± 0.2, GD2: 0.62 ± 0.21, p=0.834). There was also a significant difference when the hsCRP change 2528 

scores (differences between GD1 and GD2) were compared between groups (CON: 0.048 ± 0.13, 2529 

CRYO: -0.039 ± 0.29, p=0.695) (Figure 23C). 2530 

  2531 
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Figure 23: Cortisol (A), testosterone (B), and high sensitivity C-reactive protein (hsCRP; C) on GD1 (Game 

day 1) and GD2 (Game day 2). *Indicates a significant difference between game days (p<0.05). 

 2532 

* * 
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3.5. Discussion 2533 

The purpose of this study was to investigate the effect of daily WBC exposures on the objective and 2534 

subjective sleep quality in U18 professional footballers, during an in-season period and assess any 2535 

subsequent effect on game-day testosterone and cortisol. This is the first time a study of this type has 2536 

been completed in professional football players and was originally designed as a crossover study; 2537 

however, the second phase was interrupted by the United Kingdom national lockdown and restrictions. 2538 

The primary finding of this study is that WBC does not impact objective sleep quality, although, there 2539 

were improvements in perceptions of behaviour following wake. 2540 

There was no significant difference in activity-derived sleep metrics between groups when data were 2541 

analysed by day or by week. The literature base is conflicting, nevertheless, these results are in 2542 

agreement with other studies. In one report [359], post-exercise WBC, compared to a passive control, 2543 

had no significant effect on activity monitor sleep metrics when healthy males engaged in high-intensity 2544 

cycling over a 4-week intervention. Likewise, in professional rugby players, polysomnography 2545 

recordings suggested that post-fixture WBC provided no significant benefit to sleep metrics, compared 2546 

to no treatment [368]. 2547 

In contrast, some studies reported improved sleep after WBC exposure. In Olympic synchronised 2548 

swimmers, Schaal et al [308] reported reductions in objective sleep duration during an intensified 2549 

training week. However, when participants received daily WBC, objective sleep disruption was 2550 

significantly attenuated. In trained healthy males who were subject to evening exercise, WBC resulted 2551 

in less activity monitor derived nocturnal movements compared to a passive control [299]. A beneficial, 2552 

dose-related decrease in nocturnal movements has also been reported in professional football players in 2553 

response to partial-body cryotherapy (PBC) [311]. However, although the therapies are similar, 2554 

investigations have highlighted different thermoregulatory and physiological responses between WBC 2555 

and PBC [313,314]. Therefore, it is not clear if they mediate a synonymous therapeutic response. 2556 

The reasons for the variance between studies are not clear, and a plethora of unknown confounders may 2557 

account for the disparities between investigations. Such factors may include the number of exposures, 2558 

the timing of WBC relative to bedtime, differences in exposure temperature, or intra/interindividual 2559 

variation in sleep metrics. However, in the studies available, there is no clear pattern to confirm or reject 2560 

these variables [299,308,359,368]. It is also important to note that the present study applied WBC during 2561 

an in-season microcycle, during the lead-up to a competitive fixture. Other studies that have examined 2562 

WBC effect in athletes have monitored sleep during the night proceeding a competitive fixture [368], 2563 

or during a pre-event training camp [308]. Consequently, there may be factors relating to workload and 2564 

psychological stressors that may contribute to differences between studies.  2565 



103 | P a g e  

 

Despite no significant difference in sleep metrics, this study reports that 66.67% of players in the CRYO 2566 

group achieved a weekly mean sleep duration that was equal to or above the minimum threshold 2567 

suggested by the NSA [371], compared to 25% of the CON group. Whilst this cannot be robustly used 2568 

to support WBC as a sleep aid, it does tentatively imply a potential benefit and provides pilot data; 2569 

although, the lack of a cross-over arm severely limits the analysis. This is further supported by the 2570 

results of the subjective LSEQ, where players reported a significantly greater mean weekly perception 2571 

in BFW in the CRYO group, compared to the CON group. BFW is a collated score that considers 2572 

perceptions of alertness on waking, alertness while completing the LSEQ, and balance/ coordination on 2573 

waking. Practically, this suggests that players who received WBC perceived feeling more alert 2574 

immediately after waking up which, in turn, suggests that WBC may have supported restorative sleep 2575 

in those players. 2576 

Only one other study has reported subjective makers after WBC, and results are largely in agreement 2577 

with the present study. Using the Spiegel’s questionnaire, Douzi et al [299] reported significantly 2578 

improved self-reported sleep quality after participants received post-exercise WBC, compared to when 2579 

they did not. Notably, the component that assessed morning mood state was significantly higher after 2580 

WBC which supports the increased BFW that was reported here. Whilst this may be symptomatic of an 2581 

improved overall sleep quality resulting in improved alertness, mechanistic studies have also reported 2582 

increases in dopamine, a neurotransmitter associated with feelings of well-being, pleasure, and 2583 

motivation, after ~15 minutes post-WBC [314]. Consequently, the improved alertness following wake 2584 

may be due to the latent influence of dopamine. However, studies have only noted relatively small 2585 

dopamine increases compared to controls (Cohen’s d= 0.28 ± 0.33) and its release is sympathetically 2586 

mediated [314]. Although the initial cold immersion response to WBC is primarily initiated by 2587 

sympathetic pathways, studies have noted post-WBC parasympathetic predominance that persists for 2588 

at least 6hrs post-exposure [299,313]. Consequently, it is not clear if the dopamine response is sufficient 2589 

to alter mood the morning after an exposure. Research that examines this further may enable 2590 

practitioners to better position WBC within the training day and microcycle. However, WBC chambers 2591 

are large and have expensive installation and operating costs, and other ergonomic sleep aids may offer 2592 

greater value and efficacy. Aloulou et al [368] reported no significant effect of post-game WBC on 2593 

polysomnography readings in professional rugby players. Yet, in the same study, a thermal mattress (a 2594 

mattress designed to support the dissipation of heat during sleep) mediated reductions in WASO, and 2595 

improved sleep architecture (as determined by polysomnography) compared to a control. Further, in 2596 

semi-professional footballers [365], a simple sleep hygiene strategy that limited device use and light 2597 

exposure before bedtime resulted in significantly increased sleep duration after competitive fixtures. 2598 

Consequently, practitioners may want to invest their resources into other sleep strategies before utilising 2599 

WBC as purely a sleep aid. 2600 
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This study sampled saliva on GD1 and GD2, justified by the fact that it is theoretically the most rested 2601 

and repeatable point in the microcycle (eg. players training would taper for GD). Results indicated that 2602 

testosterone statistically decreased from GD1 to GD2 in both the CON and CRYO groups, however, 2603 

when the changes scores were compared, there was no statistical difference between CON and CRYO. 2604 

Nor was testosterone significantly correlated with objective or subjective sleep metrics. While the 2605 

decreases in testosterone from GD1 to GD2 may represent differences in the physiological and/or 2606 

psychological profile across the preceding microcycle [369], overall, this study suggests that WBC 2607 

applied daily across the microcycle has no effect on GD testosterone levels. Other studies have also 2608 

observed no significant effect of WBC on testosterone. For example, in healthy males who engaged in 2609 

muscle-damaging exercise, post-exercise WBC did not significantly alter testosterone kinetics 2610 

compared to a passive control condition [373]. 2611 

These results may be isolated. During a recovery camp for high-level tennis players, Zieman et al [126] 2612 

reported that testosterone levels in athletes were higher in those who received WBC. The higher 2613 

frequency of WBC exposures (2 times per day for 5 days) may account for the differences in results, 2614 

although, another study has observed increases after a single exposure [310]. Academy football players 2615 

representing a professional club completed who completed a muscle-damaging exercise regime (sprints 2616 

with deceleration phase), post-exercise WBC resulted in significantly higher testosterone levels when 2617 

sampled at both 2 and 24 hrs post-exercise [310]. Both these studies utilised WBC in a recovery 2618 

capacity, either during a mid-season recovery camp [126] or immediately after a bout of muscle-2619 

damaging exercise [310]. The present study used WBC during an in-season microcycle on the days 2620 

preceding a competitive fixture. During this time, the workload will most likely be in taper in 2621 

preparation for performance. Therefore, different interactions between WBC and exercise intensity may 2622 

account for the differences between studies. 2623 

No differences were observed in cortisol levels between GD1 and GD2 in both the CON or the CRYO 2624 

group, nor were there any significant differences in change scores between groups. This indicates that 2625 

daily WBC utilised during the days leading up to a competitive fixture does not significantly modulate 2626 

cortisol in professional players. Considering the players were potentially tapering for GD, the lack of 2627 

response may be due to the absence of an exercise induce stimulus sufficient to stimulate cortisol 2628 

production. That said, Russel et al [310] also did not observe a significant on cortisol after academy 2629 

footballers representing a professional club received WBC immediately after performing muscle-2630 

damaging exercise. Further, no effect of WBC was observed in high-ranking tennis players [126] or 2631 

Olympic synchronised swimmers [308] who were engaged in a recovery camp and an Olympic 2632 

preparation camp, respectively. Contrastingly, another study reported significantly greater cortisol 2633 

levels, compared to baseline, in rowers by day 6 of an Olympic training camp. However, there was no 2634 

such change in athletes who received daily WBC [336]. This study, although, subjected players to 3 2635 



105 | P a g e  

 

WBC sessions per day for the duration of the training camp. Therefore, the higher frequency may have 2636 

resulted in a statistically significant response. 2637 

This study reports no significant effect of WBC on GD hsCRP, suggesting WBC used daily 4 days 2638 

before a competitive fixture  does not impact acute phase inflammation. CRP is often used alongside 2639 

other markers (e.g., creatine kinase, delayed onset muscle soreness) to assess exercise-induced muscle 2640 

damage severity and recovery [81]. Therefore, the lack of change in hsCRP may be due to the fact that 2641 

players are in a relatively rested state in preparation for their fixture. Other studies have investigated 2642 

the effect of post-exercise WBC on CRP; however, results are mixed. Pournot et al [127] instigated 2643 

muscle damage through a running exercise with downhill segments, followed by either WBC or a 2644 

passive control. Significantly lower CRP levels in were observed at 1hr post-exercise in the WBC group 2645 

and remained significantly lower compared to the control at 96hrs post-exercise. In contrast, after high 2646 

intensity running (without downhill segments), Kruger et al [373] reported that WBC had no significant 2647 

impact on CRP, compared to a passive control. Yet, in this study, CRP was not observed to increase 2648 

from baseline until 24 hours post-exercise. Therefore, differences in exercise modality, and the resultant 2649 

effect on CRP kinetics, may have contributed to the differences between studies. 2650 

This study has several limitations. Most notably, the lack of a crossover phase severely limits the 2651 

strength of the conclusions that can be made. In its present form, within-participant comparisons cannot 2652 

be made and so the residual analysis cannot account for any intra-individual variation. Further, where 2653 

the majority of other studies apply WBC in a post-exercise capacity or during a specialised training 2654 

camp, the present study is set during an in-season microcycle, and this limits robust comparisons with 2655 

other reports. Nevertheless, this study remains relevant as it mimicked what was currently being applied 2656 

within the club.  2657 

In conclusion, WBC applied daily 4 days before a competitive fixture appeared not to affect objective 2658 

sleep metrics, however, players who received WBC reported better behaviour following wake. This 2659 

may suggest that WBC can be used to improve subjective readiness on game days. Despite this, no 2660 

significant differences were observed in cortisol, testosterone, or hsCRP. Consequently, WBC used 2661 

during the taper phase of a microcycle does no impact on anabolic/catabolic endocrine function or 2662 

inflammatory state. WBC may be used to increase the perception of alertness in professional U18 2663 

football players. 2664 

  2665 
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Chapter 4 2666 

4. How well do professional football (soccer) players sleep? 2667 

A systematic scoping review of observational studies 2668 

(Literature review part 3) 2669 

 2670 

After the outbreak of the COVID 19 pandemic, the whole-body cryotherapy chamber was not 2671 

considered covid safe. Therefore, the original proposed scheme of work could not be completed. 2672 

Subsequently, the central theme of this thesis refocussed to measuring, monitoring, and improving sleep 2673 

in professional football players. This chapter consolidates that change and forms a foundation for further 2674 

work. 2675 

  2676 
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4.1. Abstract 2677 

There is a growing literature base surrounding sleep in professional football (soccer) players, yet, 2678 

despite the number of observational studies on the subject, there have been no systematic reviews. The 2679 

aim of this scoping review was to describe what is known about sleep in full-time professional 2680 

footballers and identify the main investigative themes concerning factors that may influence sleep in 2681 

this population. From inception until November 2022, Web of Knowledge, PubMed, and SPORTDiscus 2682 

were searched, and observational studies were included if they reported objective or subjective sleep 2683 

data in professional footballers. Of the included studies (n= 1495, 84% male, age: 23.0 ± 3.4 years), 33 2684 

used subjective methodologies, 6 utilised objective, and 6 used both in mixed method designs. Sleep 2685 

duration, wake after sleep onset, and sleep onset latency scores across studies were within guidelines, 2686 

however, error scores suggest suboptimal scores are common. The variability could be a result of 2687 

psychological factors associated with matchdays, workload, competitive scheduling, or intraindividual 2688 

confounders. Scheduling factors and their effect on sleep were identified as a primary literature theme 2689 

across the literature base with night matches, compared to training days, and travel was highlighted as 2690 

factors that may influence sleep. The effect of workload on sleep has also received notable investigative 2691 

interest, although there was little to substantiate a meaningful relationship. Overall, this review 2692 

highlights that sleep disruption is common, however, players mean sleep is within guidelines  2693 
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4.2. Introduction 2694 

Sleep loss protocols have demonstrated impairments in anabolic signalling [14], cognitive function 2695 

[374], motor skill acquisition, and memory consolidation [192,193,360]. From an athletic standpoint, 2696 

this implies that sleep disruption can hinder physiological and psychological recovery and performance 2697 

[14,375]. Despite its perceived importance, sleep quality in athletes is generally considered suboptimal 2698 

compared to aged-matched controls [20]. This may also be true in football (soccer) players  [46,376] 2699 

who are regularly exposed to factors that may disrupt sleep [363,377],  and often present with significant 2700 

inter/intra-variation. Therefore, an understanding of the factors that affect sleep in this population is 2701 

warranted. 2702 

Practitioners have access to a number of research- and commercial-grade tools that can support the 2703 

assessment of sleep behaviour in their players [378]. Wearable [273,274,379,380] (eg. wrist-worn 2704 

activity-monitors) and nearable [16,381] (e.g., bedside devices) technologies provide an accessible 2705 

method to objectively monitor players sleep outside of the laboratory and, whilst there is a tendency for 2706 

such devices to misinterpret sleep markers relative to the gold-standard polysomnography (PSG) [378], 2707 

validated devices have been used to assess the influence of factors including travel [226,277] and day 2708 

type [275] on sleep in footballers. Several subjective methodologies are also available enabling cross-2709 

sectional and longitudinal evaluation of player's sleep [206,382]. Whilst perceptions can be biased by 2710 

mood, memory and other factors [247–249], subjective methodologies facilitate an inexpensive 2711 

evaluation of players perceived sleep quality (36).  2712 

The application of sleep assessment tools in the published literature is becoming more frequent [16], 2713 

with increasing amounts of data examining the quality [383], quantity [226,277], and factors that may 2714 

affect sleep in professional footballers [274]. Despite this, the aetiology of sleep disruption in football 2715 

is not clear [7,46,354] and there no study has systematically collated the available data from professional 2716 

football players. Therefore, the purpose of this study was to describe what is known about sleep quality 2717 

and quantity, in relation to published norms [371], and identify the main literature themes concerning 2718 

barriers to optimal sleep by systematically examining observational studies that have monitored sleep 2719 

in full-time, professional footballers. Due to the lack of commonality between methodological elements 2720 

in observational studies, a scoping review approach was judged to be the most appropriate review 2721 

method. 2722 

4.3. Methodology 2723 

This systematic scoping review of observational studies was performed following guidance from the 2724 

Conducting Systematic Reviews and Meta-Analyses of Observational Studies of Etiology (COSMOS-E 2725 

[384]) and Preferred Reporting Items for Systematic reviews and Meta-Analyses extension for Scoping 2726 
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Reviews (PRISMA-ScR; Figure 24 [385]). The research questions were shaped using a participant, 2727 

exposure, control, outcomes (PECO) framework [384]). 2728 

Figure 24: Preferred Reporting Items for Systematic reviews and Meta-Analyses extension for Scoping 

Reviews checklist 

4.3.1. Search strategy 2729 

From inception until April 2022, Web of Knowledge, PubMed, and SPORTDiscus were searched using 2730 

a glossary of search terms that included “Football”, “Soccer”, “Sleep” and terms relating to objective 2731 

and subjective sleep assessment, in conjunction with Boolean logic terms (Table 6). Articles were 2732 

exported to reference management software (Mendeley, London, UK) and duplicates were removed. 2733 

The remaining cases were screened independently by two authors (LE, CP). Any disagreements were 2734 

reconciled with a third author (JH). 2735 
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Table 6: Chapter 4 search strategy 

Database  Search terms and Boolean logic  

Web of knowledge  (“soccer” OR “football”)  

AND  

(“Sleep*”)   

AND   

(“quality” OR “quantity” OR “hygiene” OR “actigraphy” OR “polysomnography” 

OR “subjective” OR “objective” OR “sleep diary” OR “questionnaire” OR 

“survey”)  

  

Start: 1900   

End: 2022-11-30  

PubMed  (“soccer” OR “football”)   

AND   

(“Sleep*”)   

AND  

 (“quality” OR “quantity” OR “hygiene” OR “actigraphy” OR “polysomnography” 

OR “subjective” OR “objective” OR “sleep diary” OR “questionnaire” OR 

“survey”)  

  

Custom range: from 1000/1/1 to 2022/11/30  

SPORTDiscus  (“soccer” OR “football”)   

AND   

(“Sleep*”)   

AND  

 (“quality” OR “quantity” OR “hygiene” OR “actigraphy” OR “polysomnography” 

OR “subjective” OR “objective” OR “sleep diary” OR “questionnaire” OR 

“survey”)  

  

Start: blank   

End: Nov 2022   

 2736 

4.3.2. Eligibility criteria and data extraction 2737 

Studies were included if they monitored sleep objectively or subjectively in professional footballers 2738 

(full-time contracted athletes, with no additional work or education) using an observational design. 2739 

Studies were excluded if there was no within-study comparison (e.g., training days versus match days), 2740 

or sleep metrics were not reported in standardised units (e.g. minutes or results from questionnaires, 2741 

e.g. the Pittsburgh Sleep Quality Index (PSQI)). Case studies on a single participant were also not 2742 

eligible. No eligibility criteria were placed on competitive or playing phase, sex/gender, or geographical 2743 

location. 2744 

4.3.3. Data Extraction 2745 

Data were extracted and collated based on emerging themes, developed by highlighting trends in the 2746 

literature. If reported, data relating to sleep duration, sleep onset latency (SOL), and wake after sleep 2747 

onset (WASO) were extracted for data visualisation purposes using R statistical environment (The R 2748 

Foundation for Statistical Computing; ggplot2 [386]) 2749 
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4.3.4. Risk of bias  2750 

Risk of bias (RoB) was assessed for each study according to the domains and guidance described in the 2751 

COSMOS-E [384] and supported by the RoB of exposures [387]. The bias domains were confounding 2752 

variable bias, participant selection bias, outcome measurement bias, exposure measurement bias, 2753 

missing data bias, and information bias. Signalling questions were used to guide assessments and are 2754 

listed in Chapter 4 supplementary materials (Appendix 1: Chapter 4 supplementary materials). 2755 

4.4. Results 2756 

A total of 1103 studies were identified through database searches and, after duplicates were removed 2757 

(n= 473 studies), 525 studies were excluded following title and abstract screening. The remaining 105 2758 

studies were assessed for relevance and 60 were excluded due to: not observational, not professional 2759 

players, contained an intervention, and no quantitative sleep data. Subsequently, 45 studies were 2760 

included for analysis (Figure 25).  Furthermore, the following themes emerged that described factors 2761 

influencing sleep: match days, night matches, intra and inter-microcycle variation, inter-season 2762 

variation, long-haul travel, and external workload. 2763 

 

Figure 25: Study selection flow chart 

 2764 
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4.4.1. Study characteristics  2765 

Of the 45 studies included (n= 1495, 84% male, age: 23.0 ± 3.4 years), 34 studies involved players from 2766 

senior 1st teams (n= 1348, 83% male, age: 24.4 ± 2.5 years), 2 studies included players from U23 teams 2767 

(n= 20, 100% male, age: 20.3 ± 0.8 years), and 9 studies were set in professional academies (n= 127, 2768 

100% male, age: 18.1 ± 0.6 years). By location, 27 were set in European leagues (n= 633, 94% male, 2769 

age: 22.6 ± 3.7 years), 8 in Australian leagues (n= 374, 65% male, age: 24.1 ± 2.5 years), 10 in Middle 2770 

Eastern leagues (n= 371, 84% male, age: 22.8 ± 2.7 years), and two were set in South America (n=117, 2771 

100% male, age: 25.8 ± 0.8 years). Thirty-three studies used only subjective monitoring (n=1308, 84% 2772 

male, age: 23.7 ± 3.4 years), 6 studies used only objective monitoring (n=98, 82%, age: 20.3 ± 3.4), and 2773 

a further 6 studies combined both objective and subjective assessments (n= 61, 100% male, 23.1 ± 3.6) 2774 

(Table 7)2775 
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Table 7: Included studies that met the eligibility criteria describing sleep variables in professional football players. 

Study, design Participant details 

Setting, training phase 

Observation length 

and frequency 

Sleep assessment method Outcome 

variables 

Primary Analysis Primary findings 

Abbott et al 2020a 

[272], 

longitudinal 

U23, Age: 20.0 ± 1.0 years, 

n= 10, m, England, in-season 

period 

35 competitive 

matches across 1 

season, post-game 

Brief assessment for mood 

(BAM+) 

Subjective: 

Sleep quality 

DOMS 

Fatigue 

Mood 

Stress 

Differences in feelings of 

wellness after games in relations 

to season progress, match result, 

match location and quality of 

opposition 

Sleep not affected by negative 

match results. Better sleep 

quality in early and midseason 

compared to late season 

Abbott et al. 2018 

[362], 

longitudinal 

U23, Age: 19.5 ± 1.2 years, 

n= 11, m, England, in-season 

period 

17 competitive 

matches, daily 

In-house questionnaire 

including sleep assessment 

Subjective: 

Sleep quality 

DOMS 

Fatigue 

Mood 

Stress 

Subjective feelings of wellness 

(including sleep) before and 

after competitive matches in 

relation to opposition quality, 

result and distance to fixture.  

Subjective sleep was worse 

after away matches and losses 

Ballesio et al 

2021 [388], cross-

sectional 

Senior, Age: 25.0 ± 6.7 

years, n= 210, m, Italy, in-

season period 

One off observation ISI Related 

metrics 

Relationship between 

psychological factors and ISI 

Significant correlations 

between variables and ISI 

Carriço et al. 

2018 [273], 

longitudinal 

Professional footballers, 

Age: 26.3 ± 4.7 years, n= 25, 

m, Portugal, in-season period 

Season long, 3 

training days, then 

every game 

Activity monitor Objective: 

Bedtime 

Wake time 

Time in bed 

Sleep duration 

SOL 

Sleep 

efficiency 

WASO 

Effect of match scheduling (eg. 

Away and home, day and night) 

on subsequent sleep. 

Significant differences in key 

sleep variables between TD, 

HM and DM 

Costa et al 2022 

[389] 

Academy players, Age: 17.9 

± 0.4 years, n= 13, m, 

Portugal, pre-season 

16 days, daily Activity monitor Objective: 

Sleep duration 

Sleep 

efficiency 

Subjective: 

Sleep quality 

Comparison of single and dual 

occupancy rooms on sleep 

Reduced sleep quantity in dual 

occupancy rooms compared to 

single 
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Delaval et al 2022 

[390], 

longitudinal 

Professional football players, 

age: 24.2 ± 4.7 yrs, n= 46, 

France (Ligue 1), in-season  

2 seasons, daily Hooper questionnaire Related 

metrics 

Relationship between recover 

metrics (including sleep) and 

non-contact injury 

No relationship between 

Subjective sleep and injury 

occurrence 

Douchet et al 

2021 [391], 

longitudinal 

Professional football players, 

Age: 24.2 ± 2.3 years, n= 12, 

f, France, in-season 

2 weeks, weekly Hooper questionnaire Related 

metrics 

 

Effect of “heavy” and “low” 

intensity weeks  

Sleep quality was rated 

significantly worse at the end 

of the “heavy” week, with no 

change during “low” week. 

Evans et al 2022 

[392], 

longitudinal 

Elite youth football players, 

Age:18 ± 1 years, n= 16, m, 

England, in-season 

36 matches, daily Wellness questionnaire Subjective: 

Sleep quality 

Explore efficacy of wellness 

scores to detect post-match 

fatigue 

Pre-match sleep scores 

associated with number of 

accelerations and 

decelerations 

Fernandes et al 

2022 [383], 

longitudinal 

Professional football players, 

Age:24.6 ± 2.3 years, n= 10, 

f, Portugal, in-season 

7 months, daily Hooper questionnaire  Quantify internal and external 

intensities across a microcycle 

no significant change in sleep 

across micro cycle 

Fessi and Moalla 

2018 [393], 

longitudinal 

Professional footballers, 

Age: 25.6 ± 3.6 years, n= 12 

Qatar, in-season  

2 seasons, post 

competitive fixture, 

pre-recovery. 

7 point psychometric 

questionnaire (including 

sleep quality) 

Subjective: 

RPE 

Sleep quality 

Fatigue 

Match result on outcome 

variables. 

Reduced perceived sleep 

quality following competitive 

defeat 

Fessi et al. 2016 

[394], 

longitudinal 

Professional footballers, 

Age: 23.7 ± 3.2 years, n= 17 

Qatar, Pre- and in-season 

period 

Season long, pre 

training and 

competitive fixture 

Hooper questionnaire Related 

metrics 

 

Comparison between pre- and 

in-season periods. 

Greater perceived sleep 

quality in the pre-season phase 

compared to in-season. 

Fitzpatrick et al. 

2019 [395], 

longitudinal 

Youth soccer players, Age: 

17.5 ± 0.5 years, n= 12 

England, in-season 

2 weeks Subjective wellness 

(including sleep) 

Sleep quality Reproducibility of wellbeing 

metrics (including sleep quality) 

over two weeks. 

Subjective sleep quality was 

not reproducible across two 

consecutive weeks  

Fowler et al 2014 

[396], 

longitudinal 

Professional footballers, Age 

(CI):23.4 (19.9-25.9), n = 6, 

m, Australia, in-season 

12 matches (2 days 

pre-match, match 

day, two days post-

match) 

Activity monitor 

 

Likert scale 

Objective: 

Sleep duration 

Bedtime 

Wake time 

SOL 

Sleep 

efficiency 

Wake episodes 

WASO 

Acute effects of short-haul 

travel during a micro cycle on 

sleep  

no significant differences 

between home and away 

matches for sleep  
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Subjective: 

Sleep quality 

Fowler et al. 2015 

[227], 

longitudinal 

Professional football players, 

Age (CI): 27.0 years (25.0–

29.0), m, Australia, in-

season 

12 matches (2 days 

pre-match, match 

day, two days post-

match) 

Activity monitor, sleep diary Objective: 

Sleep duration 

 

 

Effect of northbound travel on 

sleep duration and jet-lag 

Sleep negatively affected on 

travel days 

Fowler et al. 2017 

[397], 

longitudinal 

Professional football players, 

Age: 26 ± 4 years, m, 

Australia, in-season 

1 week prior to, and 

5 days post long-haul 

travel 

Sleep diary 

 

Subjective: 

Bedtime 

Wake time 

SOL 

Sleep duration 

WASO 

 

Effects of long-haul air travel 

from Australia to Brazil on 

Subjective 

jet-lag, sleep and wellness 

responses in professional 

football players 

Sleep responses affects by east 

bound long haul travel 

Fullagar et al 

2016a [277], 

longitudinal 

Professional footballers, 

Age: 25.5 ± 4.9 years, n= 15 

Netherlands, pre-season 

 

10 days with 3 day 

baseline 

Activity monitor 

 

BL measures completed by 

survey 

Objective: 

Sleep duration 

Bedtime 

Wake time 

SOL 

Sleep 

efficiency 

Wake episodes 

WASO 

Sleep quality after outbound and 

return flights and match days 

Sleep duration affected by 

long-haul travel and night 

matches 

Fullagar et al. 

2016b [274], 

longitudinal 

Professional football players, 

Age: 25.9 ± 7.5 years, 

n= 16, m, Germany and 

Netherlands, in-season  

3 weeks, daily Sleep and sporting activity 

questionnaire 

Sleep diary 

Subjective: 

Bedtime 

Wake time 

SOL 

Sleep duration 

WASO 

Restfulness 

Nap duration 

Sleep quality after training days, 

day matches and night matches 

Reduction in sleep duration 

and a later bedtime after NM 

after TD and DM 

Jorquera-Aguilera 

et al. 2021 [398], 

cross-sectional 

Professional football players, 

Age: 25 ± 5.3 years, m, n= 

94, Chile, Primera Division 

Single observation Sleep diary 

 

PSQI 

 

 

Sleep duration 

SOL 

Bedtime 

 

Related 

metrics 

Comparison of sleep quality 

between four Primera Division 

clubs 

Mean PSQI was <5 and no 

significant dif. was reported 

between clubs. 
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Khalladi et al 

2019 [206], cross-

sectional  

Professional footballers, 

Age: 23.7 ± 4.8 years, n= 

111, m 

Qatar, in-season microcycle 

14 days, daily PSQI 

ISI 

ESS 

Related 

metrics 

Frequency and percentage of 

players that reached the clinical 

threshold of the respective tests. 

High prevalence (68.5%) of 

sleep disorders in longitudinal.  

Kilic et al 2021 

[399], cross-

sectional 

Professional football players, 

Age: m24.3 ± 4.8 years, 

f22.8 ± 4.0years, n=281, 

m=149, f=132, Australian A- 

and W-Leagues, respectively 

Single observation Athlete sleep screening 

questionnaire 

Related 

metrics 

Prevalence of disrupted sleep 

between male, female, and 

former football players 

Sig. more prevalent disruption 

in former players compared to 

male current players 

Lastella et al 2019 

[226], 

longitudinal 

Professional footballers, 

Age:25.2 ± 3.2 years, n=7, 

m, Australia, Asian 

Champions League and 

related travel 

19 days, daily Activity monitor 

Sleep diaries  

 

Objective: 

Bedtime 

Wake time 

Time in bed 

Sleep duration 

SOL 

Sleep 

efficiency 

Subjective: 

Bedtime 

Wake time 

Time in bed 

Sleep duration 

SOL 

Sleep 

efficiency 

 

Assess sleep metrics before and 

during a period of international 

travel. 

Compromised sleep patterns 

during travel 

Lozano et al 2022 

[400], 

longitudinal 

Professional football players, 

age: 25.37 ± 3.60 yrs, n= 31, 

Spain, in-season 

1 season, daily Hooper questionnaire Related 

metrics 

Effect of microcycle length on 

perceived wellness (including 

sleep) 

No significant relationship 

between length of microcycle 

and sleep 

Mateus et al. 2021 

[401], 

longitudinal 

Professional football players, 

Age: 26.1 ± 3.9 years, n= 13, 

m, Spain, Segunda División 

(Spanish second division) 

16 weeks, daily Customised wellness 

questionnaire 

Subjective: 

Sleep duration 

scale (1 to 10 

scale) 

Perceive sleep 

quality 

Relationship between perceived 

sleep and training sessions 

organised by intensity and 

activity 

No relationship was observed 
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Moalla et al. 2016 

[402], 

longitudinal 

Professional footballers, 

Age: 25.7 ± 2.6 years, n= 14, 

pre-season and in-season 

16 weeks, daily Hooper questionnaire Related 

metrics 

Relationship between Hooper 

index and internal load 

Significant correlation 

between training load and 

sleep 

Nédélec et al. 

2019 [361], 

longitudinal 

Professional football players, 

Age: 26.0 ± 4.6 years, n= 20 

(12 training days, 7 night 

games), m, France, in-season 

12 training days + 5 

night games over 3 

week period, 6.1 ± 

3.2 nights per player 

 

 

Activity monitor 

 

Sleep diary 

Objective: 

Bedtime 

Wake time 

Time in bed 

Sleep duration 

SOL 

Sleep 

efficiency 

Subjective: 

Sleep quality 

Sleep quality of training days 

compared to night matches (n= 

7). 

Time in bed and sleep duration 

we decreased after NM 

compared to TD 

Nobari et al. 2021 

[403], 

longitudinal 

 

U17, Age: 16.1 ± 1.4 years, 

n= 21, m, Country not stated, 

pre- and in-season 

One season, daily Hooper Questionnaire Related 

metrics 

Perceived sleep quality across 

meso-cycles and perceived sleep 

quality by positions 

Sig. greater perceived sleep 

quality during early-season 

compared to mid-season. No 

sig. for playing position. 

Noon et al. 2015 

[404], 

longitudinal 

U17 to U21 academy 

players, Age:17 ± 1 years, 

n= 14, England, pre- and in-

season 

One season, 1 to 4 

times per week 

Subjective wellbeing 

questionnaire that includes 

sleep quality 

Related 

metrics 

Comparison between pre-season 

and three in-season training 

blocks. 

Decrease in sleep quality and 

other wellbeing metrics over 

the season. 

Noor et al 2021 

[405] 

Professional footballers, 

Age: 26.4 ± 4.1 years, n= 37, 

m, Australian, in-season 

42 days, daily Hooper questionnaire Related 

metrics 

Effect of match day load on self-

reported fatigue profiles during 

congested and non-congested 

periods. 

Reduced post-match sleep 

quality/quantity in 2 match 

microcycles 

Oliveira et al. 

2021 [406], 

longitudinal 

 

Professional football players, 

Age: 28 ± 2.8 years, n=9, 

EU, UEFA Champions 

league 

One season, daily Hooper Questionnaire Related 

metrics 

Quality of oppositions, match 

location, and location on sleep 

when two matches were played 

in a 7 day period 

High values of sleep quality 

on the day following and 

away-win against top-level 

opponent 

Oliveira et al. 

2022 [407] 

Professional football players, 

age: 26.2 ± 3.5 yrs, n=17, 

Europe, in-season  

10 mesocycles 

(months), daily 

Hooper questionnaire Related 

metrics 

Variation of sleep across 

mesocycles, positions, and 

starters/non-starters 

Significant difference between 

starters and non-starters during 

the first mesocycle 
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Olivera et al [408] Professional football players, 

Age: 26.3 ± 4.3 years, n= 18, 

m, Portugal, in-season 

39 weeks, daily Hooper questionnaire Related 

metrics 

Changes across mesocycle and 

microcycle 

Differences across microcycle 

but not mesocycle 

Robey et al. 2013 

[276], 

longitudinal 

Professional football players, 

Age: 18.5 ± 1.4 years, 

n= 12, m, Australia, in-

season, 

regular eastward travel (one 

time zone)  

7 weeks, Tues to 

Thurs, inclusive, only 

(3 nights each week) 

Activity monitor Objective: 

Bedtime 

Wake time 

Sleep duration 

SOL 

Sleep 

efficiency 

WASO 

Subjective: 

RPE 

Rating of 

fatigue 

Rating of 

recovery 

Sleep quality after training, and 

on rest days. 

No differences between sleep 

quality and quantity on 

training and rest days. 

Saidi et al [409] Professional football players, 

Age: 20.9 ± 0.8 years, n= 14, 

m, Tunisia, in-season 

12 weeks, 3 times per 

week 

Hooper questionnaire Related 

metrics 

Changes in wellness in relation 

to changes in training and match 

exposure 

Sleep was unaffected by 

changes in load 

Selmi et al [410] Professional football players, 

Age:25.0 ± 1 years, n=15, 

Tunisia, Pre-season 

2 weeks, daily Hooper questionnaire Related 

metrics 

Sleep response to an intensified 

training period 

no significant change 

Selmi et al. 2020 

[411], 

longitudinal 

Professional football players, 

Age: 24.0 ± 1 years, n= 15, 

m, Tunisia, pre-season 

6 weeks, daily Hooper questionnaire Related 

metrics 

Examine the change in 

perceived sleep quality after a 

period of intensified training 

No significant effect of 

intensified training on sleep 

Silva et al 2021 

[412] 

Professional football players, 

Age: 18.8 ± 0.4 years, n= 20, 

Portugal 

2 weeks, daily Sleep Diary  Effect of weekly variations in 

training intensity on youth 

soccer players 

Correlations between pre-

training sleep quality and 

session RPE and workload 

variables 

Silva et al 2020 

[413], 

observational 

Professional football players, 

Age: 26.5 ± 5.2 years, n=20 

10 days Activity-monitor Related 

metrics 

Relationships between a 10 day 

sleep metrics on injury 

occurrence over the subsequent 

6 months  

negative correlation between 

sleep efficiency and injury 

characteristics 
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Springham et al. 

2021 [382], 

longitudinal 

Professional football players, 

age: 18 ± 3.8 years, n= 18, 

m, England, English 

Championship, pre- and in-

season 

One season, daily self-reported measures 

(including sleep quality) 

Perceived 

sleep quality 

(1 to 5 scale) 

Longitudinal changes in sleep 

quality 

Improvement in sleep as 

season persisted, compared to 

pre-season 

Thomas et al. 

2021 [376], 

longitudinal  

Professional football players, 

age: 24.9 ± 2.8 years, n=18, 

f, England, English 

Women’s Super League, in-

season 

4 weeks, daily Activity monitor Objective 

Bed time 

Wake time 

Time in bed 

Sleep duration 

SOL 

Number of 

awakenings 

WASO 

Efficiency 

Mean sleep and sleep variation 

in both athletes compared to 

non-athletic controls 

Significantly greater time in 

bed, sleep duration, SOL, and 

more variable bedtime than 

age-match controls.  

Thorpe et al. 2015 

[44], longitudinal 

Professional football players, 

Age: 19.1 ± 0.6 years, 

n= 10, m, England, in-season 

17 days, daily In-house questionnaire (1 to 

7) assessing sleep quality, 

muscle soreness and fatigue 

Subjective 

Sleep quality 

Partial correlations and general 

linear models between sleep 

quality and workload 

Trivial and non-significant 

relationship between workload 

and Subjective sleep quality 

Thorpe et al. 2016 

[414], 

longitudinal 

Professional football players, 

Age: 27 ± 5.1 years, n= 29, 

m 

England, in-season 

Median 3 weeks per 

player, 6 days per 

week (not MD 

In-house questionnaire (1 to 

7) assessing sleep quality, 

muscle soreness and fatigue 

Subjective 

Sleep quality 

Differences between day 

activity (eg, MD+1, MD-1, TD) 

Greatest Subjective sleep 

quality on MD-1, lowest on 

MD +1  

Thorpe et al. 2017 

[45], longitudinal 

Professional football players, 

Age: 19.1 ± 0.6 years, n= 10, 

m 

England, in-season 

17 days, daily In-house questionnaire (1 to 

7) assessing sleep quality, 

muscle soreness and fatigue 

Subjective 

Sleep quality 

Accumulated workload (total 

high speed running) and 

Subjective fatigue metrics 

(including sleep quality) 

No correlation between 2, 3 

and 4 day accumulated 

workload and sleep quality. 

 

Whitworth-Turner 

et al. 2018 [381], 

longitudinal  

Academy players, 

Age: 19 ± 1 years, n= 12, m 

United Kingdom, in-season 

6 days, daily Objective 

electroencephalogram 

Objective 

Lights out time 

Wake time 

Time in bed 

Sleep duration 

SOL 

Number of 

awakenings 

WASO 

Efficiency 

Mean sleep and sleep variation 

in both athletes compared to 

non-athletic controls 

Greater but more varied sleep 

in football players compared 

to non-athletic controls. 

Greater latency in soccer 

players 
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Whitworth-Turner 

et al. 2019 [275], 

longitudinal 

Professional football players, 

age: 18 ± 1 years, n= 10, m, 

England, in-season 

2 weeks, nightly Bedside device Objective: 

Lights out time 

Wake time 

Time in bed 

Sleep duration 

SOL 

Number of 

awakenings 

WASO 

Magnitude of effect of high-

speed distance (>5.5 m·s−1) and 

training schedule (eg. MD, 

MD+1, MD-2, etc.) on sleep 

quality 

Reduction in sleep duration on 

MD+1 compared to TD. High-

speed distance was associated 

with increases in total sleep 

duration 

Yadroudi et al 

[415], cross-

sectional 

Professional football players, 

Age: 21.82 ± 4.44 years, m 

n=91, f n= 61, Jordan 

Single observation Modified PSQI Subjective: 

Related 

metrics 

Off-season and in-season sleep 

patterns relationship with injury 

occurrence 

Reduced sleep quantity 

associated with more injuries 

BL (Baseline), SOL (sleep onset latency) WASO (wake after sleep onset), GPS (global positioning data), RPE (ratings of perceived exertion), PSQI (Pittsburgh Sleep Quality Index), ISI 

(insomnia severity index), ESS (Epworth sleepiness scale, CI (confidence interval), DOMS (delayed onset muscle soreness), RPE (rating of perceived exertion), MD (match days), TD 

(training days), HM (home match), REM (rapid eye movement), M (male), F (female). Age presented as mean ± SD (unless stated).  

 2776 

 2777 
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4.4.2. Study quality and risk of bias 2778 

All studies were, overall, judged to exhibit moderate to serious RoB. Serious RoB was notable in the 2779 

confounding measurement domain with studies failing to measure and account for interindividual (e.g., 2780 

chronotype, family responsibilities) and external (travel duration, country setting) confounders that may 2781 

feasibly interact with sleep outcomes in an unknown manner and to an unknown extent. Although, the 2782 

authors accept that such factors are synonymous with observational studies in applied settings and, in 2783 

some cases, are not readily quantified. Full RoB assessment can be found in the Chapter 4 2784 

supplementary material (10.1.1) and is summarised in Figure 26. 2785 

 
Figure 26: Results from risk of bias assessment 

 2786 

4.5. Discussion 2787 

The purpose of this study was to describe what is known about sleep quality and quantity, in relation to 2788 

published norms [371], and identify the main literature themes concerning barriers to optimal sleep by 2789 

systematically examining observational studies that have monitored sleep in fulltime, professional 2790 

footballers. Subjective methods constituted the primary form of sleep assessment with 37 studies total 2791 

(88%, 6 in tandem with objective methods) utilising sleep diaries or scales. Research has highlighted 2792 

that subjective methods can be limited by mood, memory and other factors [249], potentially 2793 

introducing biases to the data set. Eleven studies (28%) studies used activity-monitors or bedside 2794 

devices to observe sleep. The devices and respective algorithms used varied across studies making direct 2795 

comparisons challenging [199,416]. The studies were predominantly conducted in male professionals 2796 

(83%), with relatively fewer studies focusing on females. 2797 

A conclusive appraisal of sleep quality in footballers is challenging based on current research. No sleep 2798 

data were reported in footballers away from their normal playing and training schedule. Most studies 2799 
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used training days (TD) as a baseline or control [206,272–277,381,417], justified as the most removed 2800 

from competition and travel, and as the most numerous day type. This review took the same stance; 2801 

however, we accept that TD does not constitute a robust baseline due to the continued psychological 2802 

and physiological pressures associated with professional football. Furthermore, while factors associated 2803 

with reduced sleep quality and quantity have been highlighted, it is acknowledged that results may be 2804 

influenced by unknown and unaccounted confounders and should be interpreted accordingly. The 2805 

primary findings are that professional football players sleep values were mostly within guidelines [371], 2806 

however, players sleep remained variable and suboptimal in some regards. Furthermore, the respective 2807 

influence of scheduling factors and workload on sleep was a primary investigative theme within the 2808 

literature base with scheduling factors appearing to influence sleep in professional players. 2809 

4.5.1. Sleep characteristics 2810 

4.5.1.1. Sleep duration 2811 

The NSF recommends between 7 and 9 hours of sleep per night for both adults (26 to 64 years) and 2812 

young adults (18 to 25 years) [371]. Sleep duration was reported in 11 studies [46,206,272–2813 

274,277,376,380,398,413,418] (Figure 27), with 9 studies reporting means that were within 2814 

recommendations for sleep duration [371]. The extracted data were also not dissimilar to the mean sleep 2815 

duration of a prospective study of British adults (7.04 ± 1.55hrs; n=2000) [419]. This trend has been 2816 

observed in athletes previously [20]. In one comparison, athletes sleep duration was not significantly 2817 

different compared to age-match controls, despite significantly reduced sleep quality [20]. Data 2818 

suggests that footballers, in general, achieve adequate sleep, however, it is not clear what constitutes 2819 

‘optimal’ sleep for footballers, compared to the general population [281].  2820 

All five of the studies that monitored sleep subjectively (using sleep diaries or questionnaires) reported 2821 

mean durations greater than 7 hours [206,272,274,277,398], with one reporting greater than 9 [272] 2822 

(Figure 27). In general, studies utilising subjective methodologies reported greater sleep durations than 2823 

those that used objective activity-monitors to assess sleep. This supports previous research that suggests 2824 

that subjective assessments tend to overestimate sleep duration [247,248]. Further, subjective 2825 

assessments can be limited by mood, memory and other biases [249]. Despite this, subjective and 2826 

objective assessments do correlate (sleep duration, r=0.62, p< 0.0001) [247], indicating that sleep 2827 

diaries are still suitable when investigating changes in sleep quantity between conditions. 2828 

The two studies that did not report adequate sleep used objective wrist-accelerometry in male senior 2829 

players (mean age ≥26 years) [273,380]. However, it is not clear why the respective cohorts failed to 2830 

meet sleep recommendations. Age may be a factor, with older players at an increased likelihood of 2831 

habitual consumption of stimulants [131], family responsibilities, and earlier chronotype compared with 2832 

adolescent players [165]. Although the majority of the objective studies that reported adequate sleep 2833 
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used young (under 23 years) or Academy male teams (mean age ≤19 years) [46,275,418], one study in 2834 

senior female players (mean age: 23.2 ± 4.5) did report sufficient sleep [376]. However, there is not 2835 

enough data to speculate on the role age has on professional players sleep and sleep behaviour. 2836 

Consequently, further research would allow practitioners to better understand the potential need for 2837 

targeted sleep interventions. 2838 

 

Figure 27: Mean sleep duration ± standard deviation for the included studies (where reported). TD (Training 

days), NM (Night match), MD (Matchdays), DM (Day match), AM (Away match), HM (Home match). Black 

bars indicate subjective data, grey bars indicate objective data. # Indicates a female cohort. 

 2839 

 2840 

4.5.1.2. Sleep onset latency 2841 

The NSF suggests that a SOL score of <30 mins is appropriate for adults [371]. Two studies reported a 2842 

mean SOL score over 30 mins [48,380] (Figure 28). However, several studies report standard deviations 2843 

(SD) that breach the threshold [273,277,361,381].  2844 

Irrespective of the recommendations, SOL appears extended compared to non-athletic populations. Two 2845 

similar studies observed significantly greater sleep latencies in academy players and female 2846 

professionals, respectively, compared to age-match controls [376,381]. This observation unique to 2847 

professional football. Leeder et al [20] compared activity monitor derived sleep metrics between 2848 

athletes (but not footballers) and age-matched controls. While the athlete’s SOL remained within 2849 

guidelines, albeit variable (18.2 ± 16.5mins), it was still significantly extended compared to non-athletes 2850 

(5.0 ± 2.5mins).  2851 
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It is not clear why footballers may experience extended SOL. Sleep onset is a multifaceted, circadian 2852 

and endocrine process primarily driven by a reduction of light/dark signals passing through the 2853 

retinohypothalamic tract [420]. Electronic device use close to bedtime can inhibit SOL through 2854 

increased light signals [168]. Although (to the author's knowledge) it is not known if device use is 2855 

greater in footballers, sleep hygiene interventions that limit artificial light exposure have been 2856 

successful in improving sleep quality in footballers [169], albeit only highly-trained amateur players. 2857 

Increased pain during movement secondary to exercise-induced muscle damage (EIMD) [36], or 2858 

disrupted post-exercise autonomic/ thermoregulatory circadian processors [166,167,282] might also be 2859 

contributory to extended SOL.   2860 

 

Figure 28: Mean sleep onset latency ± standard deviation for the included studies (where reported). TD 

(Training days), NM (Night match), MD (Matchdays), DM (Day match), AM (Away match), HM (Home 

match). Black bars indicate subjective data, grey bars indicate objective data. # Indicates a female cohort. 

 2861 

4.5.1.3. Wake After Sleep Onset (WASO) 2862 

WASO (total time awake between bedtime and time of final awakening) was assessed by 5 studies 2863 

objectively [273,276,376,381,413], and 3 subjectively [272,274,277]. The results were variable. WASO 2864 

from the subjective assessments were typically less than the objective, which fits with previously 2865 

examined trends suggesting that self-reported WASO is underestimated compared to activity monitors 2866 

[247]. That said, activity monitors rely on proprietary algorithms that interpret nocturnal movements to 2867 

predict WASO. As with sleep duration and SOL, the quality of estimation is dependent on the algorithm 2868 

and research suggests that activity monitors consistently underestimate WASO compared to PSG and 2869 

agreement between devices can vary [199,416]. WASO data should therefore be interpreted with 2870 

caution. Polysomnography is required to definitively confirm WASO in football players.     2871 
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Thomas et al [376] recorded extended WASO scores in female footballers representing an English 2872 

Women’s Super League Club. A large cohort meta-analysis of non-athletes (n=68,604) [421] suggested 2873 

females experience greater WASO, however, significant differences were not observed until >50 years. 2874 

Unfortunately, additional studies reporting WASO in female footballers were not identified, therefore, 2875 

it is not known if the reported data are truly representative of this population. In male players, Carriço 2876 

et al. [273] observed a WASO of 30 ± 16 mins whereas Whitworth-Turner et al [46] only observed 12 2877 

min, with both studies utilising objective methods. The variation might be attributed to the eight-year 2878 

difference between the mean ages of the respective studies. WASO can increase with age, however, 2879 

meaningful changes do not present until greater than approximately 30 years and the magnitude of 2880 

difference between the studies would suggest other covariates are apparent [422]. This might include 2881 

the sensitivity of the respective devices, or the algorithm used to interpret periods of wakefulness 2882 

[199,416]. 2883 

Recommendations suggest that WASO duration of less than 20mins is appropriate for ages 14 to 64 2884 

years. Five of the eight studies report scores of <20mins [46,273,275,276,376], however, the reported 2885 

variance suggests that WASO above 20mins is common. One study highlighted greater WASO in 2886 

footballers compared to non-athletic controls, supporting the observation that footballers experience 2887 

reduced sleep quality compared to non-athletic populations [381].   2888 

 

Figure 29: Mean wake after sleep onset ± standard deviation for the included studies (where reported). TD 

(Training days), NM (Night match), MD (Matchdays), DM (Day match), AM (Away match), HM (Home 

match). Black bars indicate subjective data, grey bars indicate objective data. # Indicates a female cohort. 

 2889 
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4.5.1.4. Sleep assessment questionnaires in cross-sectional studies 2890 

Five studies circulated questionnaires to professional cohorts that assess clinically relevant sleep 2891 

disorders or quality [206,388,398,399,423]. Kilic et al [399] used an athlete psychological strain 2892 

questionnaire in a large cohort (n=281) and highlighted a 12% and 33% prevalence of sleep disturbance 2893 

for males and females, respectively. Khalladi et al. [206] circulated PSQI questionnaires in players 2894 

competing in the Stars League (Qatar) and reported a 68.5% (n=111) incidence rate for poor sleep 2895 

quality (PSQI score ≥5). Results are corroborated by data from Chilean professionals who reported 2896 

mean PSQI scores of 4.75 ± 2.29 [398]. Khalladi et al. [206] notes that the extreme heat, socialising 2897 

norms and Islamic practices (first prayer with sunrise) in the Middle East may exacerbate sleep issues 2898 

compared to western teams, however, a Dutch study reported a PSQI of 3.6 ± 2.4 [423], suggesting 2899 

suboptimal sleep quality may also exist among European players. 2900 

Data also suggests moderate levels of subclinical insomnia in Qatar’s Star League and in Italian players 2901 

with a reported prevalence of 27% and 32%, according to the Insomnia Severity Index (ISI) criterion 2902 

[206,388]. Furthermore, 22.5% reported excessive daytime sleepiness according to the Epworth 2903 

Sleepiness Scale (ESS; ≥8) [206]. Another study in a similar cohort reported a mean score of 5.2 ± 5 2904 

and 6.1 ± 5 for the ISI and ESS, respectively; potentially indicating a more serious issue [423].  2905 

4.5.2. Scheduling factors and sleep 2906 

Scheduling factors relate to the time and location that training, fixtures, and other commitments 2907 

professional footballers may encounter, are positioned within their normal routine. Some factors, 2908 

including match location and kick-off time, been highlighted as a major investigative theme within the 2909 

literature. 2910 

4.5.2.1. Matchdays 2911 

In total, seven studies analysed the effect of matchdays (MD) on sleep [273–275,361,362,376]. Four 2912 

studies assessed sleep objectively and three subjectively. In all cases, TDs were used for comparative 2913 

baselines. 2914 

4.5.2.2. Night matches  2915 

The influence of night matches (NM; kick-off times after 1800 hours) was investigated in four studies, 2916 

and sleep disruption is evident across several studies (Figure 27) [273,274,361,376]. Using self-reported 2917 

sleep diaries, male footballers representing top-flight clubs in Germany and the Netherlands [274] 2918 

reported mean sleep duration reductions >3hrs after NM. Results are corroborated by wrist activity-2919 

monitor studies in other top-flight European leagues [273,361,376], albeit with mean sleep loss limited 2920 
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to approximately one hour. Differences in sleep assessment method may explain the differences in sleep 2921 

loss data, however, the post-game travel time relative to each country may also be a factor. 2922 

In all cases, the reduction in sleep quantity occurred in tandem with later sleep-onset times 2923 

[273,274,361,376]. This is likely to be secondary to a plethora of factors, including later kick-offs 2924 

compared to TD commitments, hyperarousal, consumption of so-called pre-match performance 2925 

stimulants [131,251,424], in addition to post-game media, team, and recovery commitments that may 2926 

push sleep onset time back [131,424]. 2927 

Regardless, data suggests that night matches directly or indirectly reduce sleep quality in a period where 2928 

recovery is paramount. The effect this disruption has on performance is unknown, however, Fullagar et 2929 

al. [274] reported reduced perceptions of wellbeing and stress/recovery balance following NMs 2930 

compared to day matches (DMs) and TDs. 2931 

4.5.2.3. Day matches 2932 

DM (KO before 1800 hours) appear to have limited influence on sleep metrics. Carriço et al. [273] did 2933 

note significantly later bedtimes and wake times after DMs, compared to TDs, in 25 professional players 2934 

competing in Portugal. However, objectively derived sleep duration, was unchanged. These results were 2935 

similarly observed subjectively in professional players elsewhere in European top-flight leagues [274], 2936 

and in professional youth players [381]. Although, the latter [381] also reported no significant disruption 2937 

to normal bedtimes or waketimes, in contrast to the studies in senior players  [273,274]. The youth 2938 

players were staying in halls of residence and, therefore, may have kept to a stricter regime. Overall, 2939 

the evidence suggests that day matches are not associated with changes in sleep.  2940 

4.5.2.4. Long-haul travel 2941 

Players engage in international and domestic travel to attend scheduled training camps and/or 2942 

competitive fixtures. Four studies were identified that measured sleep patterns during long-haul travel 2943 

(defined here as air travel >7hrs) [226,227,277,397]. In studies that have monitored players during 2944 

westbound (4 time zones)  [277] and eastbound travel (11 time zones) [397], sleep duration reductions 2945 

were limited to the day of travel only. This suggests that the travel itself is a primary cause of disruption, 2946 

and not the circadian disturbance of traversing time zones [425–427]. That said, the studies cannot 2947 

provide evidence to conclusively demonstrate if the if post-travel sleep was restorative. After eastbound 2948 

travel, players self-reported jetlag symptoms that persisted for at least 5 days [397], a trend observed in 2949 

other athletes [425–427].Studies have shown more notable jetlag symptoms after eastward, compared 2950 

to westward, travel owing to the more rapid circadian realignment after a phase delay [425–427]. 2951 
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Northbound travel does not necessarily require time zone changes, therefore, any circadian disruption 2952 

to sleep may be less of a factor. Lastella et al monitored sleep in layers travelling northward for the 2953 

Asian Champions League and noted that sleep duration was approximately 3.6 hours less on travel days 2954 

compared to non-travel days [226]. However, excluding MD, sleep duration was similar to what was 2955 

experienced in the athletes’ own home (7.0 ± 1.6 hours) and at the travel destination (7.0 ± 2.1 hours). 2956 

In a similar study [227], a reduction in sleep duration was observed on the day before travel, rather than 2957 

the travel day, although, this is possibly due to the differences in departure times between studies. 2958 

Nevertheless, sleep duration on non-travel and non-game days remained similar to sleep recordings 2959 

taken in the footballer’s home. In the data available to date, it appears that sleep disruption is limited to 2960 

the day of travel, rather than the relocation. Future studies should place emphasis on the overall quality 2961 

of sleep after long-haul travel and asses if subsequent sleep is restorative. 2962 

4.5.3. Sleep variation 2963 

4.5.3.1. Intra and inter-microcycle variation in sleep metrics 2964 

Three studies assessed the variation in sleep across a microcycle [275,383,414]. Male academy 2965 

footballers presented with greater objective sleep duration on MD-2, MD-1, and MD compared to 2966 

MD+1 [275], highlighting heterogeneous sleep across different day types. Likewise, using subjective 2967 

monitoring (7 point scale), Thorpe et al. [414] observed a similar pattern in players competing in the 2968 

EPL. Conversely, in Female professionals observed over 7 months, no significant differences in 2969 

perceived sleep quality were found between MD-5, -4, -2, and MD [383]. The reasoning for the disparity 2970 

is unclear. There are several confounders that could feasibly introduce variability throughout the 2971 

microcyle, including travel [226,227,277,397], social jet lag [295], potentially workload [401,409,411], 2972 

or other scheduling variables [274]. Speculatively, players also might report better sleep during the night 2973 

before the match in an effort to increase the likelihood of being involved on MD.[226] 2974 

Sleep may also vary between microcycles. In U18 footballers playing for an EPL Academy (n=12), a 2975 

moderate decrease in subjective sleep quality 24 hours post-MD was reported [395]. However, the same 2976 

decrease was not reproduced in the following week, indicating inter-microcycle variation. As discussed, 2977 

several factors can affect perceptions of sleep, nevertheless, it is possible that the subjective sleep 2978 

reporting was not sensitive enough to detect changes [247–249,395]. That said, sleep is subject to 2979 

normal day-to-day variation. This has been observed in non-athletic populations [381,428,429], 2980 

however, there is evidence that this is exacerbated in footballers. When the objectively derived standard 2981 

deviations of sleep metrics from professional players were compared to age-matched controls, tests 2982 

revealed significantly greater levels of variation in SOL, efficiency, and bedtime [46,376]. 2983 

Consequently, it is plausible that any inter or intra-microcycle heterogeneity is a result of the intra-2984 

individual variation present in footballers. 2985 
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4.5.3.2. Inter-season variation in sleep 2986 

No studies assessed inter-season sleep variation objectively, however, three studies did use Likert-type 2987 

scales [382,403,404]. The results are variable and conflicting. In players representing an EPL Academy 2988 

[404], perceived sleep quality reduced as the season persisted, with the latter two blocks significantly 2989 

reduced compared to the first in-season block, and all in-season blocks significantly lower than pre-2990 

season. This occurred in tandem with increases in stress levels and muscle soreness which could have 2991 

been contributory to a decrease in perceived sleep quality. Contrastingly, two other studies recorded 2992 

increases in sleep quality towards the later mesocycles, compared to pre-season [382,403]. The reasons 2993 

for the discrepancies are not clear. Each study uses different scales in which to judge perceived sleep, 2994 

rendering direct comparisons mute and perceptions may be influenced by the success of the team as a 2995 

whole [249,362,406]. Season-long objective studies are required to fully characterise the variability of 2996 

in-season sleep. 2997 

4.5.4. Influence of workload on sleep 2998 

Several studies have investigated the influence of player workload on sleep 2999 

[44,45,275,391,392,401,408,409,412]. The Hooper index [391,409,410] and other Likert scales 3000 

[44,45,392,401] constitute the primary method to assess sleep in relation to external load. Although, 3001 

there is little to substantiate a clear relationship. Douchet et al. [391] observed that perceived sleep 3002 

quality was reduced after a heavy intensity microcycle, compared to a lighter intensity microcycle, in 3003 

female professional players competing in France. However, similar studies across both youth [44,45] 3004 

and senior [401,409,411] professional demographics have reported no significant relationships. Further, 3005 

no studies have associated cumulative workload with perceived sleep quality. In 10 EPL players, 3006 

monitored over 17 days, significant relationships were found between fatigue and total high-speed 3007 

running (>4m·s−1) [44], suggesting players reacted to changes in workload, however, perceived sleep 3008 

was not affected [44]. In the same cohort, a retrospective analysis assessed the influence of daily 3009 

accumulated loads on subjective sleep quality [45]. Yet, the relationship between perceived sleep quality 3010 

and 2-, 3-, and 4-day accumulated total high-speed distance remained trivial and non-significant. 3011 

The Hooper and similar scales may lack the requisite sensitivity to adequately assess any effect of 3012 

workload on sleep, and more sophisticated sleep diary or objective methodologies may be required. 3013 

Sleep diary analysis revealed significant correlations (r=0.205) between sleep duration and total 3014 

distance in 20 youth professional players who were monitored over 2 weeks [412], potentially 3015 

suggesting a relationship. Likewise, another study observed a significant relationship between total 3016 

high-speed distance (>5.5 m·s−1) and objectively derived sleep metrics in 10 English academy players 3017 

[275]. Nevertheless, the effect sizes were small to trivial, with every 100m increase in high-speed 3018 

distance equating to an additional 1-min, 10-mins, and 10-mins for WASO, time in bed, and sleep 3019 
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duration, respectively. The study also reported that sleep was sensitive to day type (e.g., MD, MD+1 3020 

etc), therefore, the changes could be a consequence of tapering workload and adjusted sleep behaviour.  3021 

Although there is little evidence to support a substantial relationship between external workload and 3022 

sleep, further research is needed. Specifically, investigations that assess the impact of workload on 3023 

subsequent sleep architecture in footballers would enable far greater understanding. 3024 

4.5.5. Other related factors 3025 

The influence of other related on sleep metrics have also been investigated, including match result 3026 

(win/lose), match location (home/away), fixture congestion, quality of opposition, and single compared 3027 

with dual occupancy rooms. However, research within these areas is scarce, therefore, any insights are 3028 

limited to speculation. Nevertheless, emerging investigative trends that may meaningfully impact 3029 

applied practice are highlighted here.  3030 

Match location (home/away) can feasibly impact sleep due to the presence of post-game travel 3031 

commitments. In one season-long study, objectively derived bedtimes and wake times were later after 3032 

away matches compared to home and TDs, however, objective sleep duration was unaffected [273]. 3033 

Another study suggested that subjective sleep quality was reduced after an away match and also 3034 

suggested that subjective sleep was also negatively associated with a loss, or after playing a team 3035 

positioned higher in the league [362]. In this study, more games were lost compared to winning against 3036 

higher-quality teams which may be a confounding factor. A further study [406] noted a better perception 3037 

of sleep after a positive result against teams rated more highly, supporting the notion that mood state 3038 

may be contributory, however, this may also be related to workload. 3039 

Noor et al [405] observed the effects of fixture congestion on self-reported markers of fatigue during 3040 

international fixtures and reported reduced perception of sleep during acute congestion (2 matches in 3041 

<4 days) compared to no match days. As before, this may be related to the effect of workload, but may 3042 

also be influenced by the psychological demands of international competitions. Also, one study reported 3043 

that objective sleep duration and subjective sleep quality were lower in professional youth players that 3044 

shared a room during a training camp, compared to when they slept in individual rooms [389].  3045 

Only one study investigated the influence of Ramadan on sleep in practising Muslim professional 3046 

players [430]. Results suggested a reduction in sleep duration, however, no studies have been completed 3047 

outside of the Middle East, where cultural differences and the extreme heat may impact sleep behaviour 3048 

compared to other leagues [206,430]. Finally, player’s sleep may also be affected by altitude, and, 3049 

although reductions in the quantity of slow-wave sleep and sleep duration have been observed in young 3050 
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players engaged in a 19-day training camp at altitude (3600m) (mean age: 15.6 ± 0.5 years) [196], this 3051 

research has not been repeated in professional players. 3052 

4.5.6. Limitations 3053 

Firstly, this scoping review used the themes highlighted in the literature to structure the subsequent 3054 

discussion. Therefore, it cannot comment on other confounders that are yet to receive investigative 3055 

interest nor can it be known how comprehensive this review is. Furthermore, many studies reviewed in 3056 

this report used Likert scales to assess sleep which may not have been sensitive enough to detect any 3057 

meaningful change. However, considering that this was a scoping review, it is important to include these 3058 

studies. Finally, this scoping review was not registered before its commencement. 3059 

4.5.7. Conclusions and recommendations 3060 

Results suggest that professional football players sleep duration is within national recommendations 3061 

and published norms. However, practitioners should be aware of variable WASO and SOL scores among 3062 

players, and interventions targeting these may be valuable. This scoping review suggests that scheduling 3063 

and workload variables are primary research themes within the literature, with scheduling highlighted 3064 

as a factor that affects sleep in professional players. This is potentially more notable after NM, but not 3065 

DM, possibly secondary to media and travel commitments. Match scheduling is typically out of the 3066 

control of coaches, therefore, proactively adjusting the start time on MD+1 might provide an 3067 

opportunity to increase sleep duration. Travel in general, whether a result of NM, away matches, or 3068 

long-haul travel, was highlighted as a potential barrier to sleep quantity. Consequently, team 3069 

commitments should be scheduled in a way to protect the physiological and cognitive performance of 3070 

the players, and potentially their longer-term health.3071 

Chapter 5 3072 

5. Day type and start time may influence sleep in adolescent 3073 

professional football players 3074 

 3075 

Publications associated with this chapter: 3076 

6. Luke Edinborough, Stewart Bruce-low, Jessica Hill, Jonathon Woodhouse, Mark Jarvis, 3077 

Charles Pedlar (2021). Influence of scheduling on objective sleep metrics in professional U18 3078 
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footballers: a longitudinal observational study. The British Association of Sport and Exercise 3079 

Sciences 2021 annual conference. 3080 

7. Luke Edinborough, Stewart Bruce-low, Jessica Hill, Jonathon Woodhouse, Mark Jarvis, 3081 

Charles Pedlar (2023). Day Type and Start Time May Influence Sleep in Adolescent Professional 3082 

Football Players. Int J Sports Med. DOI: 10.1055/a-1974-5441 3083 

 3084 

This project was also fed back to the players involved in the study my way of a video designed to be 3085 

viewed on a mobile screen (please follow the QR code).  3086 

Password: LE_4_PhD123 3087 

 3088 

  3089 
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5.1. Abstract 3090 

This study assessed if scheduling (start time and day type) and workload variables influenced sleep 3091 

markers (activity monitor) in professional academy footballers (n=11; 17.3 ± 0.7yrs) over a 10-week 3092 

in-season period. Separate linear mixed regressions were used to describe the effect of start time on the 3093 

previous nights sleep, and the effect of day type (matchday, matchday+1) and workload on subsequent 3094 

sleep. Workload variables were modelled by day (day), 7-day (acute), and 28-day (chronic) periods. 3095 

Sleep duration following matchday+1 (400mins; 95%CI:368—432) was significantly reduced 3096 

compared to all other day types(p<0.001). Sleep onset time following matchday (00:35; CI:00:04—3097 

01:12) and wake time on matchday+1 (09:00; CI:08:37—09:23) were also significantly later compared 3098 

to all other day types (p<0.001). Sleep duration (19.1mins; CI:9.4–28.79), wake time (18mins; CI:9.3–3099 

26.6), and time in bed (16.8mins; CI:2.0–31.5) were significantly increased per hour delay in start time. 3100 

When no activity was scheduled sleep duration (37mins; CI:18.1—55.9), sleep onset (42.1mins; 3101 

CI:28.8–56.2), and wake times (86mins; CI:72–100) were significantly extended, relative to a 09:00 3102 

start time. Day, acute, and chronic workloads were associated with sleep onset and wake times only. 3103 

Scheduled start times were associated with changes in sleep duration, therefore, delaying start times 3104 

may increase sleep in this population.  3105 
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5.2. Introduction 3106 

Sleep monitoring methodologies in observational studies have highlighted several factors that may 3107 

influence sleep in professional football players. Notwithstanding the significant inter/intra-individual 3108 

variation [275], studies have also reported differences according to day type (e.g., matchday (MD), 3109 

MD+1) [275], and reduced sleep quality or quantity after night matches [273,361], and travel [226,277]. 3110 

Consequently, there is growing evidence to suggest that competitive scheduling contributes to sleep 3111 

disruption in footballers. As biological chronotype (the intrinsic entrainment of an individual’s circadian 3112 

system to a 24-hour cycle) approaches peak lateness during late adolescence, approximately 104 mins 3113 

later than the lifetime average [431], it follows that scheduling considerations for adolescents and senior 3114 

players should differ.  3115 

Start time (the time players are scheduled to arrive for training or competition) is a consideration that 3116 

coaches arguably have more control over than other scheduling elements. This could be particularly 3117 

pertinent for professional academy (full-time, contracted) players whose chronotype may support a 3118 

delayed start time [175,431]. In adolescent students in the USA (13 to 18yrs), later school start times 3119 

have been associated with longer sleep durations, reduced daytime sleepiness, and improved academic 3120 

performance [175,431]. Professional academy players commitments vary compared to the general 3121 

population, consequently, the influence start time has on professional academy footballers sleep is not 3122 

known. 3123 

Workload may also influence sleep [275], with both workload [33] and suboptimal sleep [48] linked to 3124 

increased injury risk. Yet, reports investigating the impact of workload on subsequent sleep are 3125 

equivocal. In professional rugby league players, higher acceleration/deceleration counts resulted in 3126 

greater sleep efficiency [47], whereas intensified training in endurance athletes resulted in reduced sleep 3127 

duration and efficiency [298]. However, in football a substantial relationship is yet to be presented. In 3128 

English Premier League (EPL) players, no significant link was revealed between total distance covered 3129 

above >4m·s−1 and subsequent perceived sleep quality [44,45], and, while another study [275] did 3130 

observe a significant relationship between distance high speed running (>5.5 m·s−1; HSR) and sleep 3131 

duration, effect sizes were trivial.  3132 

Therefore, the aims of this study were to 1) assess how start time may influence sleep the night before, 3133 

and how day type may influence subsequent sleep; and 2) assess how workload may influence 3134 

subsequent sleep in 18year old (U18) professional footballers. 3135 
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5.3. Materials and methods. 3136 

5.3.1. Participants 3137 

Eleven male U18 outfield professional (full-time, contracted) footballers playing for a category 1 EPL 3138 

academy participated in this study (17.3 ± 0.7yrs; 178.6 ± 7.4cm, 74.8 ± 8.4kg). Players were excluded 3139 

if they had previously self-reported any clinical sleep issues to the club’s medical team. Fourteen players 3140 

were initially recruited but 3 were excluded from the analysis due to lack of adherence (n=2), and 3141 

technology failure (n=1). All players were living at home or with host families throughout the duration 3142 

of the study and travelled to training via their own means or a minibus service provided by the club. 3143 

Informed participant and parental consent were obtained before data collection and this study was 3144 

approved by the ethics committee at St Mary’s University, Twickenham.  3145 

5.3.2. Experimental design 3146 

This was a longitudinal, observational study which spanned a 10-week in-season period during the 3147 

20/21 season and, therefore, subject to National and Football Association COVID-19 regulations. 3148 

However, players continued their normal uninterrupted competitive schedule throughout the study. The 3149 

study included 9 matches (66.7% home) and all kick-offs were before 1300. A typical training week is 3150 

described in Table 8. Player sleep was monitored objectively using activity monitors (ReadiBand, 3151 

Fatigue Science, Vancouver BC, Canada). Data were then categorised by day type (activity of the day, 3152 

relative to match day, eg MD, MD+1) and start time (the time players were scheduled to arrive at the 3153 

training ground). Throughout training and matches, players workload was quantified using the Global 3154 

positioning system (GPS) and accelerometry (Viper V.2, StatSports, Ireland) data routinely collected by 3155 

the club. This has been validated against radar gun over predefined distances [42] . Periods of 3156 

injury/illness were excluded. 3157 

 3158 

 3159 

 3160 

 3161 

 3162 

 3163 

 3164 
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 3165 

5.3.3. Sleep monitoring 3166 

Players wore activity monitors on their non-dominant wrists. Nocturnal movements were then used to 3167 

estimate time-in-bed, sleep duration, sleep quality, wake after sleep onset (WASO), sleep latency and 3168 

sleep onset time. ReadiBands have demonstrated good inter-device reliability and accuracy compared 3169 

to polysomnography [198,199]. The devices were synced to cloud-based software by training staff who 3170 

also requested and logged information on naps. Activity monitors can interpret sedentary periods (e.g., 3171 

travel) as sleep, therefore, any periods where the device registered sleep before 21:30 were removed 3172 

after self-reported naps were accounted for. Activity monitors were worn for an average of 52% of 3173 

nights that they were requested to be worn (Table 9). Forgetfulness was most often cited for non-3174 

adherence. Players who wore the devices for less than 14 days were excluded (n= 2). 3175 

5.3.4. Start time and day type 3176 

Separate statistical models were generated for start time and day type. The day types were training day 3177 

(TD, a normal training day), match day (MD, a day in which a competitive fixture is played), pre-match 3178 

training day (MD-1, a normal training day the day before a MD) and post-match day (MD+1, the day 3179 

after MD). As the players scheduled day off, no start time was available for MD+1. Therefore, to 3180 

elucidate the complete influence of start time on sleep metrics, two separate start time models were 3181 

generated. First, start time was coded as a categorical variable with no scheduled activity (NSA) 3182 

imputed as the start time for MD+1. Start time was then analysed under the following categories: 08:00, 3183 

08:15, 09:00, 09:30, 10:00, 11:15, NSA. Data were compared against a 09:00 start time as the most 3184 

frequent start time. Second, NSA was excluded from the dataset and start time was modelled 3185 

continuously. 3186 

Table 8: Typical in-season week for the U18 footballers involved in this study 

Day AM PM 

Monday (TD) Education Training 

Tuesday (TD) Training Gym training/ Injury prevention/ technical 

skills training/ analysis 

Wednesday (TD) Gym training/ Injury prevention, 

technical skills training/ analysis 

Education 

Thursday (TD) Education Training 

Friday (MD-1) Training Team meeting 

Saturday (MD)  Matchday 

Sunday (MD+1) Off/ rest day 

Training day (TD) 

Matchday minus one (MD-1) 

Matchday plus one (MD+1) 

Matchday (MD) 
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An individual’s chronotype can be quantified through their mid-sleep point on work-free days [431]. 3187 

As MD+1 had no scheduled activity, it was assumed that players were more likely to initiate sleep on 3188 

MD and wake on MD+1 without any influence from scheduling demands [431]. The authors accept that 3189 

an accurate chronotype may not be calculated due to the effects of MD exertion on sleep drivers, 3190 

nevertheless, the lack of scheduling on MD+1 provides a proxy for when sleep is supposed to occur 3191 

naturally to estimate chronotype. Consequently, for reference purposes only, chronotype was calculated 3192 

as the midpoint between sleep onset on MD and the wake time on MD+1 [431]. 3193 

5.3.5. External load 3194 

GPS data were used to quantify workload during training and matches. The players donned a vest that 3195 

placed a GPS and accelerometry unit between the scapulae. The unit sampled GPS and accelerometry 3196 

data at 10 Hz and 100 Hz, respectively, and was downloaded using specialist software (Statsports 3197 

APEX). To assess the influence of workload on sleep metrics, HSR distance (total distance (m) covered 3198 

at running speeds >5.5m·s-1; HSR) was used as a global measure of external load, as per previous 3199 

research [44,45,275] and due to its association with injury occurrence in U18 footballers [33]. 3200 

Additionally, high-speed decelerations (a decrease in speed for at least half a second with maximum 3201 

deceleration in the period of at least 0.5m·s-2, DEC), and high-speed accelerations (an increase in speed 3202 

for at least half a second with maximum deceleration in the period of at least 0.5m·s-2; ACC) were 3203 

included due to their links with muscle damage and possible pain that may disrupt sleep during 3204 

nocturnal movements [36]. Each variable was sampled by day (day), accumulated 7day (acute), and 3205 

accumulated 28day (chronic). High chronic (relative risk (RR): 2.14; p=0.003) and acute (RR:1.73; 3206 

p=0.029) HSR has been associated with increased overall injury risk in a similar cohort (U18 3207 

footballers, 17.3±0.9yrs) [33]. HSR is reported per 100m. DEC and ACC are reported per 10 actions. 3208 

5.3.6. Statistical analysis 3209 

Linear mixed modelling (LMM) were performed for all analysis with activity monitor-derived sleep 3210 

metrics imputed as the dependant variable and random slopes and intercepts generated for each 3211 

individual [432]. To assess differences in sleep according to day type, a regression was performed with 3212 

Bonferroni post hoc. The mid-point of sleep between MD sleep onset and MD+1 wake time was derived 3213 

from this model. Separate regressions were performed for start time viewed continuously (excluding 3214 

NSA), and categorically. Finally, the influence of DEC, ACC, and HSR was assessed through separate 3215 

multiple regressions with day, acute, and chronic workloads as the predictor variables. All data were 3216 

analysed using the R statistical environment (The R Foundation for Statistical Computing) in Rstudio 3217 

(Boston, USA). Blank code can be found in the Appendix (Appendix 2: Chapter 5 supplementary 3218 

materials). All data are presented with estimates and 95% confidence intervals (CI), and P<0.05 was 3219 

considered statistically significant.  3220 
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5.4. Results 3221 

Data from 402 nights were collected. Multiple regressions require data from all predictor variables to 3222 

be available. This reduced the data available for the workload models (Table 9).  3223 

Table 9: Total number of observations per linear mixed model 

Variable Number of 

observations 

Observations per participant (mean ± SD, 

min, max) 

Day type 402 36.5 ± 11.7, 18, 56 

TD 265  

MD-1 52  

MD 33  

MD+1 52  

Start time (categorical) 402 36.5 ± 11.7, 18, 56 

08:00 10  

08:15 7  

09:00* 244  

09:30 28  

10:00 67  

11:15 8  

NSA 38  

Start time (continuous) 364 33.1 ± 10.1, 16, 49 

08:00 10  

08:15 7  

09:00 244  

09:30 28  

10:00 67  

11:15 8  

Workload 250 22.7 ± 7.8. 14, 38 

TD (training day) 

MD (match day) 

NSA (no scheduled activity) 

* Used as reference start time 

 3224 

5.4.1. Day type and start time 3225 

Sleep duration (p<0.001) was significantly reduced following MD+1 (400mins, CI:368—432) 3226 

compared to all other day types (TD: 430mins, CI:400—459, p=0.007; MD: 456mins, CI:422—490, 3227 

p<0.001; MD-1:433mins, CI:401—465, p=0.03). Time-in-bed was significantly longer (p=0.009) 3228 

following MD (570mins, CI:535—605mins) compared to MD+1 (506, CI:476—537mins; p=0.005) 3229 

and TD (529, CI:505—552; p=0.047). Sleep onset time was significantly later (p<0.001) following MD 3230 

(00:35, CI:00:04—01:12) compared with all other day types (MD-1: 23:47, CI:23:17—00:14, p<0.001; 3231 

MD+1:00:03, CI:23:33—00:29, p=0.009; TD: 23:56, CI:23:27—00:29, p<0.001). Wake time was 3232 

significantly later on MD+1 (09:00, CI:08:37—09:23mins) compared with all other day types (TD: 3233 

07:44, CI:07:26—08:01, p<0.001; MD-1: 07:38, CI:07:16—07:58, p<0.001; MD: 07:42, 3234 

CI:07:20:38—08:04, p<0.001) (Figure 30).  Based on the available data from MD (n=33), mid-sleep 3235 

point (chronotype) is estimated at 04:46 ± 00:44, (CI: 04:19–05:13).   3236 
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Figure 30: Estimated marginal means ± 95% confidence intervals for activity monitor derived sleep metrics 

across the 4-day types. For reference, the dashed line on sleep duration represents 420 mins. Training day (TD), 

Matchday (MD), the day before MD (MD-1), day after MD (MD+1), time awake after sleep onset (WASO). 

Number of observations: TD (265), MD-1 (52), MD (33), MD+1 (52). *Significantly different from all other 

day types (p<0.05). #significantly different from MD (p<0.05) 

 3237 

 3238 
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When start time was analysed continuously, time in bed (16.8mins, CI:2–31.5; p=0.026), sleep duration 3239 

(19.1mins, CI:9.4–28.79; p<0.001), and wake time (18mins, CI:9.3–26.6; p<0.001) significantly 3240 

increased per hour delay in start time. Relative to a 09:00 start time, sleep duration was extended during 3241 

the night preceding all other start times, with the exception of a 11:15 start time (09:30: 31.7mins, CI: 3242 

9.51–53.96, p= 0.0052; 10:00: 17.7mins, CI: 2.72 – 32.67, p=0.0198; and NSA: 37mins, CI: 18.1–55.9, 3243 

p<0.001). Compared to the reference 09:00 start time, wake time was later than on all other start times, 3244 

with the exception of 11:15 (09:30: 38mins, CI: 14–62, p<0.001; 10:00: 22min, CI: 14–0.30, p=0.001; 3245 

and NSA 86mins, CI:72–100, p<0.001). Sleep onset time was also significantly later the night before 3246 

NSA (42mins, CI:29–55; p<0.001) compared to all other start times. Time-in-bed (45mins, CI:17–73; 3247 

p=0.002) and WASO (7.4mins, CI:0.2–14.6; p=0.044) the night before NSA were significantly greater 3248 

than on 09:00 start time days. Sleep latency on 10:00 start time days (-8.5mins, CI: -14.5– -2.6; p=0.006) 3249 

was significantly reduced compared to 09:00 start time days (Figure 31 and Figure 32). 3250 
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Figure 31: Data visualisation for the continuous start time model (left) and categorical start time model (right) 

for time in bed, sleep duration, wake time, and sleep onset. Data are presented as beta estimates ± 95% 

confidence intervals (grey area). No scheduled activity (NSA). 08:00 (10), 08:15 (7), 09:00 (244), 09:30 (28), 

10:00 (67), 11:15 (8), NSA (38). * p<0.05   ** p<0.01   *** p<0.001 

 3251 

 3252 
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Figure 32: Data visualisation for the continuous start time model (left) and categorical start time model (right) 

for wake after sleep onset (WASO), sleep latency, sleep efficiency, and quality. Data are presented as beta 

estimates ± 95% confidence intervals (grey area). No scheduled activity (NSA). 08:00 (10), 08:15 (7), 09:00 

(244), 09:30 (28), 10:00 (67), 11:15 (8), NSA (38). * p<0.05   ** p<0.01   *** p<0.001 

 3253 
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5.4.2. Workload 3254 

Each 100m increase in Day HSR resulted in a 4.48 min (CI:2.78–6.58min; p<.001) later sleep onset 3255 

time and a 3.38min (CI:1.27–5.5mins; p=0.002) later wake time the following morning. Contrastingly, 3256 

each 100m increase in acute HSR accounted for a 1.22min (CI:-2.27– -0.17; p=0.024) earlier sleep 3257 

onset time. Each 100m increase in chronic HSR also accounted for a 2.58mins (CI:-4.87–-0.3; p=0.027) 3258 

earlier sleep onset time and a 4.13mins (CI:-6.58– -1.68; p=0.001) earlier wake time. For every 10 DEC 3259 

and 10 ACC, modelling revealed that sleep onset time was 0.9min (CI:-1.7– -0.1; p=0.004) and 1.32min 3260 

(CI:-2.2– -0.42; p=0.026) earlier, respectively (Table 10). There was no significant change in sleep 3261 

duration as a result of workload. 3262 

 3263 
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 3264 

Table 10: Results from the linear mixed multiple regression models for each activity monitor derived sleep metric with day (1 day workload), acute (accumulated 7 day 

workload), chronic (accumulated 28 day workload), workloads for high-speed distance, high-speed accelerations, and high-speed deceleration as the predictor variables. Beta 

values represent the estimated outcome change per unit change of the predictor and are presented with 95% confidence intervals.  

  Latency (mins) WASO (mins) Quality Time in bed (mins) Sleep duration (mins) Efficiency (%) 
Sleep Onset time 

(mins) 

Wake time 

(mins) 

Predictor High-speed running (100m) 

Day 
-0.64 -0.16 0.03 -2.27 -1.37 0.10 4.68*** 3.38** 

(-1.62 – 0.33) (-1.25– 0.94) (-0.06– 0.12) (-5.92 – 1.38) (-4.14– 1.40) (-0.30 – 0.50) (2.78– 6.58) (1.27–5.5) 

Acute 
0.24 -0.04 -0.01 -0.17 0.31 0.10 -1.22* -0.15  

(-0.28 – 0.76) (-0.66 – 0.57) (-0.06– 0.04) (-2.17 – 1.83) (-1.22 – 1.84) (-0.12 – 0.32) (-2.27– -0.17) (-1.32–1.27) 

Chronic 
-0.14 0.54 -0.09 2.45 -1.71 -0.43 -2.58* -4.13*** 

(-1.18 – 0.90) (-0.81 – 1.88) (-0.20– 0.02) (-1.46– 6.36) (-4.96 – 1.54) (-0.91 – 0.05) (-4.87– -0.3) (-6.58– -1.68) 

 High-speed accelerations (10 occurrences) 

Day 
-0.05 -0.04 -0.04 -1.32 -2.35 -0.22 -0.4 -2.65 

(-1.34 – 1.24) (-1.47 – 1.39) (-0.16 – 0.07) (-6.28 – 3.64) (-6.07 – 1.37) (-0.76 – 0.33) (-3.13–2.32) (-5.67–0.38) 

Acute 
0.16 0.31 -0.02 0.07 0.2 0.05 -0.9* -0.65 

(-0.21 – 0.52) (-0.11 – 0.74) (-0.05 – 0.01) (-1.35 – 1.48) (-0.88 – 1.28) (-0.11 – 0.21) (-1.7– -0.1) (-1.32–0.22) 

Chronic 
-0.23 -0.21 0.02 -0.64 -0.74 0.04 0.23 -0.97 

(-0.84 – 0.38) (-0.93 – 0.51) (-0.04 – 0.08) (-2.86 – 1.58) (-2.56 – 1.07) (-0.23 – 0.31) (-1.12–1.58) (-2.4– 0.47) 

 High-speed decelerations (10 occurrences) 

Day  
-0.05 -0.04 -0.04 -1.32 -2.35 -0.22 1.67 -1.47 

(-1.34 – 1.24) (-1.47 – 1.39) (-0.16 – 0.07) (-6.28 – 3.64) (-6.07 – 1.37) (-0.76 – 0.33) (-1.38–4.71) (-4.9– 1.97) 

Acute 
0.16 0.31 -0.02 0.07 0.2 0.05 -1.32** -0.72 

(-0.21 – 0.52) (-0.11 – 0.74) (-0.05 – 0.01) (-1.35 – 1.48) (-0.88 – 1.28) (-0.11 – 0.21) (-2.2– -0.42) (-1.72–0.27) 

Chronic 

 

-0.23 -0.21 0.02 -0.64 -0.74 0.04 0.68 -0.57 

(-0.84 – 0.38) (-0.93 – 0.51) (-0.04 – 0.08) (-2.86 – 1.58) (-2.56 – 1.07) (-0.23 – 0.31) (-0.6– 1.98) (-1.97– 0.85) 

Day (1 day workload), acute (accumulated 7 day workload), chronic (accumulated 28 day workload), Wake after sleep onset (WASO). * p<0.05,   ** p<0.01,   *** p<0.001. 

3265 
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5.5. Discussion 3266 

This explorative longitudinal study assessed whether day type, start time, and workload accounted for 3267 

any variability in activity monitor-derived sleep metrics in U18 professional footballers.  3268 

To the author's knowledge, this is the first study to examine the influence of start time on sleep variables 3269 

in this population. Analysis suggests that start time is a significant factor in the amount of sleep achieved 3270 

by U18 footballers, with an estimated sleep extension of 19.1mins (CI: 9.4–28.79) per hour delay in 3271 

start time. This also occurred in tandem with later wake times (18mins, CI:9.3–26.6), with no significant 3272 

change to sleep onset times (p>0.05). To some extent, start time is likely to be related to day type, for 3273 

example, the scheduled start time on MDs may depend on travel or kick-off time, however, start time 3274 

is still a manipulatable variable, notably on TDs where coaches may have greater control.  3275 

Despite sleep extensions, it is not clear to what magnitude start time would have to be manipulated to 3276 

produce a meaningful well-being or performance benefit. Whilst sleep extension protocols in athletes 3277 

are limited to the collegiate level, studies have demonstrated improvements in daytime sleepiness and 3278 

performance. However, extensions of ≥90mins were used [433]. The required magnitude of start time 3279 

manipulation to generate synonymous levels of sleep extension may be unfeasible. Nevertheless, similar 3280 

levels of sleep extension have also been reported in a cross-sectional study in American High Schools 3281 

(13 to 18yrs) where each 30mins delay in school start time yielded 12mins of additional sleep [173]. 3282 

Further studies have linked extensions to school start time with reductions in daytime sleepiness and 3283 

improved academic performance [175]. Therefore, delaying start time may support adolescent 3284 

footballers by increasing the available window for sleep. This may also be strengthened by encouraging 3285 

earlier sleep onset times, although, this may not be supported by their intrinsic chronotype [431].  3286 

The players studied (17.3 ± 0.7yrs) presented with a similar mid-sleep point (04:46 ± 00:44) as a 3287 

similarly aged non-athletic population (17yrs, n=458, 04:35 ± 02:14)[431]. Whilst it is acknowledged 3288 

that the chronotype calculation cannot be robust due to the unknown inference of MD, it does follow 3289 

that the players may benefit from a later start time [431]. 3290 

Coaches should also be aware that player sleep habits may differ as a result of days off. In the present 3291 

study, sleep onset time was later on the nights preceding NSA (42.1mins, CI:28.8–56.2), occurring 3292 

alongside later wake times (86mins, CI:72–100) and an extended sleep duration start time (37mins, CI: 3293 

18.1–55.9), relative to a 09:00, on NSA. The change may be due to players electing to use their free 3294 

time to engage in social activities and/or delay sleep in anticipation of their day off. Regardless, the 3295 

change may generate circadian misalignment as players subsequently readjust sleep behaviour to 3296 

coincide with training schedules; a phenomenon termed social jetlag [295]. 3297 
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WASO on NSA days was also longer (7.4min, CI:0—14.8) compared to a 09:00 start time. The 3298 

reasoning is not clear; however, this may be due to increased electronic device use or social jetlag 3299 

[168,295]. Sleep latency the night before a 10:00 start time was also lower with no obvious explanation. 3300 

It may be related to pre-MD nerves with a 10:00 start more likely associated with MD, rather than TD. 3301 

Later start times may have exhibited a similar trend if a greater number of data points were available 3302 

(11:15, n=8). 3303 

Sleep duration was shorter following MD+1 in comparison to all other day types. These findings are in 3304 

line with other results in similarly aged footballing cohorts [275]. The reduction may be a result of a 3305 

reduced workload on MD+1 as a rest day. However, we were unable to monitor workload on MD+1 as 3306 

it was exclusively the players day off (i.e., they did not train or play), so this cannot be assessed. 3307 

Alternatively, without the presence of scheduling pressures, players may have chosen to modulate their 3308 

sleep and social activities resulting in circadian misalignment [275,295] and reduced sleep on MD+1 3309 

[275]. 3310 

Only sleep onset and wake times were associated with workload, however, results are conflicting. We 3311 

report that for every 100m increase in day HSR, sleep onset and wake time are extended by 4.68min 3312 

(CI:2.78—6.58mins) and 3.38mins (CI: 1.27—5.5mins), respectively. Yet, chronic HSR appeared to 3313 

have the opposite effect, with every 100m increase resulting in an earlier sleep on onset time (-2.58mins, 3314 

CI: -4.87— -0.3mins) and waketime (-4.13mins, CI: -6.58— -1.68mins). This may suggest a different 3315 

interaction between day and chronic workloads on subsequent sleep, however, sleep duration was not 3316 

affected.  3317 

The current study does not rule out any influence of workload on sleep. Activity monitors interpret 3318 

nocturnal movements to infer sleep metrics [198,199]. Polysomnography studies in footballers would 3319 

be needed to conclusively determine if workload affects sleep architecture. Results are not dissimilar to 3320 

other studies. In English Premier League players, 1, 2, 3, and 4-day accumulated high-intensity running 3321 

(classified as total distance >4m·s−1) were not associated with perceived sleep quality [44,45]. However, 3322 

in professional youth players, Whitworth-Turner et al [275] reported a significant relationship between 3323 

total HSR (>5.5 m·s−1) and subsequent objective sleep metrics. While differences in how workload was 3324 

classified, and how sleep was measured, may account for discrepancies between studies, Whitworth-3325 

Turner et al [275] still reported only trivial increases in WASO, time in bed, and sleep duration per every 3326 

100m increase in HSR.  3327 

This study is limited by players' adherence to wearing their devices, as results may be biased against 3328 

periods of non-adherence. Furthermore, this study was completed during the COVID-19 pandemic. 3329 

Whilst data collection was not interrupted by lockdowns there may have been a latent effect of 3330 

lockdowns on behaviour and chronotype [434]. This study also did not record any subjective measures; 3331 
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thus, it is unclear if participants perceived an effect to the investigated variables. This data may also not 3332 

reflect the sleep behaviours of other academy cohorts or senior players with differing schedules and 3333 

pressures. 3334 

5.5.1. Conclusions 3335 

In conclusion, start time appeared to influence the total sleep duration that the U18 professional 3336 

footballers obtained, in tandem with changes in wake times. Further interventional studies are needed 3337 

to determine any effect on performance or well-being. Day type was also associated with sleep, with 3338 

MD+1 exhibiting reduced sleep duration, and this may be attributable to a form of social jetlag. 3339 

Commensurate with previous reports, there was little evidence to suggest that workload affected activity 3340 

monitor-derived sleep metrics. 3341 

  3342 
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Chapter 6 3343 

6. Sensitivity to sleep loss: a Method Agreement study 3344 

between three fatigue-related measures. 3345 

 3346 

This chapter presents a method agreement study and an retrospective analysis that assess a novel 3347 

oculomotor assessment that may be suitable to detect sleep loss in a professional sporting environment. 3348 

However, during period in which this study was conducted, Southampton FC still had tightened access 3349 

to its players due to the COVID-19 pandemic. Considering the potential financial and performance 3350 

implications of a COVID-19 outbreak within a team, the English Premier League maintained greater 3351 

precautions for a longer time than the public. Therefore, this study utilises volunteers from St Mary’s 3352 

University, Twickenham, and Royal Navy Divers for the method agreement and retrospective analysis 3353 

portions of the study, respectively. This gave an opportunity to study within a population that is in a 3354 

similar age range and one that experiences contextual factors that limits the amount time available for 3355 

sleep.  3356 
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6.1. Abstract 3357 

There is growing research suggesting that a smooth pursuit oculomotor assessment may be sensitive to 3358 

changes in sleep and may support the assessment of sleepiness in athletes. Therefore, the aims of this 3359 

study were (1) to investigate if an eye-tracking smooth pursuit assessment is sensitive to day-to-day 3360 

variation in quality and quantity, and (2) to assess if the test can detect sleep loss in footballing 3361 

environments. This study presents data from a Method Agreement study in 14 healthy participants (Part 3362 

1) and a Retrospective Analysis from 9 Royal Navy Clearance Divers (RNCD) (Part 2). Part 1: In the 3363 

Method Agreement study, participants completed a smooth pursuit oculomotor task, a psychometric 3364 

vigilance task (PVT), and the Epworth Sleepiness scale (ESS) for 5 consecutive days while reporting 3365 

subjective sleep metrics (sleep diary), in free-living conditions. Associations between the subjective 3366 

sleep metrics and the outcome variables were assessed using linear mixed model regression analysis 3367 

and correlations determined the strength of any relationships between the outcome metrics. No 3368 

significant associations were revealed between the subjective sleep metrics and the smooth pursuit, 3369 

PVT, or ESS outcome variables (p>0.05). However, smooth pursuit radial variation and ESS global 3370 

scores were significantly correlated (r=0.33, p=0.0049). Part 2: In the Retrospective Analysis, the 3371 

RNCD’s completed a baseline week followed by a Fatigued Phase (lasting 1 week) which generated 3372 

significant sleep loss (Baseline: 7.08 ± 1.05 hrs; Fatigue Phase: 4.33 ± 1.05 hrs). Objective sleep metrics 3373 

were monitored across both phases and participants completed the smooth pursuit oculomotor task and 3374 

PVT each morning. Smooth pursuit mean phase error (p=0.049) as well as PVT mean reaction time 3375 

(p<0.001), mean reaction time standard deviation (p=0.030), and median reaction time (p<0.001) were 3376 

significantly impaired during the Fatigue phase compared to the Baseline phase. Subsequent regression 3377 

analysis revealed that the PVT mean reaction time (p<0.001) and median reaction time (p<0.001), but 3378 

not PVT mean reaction time standard deviation (p=0.131) or smooth pursuit mean phase error 3379 

(p=0.121), were significantly associated with sleep duration. Overall, results suggest that the smooth 3380 

pursuit assessment did not have the requisite sensitivity to detect daily fluctuations in sleep quality, nor 3381 

was it sensitive to the magnitude of sleep loss experienced by the RNCD. Further research should 3382 

investigate the relationship between oculomotor function and sleep to elucidate the most sensitive 3383 

metrics to sleep loss. 3384 

  3385 
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6.2. Introduction 3386 

Sleep is considered essential to the maintenance of normal cognitive [17] and physiological homeostasis 3387 

[16]. However, professional footballers encounter several factors that may affect their quantity and 3388 

quality of sleep, including day type [275], travel [226,277], night matches [273,361], and fixture results 3389 

[362]. Therefore, the development of non-invasive performance measures that are sensitive to sleep 3390 

loss, or reductions in sleep quality, would be useful to practitioners to assess the sleepiness state of their 3391 

players and assess athletic readiness. Assessments including the psychomotor vigilance task (PVT-10 3392 

[209]) have previously been shown to be sensitive to sleep loss [207], however, this requires participants 3393 

to remain engaged throughout the 10-minute assessment. Nonetheless, there is growing research that 3394 

suggests that a smooth pursuit oculomotor assessment may be sensitive to reductions in sleep 3395 

quality/quantity and, consequently, may be well-placed to provide coaches with an objective assessment 3396 

of player sleep state [212,215,435]. 3397 

Smooth pursuit eye movements enable humans to maintain visual acuity whilst tracking a target [436]. 3398 

Whilst this process may appear relatively simple, there are complex spatial and temporal predictions 3399 

that circumnavigate the visuomotor processing delay between the target moving and the eye adjusting 3400 

its position to maintain the target's image on the fovea [212,436]. In short, these predictions allow the 3401 

eye and target to be synchronised during continuous tracking [212,436]. However, these processors are 3402 

also sensitive to sleep loss and circadian misalignment. Consequently, performance on a smooth pursuit 3403 

task may assist the assessment of sleep state in footballers [437], especially considering such tasks are 3404 

time efficient (~3 mins) and can be completed using novel eye tracking headsets (ETHS) [212,215,435]. 3405 

Research has demonstrated clear reductions in smooth pursuit performance after sleep deprivation. In a 3406 

military sample, investigators noted a significant decline in eye-tracking performance after 20hrs and 3407 

24hrs of total sleep deprivation, compared to a well-rested state [211]. Likewise, in participants that 3408 

maintained wakefulness for approximately 26hrs, authors report significantly reduced visuomotor 3409 

precision. However, they also noted an adaption in predictive mechanisms as participants performed 3410 

significantly more corrective saccades (rapid eye movements used to relocate the target) when sleep-3411 

deprived, compared to baseline measures [438], highlighting a measurable pattern in sleep deprived 3412 

participants. A further investigation that utilised a similar sleep deprivation protocol noted that sleep 3413 

loss generated significantly greater gaze position variability in the horizontal, and not tangential, 3414 

direction. This indicates that spatial acuity was significantly affected, whilst temporal indices were 3415 

preserved [210]. Further studies have also observed reduced binocular coordination during the smooth 3416 

pursuit of total sleep loss [437]. 3417 

Whilst these studies indicate that smooth pursuit performance is sensitive to sleep loss, the majority of 3418 

studies thus far have focused on military populations exposed to total sleep deprivation (>24hrs). 3419 
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Although the sleep of professional footballers has been reported to be variable [46,278], and suboptimal 3420 

[279], total sleep deprivation is not the reality faced by footballers [273]. Consequently, for smooth 3421 

pursuit performance to be efficacious in applied environments, tests have to show sensitivity to daily 3422 

fluctuations in sleep quality. Unfortunately, the COVID-19 pandemic limited access to the players at 3423 

Southampton FC, as the English Premier League placed controls to limit the risk of transmission. 3424 

Therefore, in lieu of professional football players, participants of a similar age were recruited, and data 3425 

was analysed in tandem with a cohort of trainee Royal Navy Divers who were subjected to contextual 3426 

factors that limited the time available for sleep. Viewed together, this gave an opportunity to assess the 3427 

utility of a novel eye-tracking smooth pursuit assessment in an applied environment in populations who 3428 

experience similar contextual factors as a professional footballing cohort. 3429 

Therefore, the aims of this study were (1) to investigate if an eye-tracking smooth pursuit assessment 3430 

is sensitive to day-to-day variation in sleep metrics, and (2) to assess if the test can detect the presence 3431 

of sleep loss in a military training environment with prescribed sleep deprivation. 3432 

6.3. Methodology 3433 

There were two protocols in this study (Figure 33). The first (Part 1) represents a Method Agreement 3434 

analysis between a novel oculomotor smooth pursuit test, the PVT-10, and a subjective assessment of 3435 

daytime sleepiness (Method Agreement). The second (Part 2) is a Retrospective Analysis on smooth 3436 

pursuit performance and PVT-10 data collected across a baseline and a fatiguing week in military divers 3437 

(Retrospective Analysis).  3438 

  3439 
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A 
 

B 
 

Figure 33: Protocol schematics for (A) the Method Agreement, and (B) the Retrospective Analysis.   

 3440 

6.3.1. Methodology Part 1: Method agreement 3441 

6.3.1.1. Method Agreement: Participants 3442 

Fourteen (m=9, f=5) participants were recruited for this study (age: 27.5 ± 4.4yrs, weight: 75.9 ± 15kg, 3443 

height: 173.2 ± 10.9cm). Therefore, this study was identically powered to other method agreement 3444 

studies utilising the PVT-10 [209]. Participants were included if they were aged between 18-35 and free 3445 

from any diagnosed sleep issues. Throughout the research period, participants were asked to maintain 3446 

their normal dietary and exercise habits but refrain from caffeine until after the testing sessions. 3447 

Participants were familiarised with all procedures before the start of the study. Informed consent was 3448 

obtained from each participant before data collection and ethical approval was provided faculty ethics 3449 

board at St Mary’s University, Twickenham. 3450 

6.3.1.2. Method Agreement: Procedure 3451 

After a familiarisation session, participants reported to the lab on 5 consecutive days for testing. Testing 3452 

was completed between 08:00 am and 11:00 am and each participant attended a consistent time slot. 3453 

Participants completed the smooth pursuit oculomotor test using an ETHS headset (EyeSync®, 3454 

ThinkSync, Palo Alto, CA), the PVT-10 using a laptop computer, and a paper version of the Epworth 3455 

Sleepiness scale (ESS). The order of the tests was randomised by assigning a number to each test and 3456 
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then using a random number generator (random.org) to select the tests. All tests were completed in an 3457 

isolated area to prevent distractions. Each morning on wake participants completed the Consensus Sleep 3458 

Diary [439] where they self-reported the time they got into bed, the time they attempted sleep, 3459 

waketime, the time they got out of bed, sleep onset latency, number of nighttime awakenings, time spent 3460 

awake after sleep onset, and subjective sleep quality. The sleep diary was formatted as an online form 3461 

and sent to each participant the night prior to each testing session.  3462 

6.3.2. Methodology Part 2: Retrospective analysis 3463 

6.3.2.1. Retrospective Analysis: Participants 3464 

Eight male Royal Navy Clearance divers (RNCD) volunteered to participate in this research (age: 29 ± 3465 

3yrs, height: 182 ± 6cm, weight: 81.8 ± 4.8kg). All participants provided written informed consent 3466 

following a written and verbal brief of all the procedures, at least 24 hours before the first day of data 3467 

collection. Ethical approval was provided by the Ministry of Defence Ethics Committee (MODREC) 3468 

(Protocol number: 2088/MODREC/21) and the data were retrospectively analysed with permission. 3469 

6.3.2.2. Retrospective Analysis: Procedure 3470 

This study design consisted of two 5 day (Monday - Friday) periods separated by a weekend and was 3471 

situated during weeks 11 and 12 of the RNCD training course, respectively. Week 1 (Baseline Phase) 3472 

involved a mix of scheduled low-level training, classroom lessons, maintenance and scheduled dives 3473 

all occurring within normal working hours (08:00-16:00hrs). Week 2 (Fatigued phase) was scheduled 3474 

to simulate the high intensity of Fleet operations by requiring personnel to complete repeated dives or 3475 

periods of standby during both day and night (extended working hours: 08:00-00:00 hours), leading to 3476 

significant sleep loss (Table 11). Participants were expected to be in a relatively non-fatigued state 3477 

during the Baseline Phase, and relatively fatigued (loss of sleep) during the Fatigued Phase. 3478 

During both the Baseline Phase and the Fatigue Phase, participants reported to a classroom at 08:00hrs 3479 

for testing, which consisted of the smooth pursuit oculomotor test using an ETHS headset (EyeSync®, 3480 

ThinkSync, Palo Alto, CA) and the PVT-10 using a laptop computer. Both tests took place in a secluded 3481 

area, away from any distractions. Sleep was measured objectively using a ReadiBand wrist-actigraphy 3482 

device (Fatigue Science Inc., Canada) whereby nocturnal movements detected by the device are 3483 

converted by built-in algorithms to predict participant sleep quantity, sleep quality, awakenings per hour, 3484 

total awakenings, wake after sleep onset (WASO), sleep latency, sleep onset time and wake time. 3485 

ReadiBands have demonstrated good inter-device reliability and accuracy compared to 3486 

polysomnography [198,199]. Bands were given to participants 3 days before the Baseline Phase, and 3487 

they were asked to wear them continuously (except for dives). Data from the bands was synced to cloud-3488 

based software using a proprietary iPad application.  3489 
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6.3.3. Methodology general procedures 3490 

6.3.4. Smooth pursuit test 3491 

The Method Agreement and the Retrospective Analysis both followed the same protocol for the smooth 3492 

pursuit test. Participants sat with their elbows on a table and held the ETHS headset to their eyes. 3493 

Participants were instructed to place their thumbs or part of their hands on their faces/heads to stabilise 3494 

the device. The EyeSync® device consisted of virtual reality goggles embedded with infra-red eye-3495 

tracking sensors that determined ocular movements and predicted gaze position and velocity using 3496 

proprietary algorithms. The researcher ensured that the headset was correctly positioned by asking the 3497 

participant to confirm that the target and text were in focus and that at least three tracking lights were 3498 

evident around each pupil (as displayed in the software’s calibration interface). On the commencement 3499 

of the smooth pursuit test, the EyeSync® device performed a short calibration sequence that consisted 3500 

of tracking a red dot across a white background as it moved to predefined positions.  3501 

During the smooth pursuit task, participants were asked to observe and track a red target against a black 3502 

background as it moved around the screen in a predictable circular pattern and velocity. The test 3503 

assessed the participant's gaze location in relation to the target and characterised accuracy through the 3504 

following metrics: Mean phase error (MeanPhErr; mean gaze location relative to the target), Radial 3505 

variance (RadVar; a measure of spatial variability), and tangential variance (TanVar, a measure of timing 3506 

variability).  After each assessment, data were synced with an iPad tablet via the proprietary software 3507 

and manually transferred to spreadsheet format. Participants used the same EyeSync® device 3508 

throughout the respective studies. 3509 

6.3.5. Psychomotor vigilance task 3510 

The PVT-10 [208,440] was completed in an isolated area free of distractions.  The test was performed 3511 

on a laptop computer with a separate high-sensitivity gaming mouse (Logitech G203, Logitech, 3512 

Newark, USA), as per the manufacturer’s guidance [440]. On the commencement of the test, the 3513 

participant was presented with a black screen, then a red counter would appear at randomised (2-10 3514 

seconds) intervals. The participant would then react by clicking a mouse button once as quickly as 3515 

possible with their dominant hand. This would continue for 600 seconds (10 mins). On each successful 3516 

response, the reaction time (RT) would be displayed in milliseconds. If a response was made prior to 3517 

the stimulus, a ‘false start’ message was displayed. 3518 

6.3.6. Statistical analysis 3519 

To determine the most appropriate statistical model for the data, the Bayesian Information Criterion 3520 

(BIC) was computed for a model that kept the intercept fixed for each participant (general linear model), 3521 

and a model that allowed random intercepts for each participant (linear mixed model). Then the BIC 3522 
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was compared between models for each outcome to determine which model was the most appropriate 3523 

fit. This is an accepted method of model selection [441,442]. Results indicated that 87% of the models 3524 

that allowed random intercepts fitted the data better than those that kept intercepts fixed. Consequently, 3525 

linear mixed models were generated for all subsequent regressions. 3526 

In the Method Agreement study, the influence that subjective sleep metrics had on smooth pursuit, PVT-3527 

10, and ESS scores were assessed using linear mixed regression models with random slopes and 3528 

intercepts for each participant. After the assumption of normality was violated (Shapiro-wilk test), a 3529 

Spearman’s correlation was performed between the outcome variables for the smooth pursuit 3530 

assessment, PVT-10, and ESS to assess the significance of any relationships. The strength of the 3531 

relationship was interpreted using predefined guidelines [443] . 3532 

In the Retrospective Analysis, smooth pursuit and PVT-10 scores across each respective phase were 3533 

averaged and a linear mixed model was created with mean smooth pursuit and PVT-10 scores from each 3534 

phase inputted as the outcome variable, and Baseline Phase and Fatigue Phase inputted as a categorical 3535 

predictor variable. Finally, a second linear mixed model was generated that assessed the influence of 3536 

objective sleep metrics on smooth pursuit and PVT-10 scores. 3537 

All data were analysed using the R statistical environment (The R Foundation for Statistical Computing) 3538 

in Rstudio (Boston, USA). All data are presented with estimates and 95% confidence intervals (CI), and 3539 

P<0.05 was considered statistically significant.  3540 

 3541 

 3542 

 3543 

 3544 

 3545 

 3546 

 3547 

 3548 
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6.4. Results 3549 

Descriptive statistics for the Method Agreement and the Retrospective Analysis are displayed in Table 3550 

11. 3551 

Table 11: Mean ± SD and coefficient of variation (CV) for all performance metrics in both the Method 

Agreement and the Retrospective Analysis 

Method Agreement 

Variable Mean ± SD CV 

Tangential variation 1.24 ± 0.80 0.64 

Radial variation 0.91 ± 0.49 0.54 

Mean phase error 0.66 ± 4.17 6.35 

PVT-10 mean reaction time 234.70 ± 23.98 0.10 

PVT-10 mean reaction time SD 52.08 ± 17.78 0.34 

PVT-10 median reaction time 223.96 ± 20.48 0.09 

ESS 4.54 ± 3.84 0.85 

Subjective sleep duration (hrs) 7.07± 0.92 0.13 

Subjective sleep efficiency (%) 87.71 ± 7.03 0.08 

Subjective sleep onset latency (mins) 15.71 ± 11.58 0.74 

Subjective WASO (mins) 13.54 ± 23.28 1.72 

Retrospective Analysis 

 Baseline  Fatigue 

Variable Mean ± SD CV Mean ± SD CV 

Tangential variation 1.40 ± 0.60 0.43 1.48 ± 0.84 0.56 

Radial variation 1.02 ± 0.26 0.25 1.06 ± 0.42 0.40 

Mean phase error 0.58 ± 0.27 0.47 0.74 ± 0.47 0.64 

PVT-10 mean reaction time 267.27 ± 40.53 0.15 314.26 ± 73.64 0.23 

PVT-10 mean reaction time SD 84.54 ± 66.92 0.79 110.80 ± 80.42 0.73 

PVT-10 median reaction time 248.41 ± 28.21 0.11 286.27 ± 53.97 0.19 

Objective sleep duration (hrs) 7.08 ± 1.05 0.15 4.33 ± 1.05 0.24 

Objective sleep efficiency (%) 86.17 ± 12.35 0.14 89.23 ± 9.71 0.11 

Objective sleep onset latency (mins) 41.63 ± 122.10 2.93 12.11 ± 21.42 1.77 

Objective WASO (mins) 23.28 ± 23.85 1.02 13.21 ± 21.22 1.61 

Psychometric vigilance task (PVT) 

Wake after sleep onset (WASO) 

Stand deviation (SD) 

Coefficient of variation (CV) 

 3552 

 3553 

 3554 
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6.4.1. Method Agreement 3555 

In total 70 data points were collected, per outcome, across this study. Linear mixed model analysis 3556 

revealed no significant associations (p>0.05) between the subjective sleep metrics and the smooth 3557 

pursuit performance metrics, ESS scores, or the PVT-10 performance metrics (Table 12). When the 3558 

strength of any relationship between smooth pursuit performance metrics, ESS scores, and the PVT-10 3559 

performance metrics was tested using Spearman’s correlation, results suggested a significant moderate 3560 

relationship between the ESS global score and Radial variation (r=0.33, p=0.0049). There were no 3561 

further significant between-test relationships detected (p>0.05) (Figure 34).  3562 
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A 
 

B  
 

Figure 34: Non-parametric Spearman’s correlation matrix for (A) the strength of the relationship (correlation 

coefficient; r); and (B) the location of significant relationships between the smooth pursuit, psychometric 

vigilance task, and the ESS outcome variables. *significant difference (p<0.05) ESS (Epworth sleepiness scale), 

StdDevRT (PVT-10 reaction time standard deviation), MeanRT (mean reaction time), MedianRT (median 

reaction time), MeanPhErr (Mean phase error), TanVar (Tangential variation), RadVar (radial variation). 

 3563 
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 3564 

Table 12: Results from the linear mixed model regression between the subjective sleep metrics (predictor variable) and the performance metrics (outcome variable) in the 

Method Agreement study. Results show the change per unit sleep metric and 95% CI.  

Predictor variable 

Smooth pursuit metrics Sleepiness scale PVT-10 metrics 

Tangential 

variation 
Radial Variation Mean phase error 

ESS global 

score 
Mean reaction 

time 

Mean reaction time 

SD 

Median reaction 

time 

Sleep duration (hrs) 
0.07 0.05 0.00 -0.09 -0.37 -1.86 0.55 

(-0.07 – 0.22) (-0.02 – 0.13) (-0.84 – 0.84) (-1.05 – 0.88) (-5.54 – 4.81) (-5.64 – 1.92) (-3.67 – 4.77) 

Sleep efficiency (%) 
0.00 0.00 -0.03 -0.05 0.19 0.27 0.05 

(-0.02 – 0.02) (-0.01 – 0.01) (-0.14 – 0.07) (-0.17 – 0.08) (-0.48 – 0.86) (-0.22 – 0.77) (-0.50 – 0.60) 

Sleep onset latency 

(mins) 

0.00 0.00 0.01 0.05 -0.21 -0.19 -0.08 

(-0.01 – 0.01) (-0.00 – 0.01) (-0.05 – 0.07) (-0.02 – 0.12) (-0.57 – 0.16) (-0.45 – 0.07) (-0.37 – 0.22) 

WASO (mins) 
0.00 0.00 -0.02 0.00 0.04 -0.06 0.06 

(-0.01 – 0.00) (-0.00 – 0.00) (-0.05 – 0.02) (-0.04 – 0.04) (-0.17 – 0.26) (-0.22 – 0.10) (-0.11 – 0.23) 

Psychometric vigilance task (PVT) 

Wake after sleep onset (WASO) 

Standard deviation (SD) 

3565 
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6.4.2. Retrospective Analysis 3566 

There was a significant difference (p=0.006) in mean nightly sleep duration between the Baseline Phase 3567 

(7.08 ± 1.05 hrs) and the Fatigue Phase (4.33 ± 1.05 hrs). 3568 

Linear mixed model comparisons on the smooth pursuit performance data suggested that MeanPhErr 3569 

scores were significantly (p=0.0499) impaired (represented by higher scores) during the Fatigue Phase 3570 

(0.74 CI:0.56 – 0.92) compared to the Baseline Phase (0.58 CI:0.39 – 0.76). However, no other smooth 3571 

pursuit performance metric was significantly altered by the phase (p>0.05) (Figure 35). There was also 3572 

no significant relationship observed between smooth pursuit performance and objective sleep duration 3573 

(Figure 36), nor any other objective sleep metric. 3574 

Further regression analysis on the PVT-10 performance data suggested that MeanRT (Baseline: 3575 

267.27ms CI:228.39 – 306.14, Fatigue: 314.26ms CI:275.39 – 353.14; p<0.001), MedianRT (Baseline: 3576 

248.41 CI:220.67 – 276.15, Fatigue: 286.27ms CI:258.53 – 314.01; p<0.001), and StdDevRT (Baseline: 3577 

84.54ms CI: 38.26 – 130.83, Fatigue: 110.80ms CI: 64.51 – 157.09; p=0.030) were significantly 3578 

impaired (also represented by higher scores) as a result of the Fatigue Phase, compared to the Baseline 3579 

Phase. Subsequent linear mixed regressions between PVT-10 performance and objective sleep metrics 3580 

suggested a significant relationship between objective sleep duration and MeanRT (p<0.001) and 3581 

MedianRT (p<0.001), respectively. Results suggest that for each hour increase in sleep duration 3582 

MeanRT decreases (improves) by 12.51ms (CI: -18.67 – -6.36). Likewise, MedianRT decreases 3583 

(improves) by 10.37ms (CI: -14.62 – -6.12) (Figure 36). There were no further significant associations 3584 

between PVT-10 performance metrics and any other objective sleep metrics (p>0.05). 3585 

 3586 

 3587 

 3588 

 3589 

  3590 

 3591 

 3592 
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Figure 35: Visual representation of the linear mixed models from the Retrospective Analysis with the smooth 

pursuit performance data as the outcome variable. Plots show beta estimates with the phase as the outcome 

variable (A, B, C), and with objective sleep duration as the outcome variable (D, E, F). Error bars and shaded 

area represent 95% confidence intervals respectively. *significant difference between Baseline Phase and 

Fatigue Phase (p<0.05). 
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Figure 36: Visual representation of the linear mixed models from the Retrospective Analysis with the 

psychometric vigilance task performance data as the outcome variable. Plots show beta estimates with the phase 

as the outcome variable (A, B, C), and with objective 
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6.5. Discussion 3598 

This study presents data from two unrelated data sets and its purpose was to investigate if an eye-3599 

tracking smooth pursuit assessment was sensitive to day-to-day variation in sleep metrics and if the test 3600 

can detect the presence of sleep loss in a military training environment with prescribed sleep 3601 

deprivation. 3602 

6.5.1. Method Agreement: discussion 3603 

Results from the Method Agreement study suggest that the smooth pursuit assessment, the PVT-10, and 3604 

the ESS, all lack the requisite sensitivity to detect day-to-day fluctuations in subjective sleep duration, 3605 

sleep efficiency, sleep onset latency, and WASO. The variation in sleep quantity and quality experienced 3606 

by the participants in the Method Agreement study may not have been sufficient to mediate changes in 3607 

the assessments investigated during this study. The results presented here suggest that the assessments 3608 

tested in this study have little fidelity in assessing the sleep state of professional football players. 3609 

Smooth pursuit assessments have previously been shown to be sensitive to sleep loss. In a sample of 3610 

healthy military volunteers, significant impairment of tangential variation was detected after 20hrs of 3611 

wakefulness [438]. Likewise, following a similar protocol, another study similarly observed significant 3612 

deficits in radial variation in addition to tangential variation after 24hrs of sleep loss [210,438].  3613 

However, these studies are limited by their sampling frequency with no smooth pursuit assessments 3614 

being recorded before at least 20hrs of wakefulness [210,438]. Therefore, smooth pursuit performance 3615 

may be sensitive to sleep loss, but the magnitude of sleep loss required to mediate performance 3616 

reductions remains unknown. Nevertheless, the present study presents data suggesting that the day-to-3617 

day variation in sleep is not sufficient to reduce smooth pursuit performance. Therefore, future studies 3618 

employing a gradual sleep loss protocol may further elucidate the requisite magnitude of sleep loss to 3619 

illicit reductions in oculomotor function.  3620 

PVT-10 results from the Method agreement study also suggest that PVT performance metrics are not 3621 

sensitive to day-to-day fluctuations in sleep, however, sleep deprivation and sleep restriction studies 3622 

have highlighted significant PVT deficits after sleep loss [207]. When healthy participants were 3623 

restricted to 6hrs or 4hrs of sleep per night for 14-days, or a 3-day total sleep deprivation protocol, the 3624 

analysis suggested a cumulative dose-dependent reduction in PVT performance [17], with the total sleep 3625 

deprivation group reporting the greatest performance reduction. However, in participants that received 3626 

8hrs of sleep per night, performance remained significantly affected throughout the duration of the 3627 

study. Whilst this reaffirms the fact that PVT-10 performance is sensitive to sleep loss, it also highlights 3628 

that PVT-10 deficits may not be sensitive to daily fluctuations in sleep quality and/or quantity and a 3629 
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sleep loss paradigm that instils deficits that are greater than what is normally experienced is required 3630 

before performance decrements are observed.  3631 

Despite previous studies demonstrating that both PVT [17,207] and the smooth pursuit [210,438] 3632 

assessments experience performance deficits in response to sleep restriction or deprivation, this study 3633 

suggests that the outcome variables from each respective assessment are not correlated. Therefore, it is 3634 

not likely that the smooth pursuit assessment and the PVT-10 can be used interchangeably to assess 3635 

sleep status. These results may be indicative of the fact that the participants in this study did not 3636 

experience sleep loss outside of their normal variation, consequently, smooth pursuit and PVT 3637 

performance variation may not have reached a sufficient magnitude where correlations could be 3638 

detected. Alternatively, this may also suggest that the neuro-cognitive processors governing oculomotor 3639 

and psychomotor function may be unrelated in the absence of sleep loss. However, based on this data, 3640 

it remains unclear if the mechanisms underpinning the respective performance decrements are related. 3641 

Interestingly, a significant relationship (r=33, p=0.0049) was detected between ESS global scores and 3642 

the radial variation metric of the smooth pursuit assessment. The ESS was developed to reliably assess 3643 

the presence of excessive daytime sleepiness [444,445], whereas radial variability reflects spatial 3644 

accuracy during visual tracking [212]. Research has highlighted declines in radial variability scores in 3645 

the presence of at least 20hrs of sleep deprivation, however, a significant association was not revealed 3646 

between self-reported sleep diary metrics and smooth pursuit radial variation in the present study. 3647 

However, in the absence of objective sleep assessment, or a reliable way to determine sleep architecture, 3648 

higher ESS may reflect a greater sense of restorative sleep, therefore, a moderately strong [443] 3649 

correlation between ESS and radial variation may suggest that the latter is, in turn, related to overall 3650 

sleep quality. This is a speculative notion, and these results must not be over analysed. There were no 3651 

significant associations revealed through linear mixed model regressions between the sleep diary 3652 

metrics and ESS score or radial variations, and any number of unexpected confounders may influence 3653 

both oculomotor functions and perceptions of daytime sleepiness. Nevertheless, if future research can 3654 

better define a relationship between subjective ESS and objective radial variation during a smooth 3655 

pursuit task, then it may give practitioners a reliable way to objectively assess athlete sleep state and 3656 

readiness. 3657 

6.5.2. Retrospective Analysis: discussion 3658 

In the Retrospective Analysis, results indicated that both PVT-10 and smooth pursuit performance were 3659 

impaired during the Fatigue Phase, compared to the Baseline Phase. Specifically, tests revealed 3660 

performance declines in smooth pursuit mean phase error as well as PVT-10 mean reaction time, 3661 

reaction time standard deviation, and median reaction time. This suggests that an element, or series of 3662 

elements, associated with the Fatigue Phase can impact the neuro-cognitive processors that govern 3663 
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oculomotor and psychomotor functioning. Factors that may affect these processors are likely 3664 

multifaceted [17,437], however, this study reports that subsequent linear mixed model regression 3665 

analysis between the objective sleep metrics and the performance outcomes suggested that sleep 3666 

duration across both phases was significantly associated with the PVT-10 mean and median reaction 3667 

time, but not with smooth pursuit mean phase error. Considering that mean sleep duration during the 3668 

Fatigue Phase (4.33 ± 1.05 hrs), was significantly (p=0.006) less than the Baseline Phase (7.08 ± 1.05 3669 

hrs), this suggests that the reduction in sleep duration mediated a portion of the performance decline 3670 

that was observed in the PVT-10 metrics during the Fatigue Phase, but not the smooth pursuit 3671 

performance metrics. 3672 

Previous research has investigated the effect of sleep loss on PVT performance in controlled studies 3673 

that mostly account for the influence of external variables [17,207]. However, the Retrospective 3674 

Analysis represents a combination of increased workload and sleep loss. Considering data was taken 3675 

from RNCD as they complete their normal training routine, the respective influence of the two variables 3676 

cannot be separated and individually determined. Nevertheless, whilst the Method Agreement analysis 3677 

suggests that the PVT-10 test lacks the requisite sensitivity to detect normal fluctuations in sleep quality, 3678 

the Retrospective Analysis supports the notion that sleep loss can cause deficits in PVT performance. 3679 

The data may also suggest that the PVT has greater sensitivity to sleep restriction compared to the 3680 

smooth pursuit assessment. However, the mean sleep duration during the Fatigue Phase of the 3681 

Retrospective Analysis (4.33 ± 1.05 hrs) is still not representative of what is normally experienced by 3682 

professional footballers [46,273,278], or the wider athletic community [20], with the possible exception 3683 

of night matches [446], or long-haul travel [277]. Consequently, such a test would have limited utility 3684 

in assessing the sleep state of professional players as their normal sleep patterns may not present with 3685 

sufficient variation to elicit changes in PVT-10 performance. Furthermore, the PVT assessment has been 3686 

described as a sustained-attention reaction time task [17], and, indeed, the PVT-10 used in both the 3687 

Method Agreement and Retrospective Analysis portions of the current study takes 600 seconds to 3688 

complete, leaving it susceptible to lapses in concentration, limiting its fidelity and utility. [209]. In 3689 

professional and semi-professional Australian basketball players, shorter 3 and 5-minute variants of the 3690 

PVT were compared to the PVT-10 [209]. However, the respective variants presented with significant 3691 

differences in mean reaction time, total lapses, and total errors compared with the PVT-10 leading the 3692 

authors to conclude that the three variants cannot be used interchangeably. Therefore, whilst the PVT-3693 

10 may be used to detect the magnitude of psychomotor deficits following sleep loss its practical utility 3694 

may be limited. 3695 

The Retrospective Analysis reports that Smooth Pursuit mean phase error was significantly higher 3696 

during the Fatigue week compared to the Baseline week, however, regression analysis did not reveal a 3697 

significant relationship between mean phase error and the objective sleep metrics. Therefore, this study 3698 
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suggests that mean phase error may not be affected by changes in sleep quantity and the observed 3699 

change was mediated through another mechanism. Research suggests that smooth pursuit mean phase 3700 

error is relatively resistant to sleep restriction, with studies in healthy military volunteers reporting no 3701 

significant change in mean phase error compared to baseline after 20hrs  [210,438], 24hrs [210,438], 3702 

and 26hrs [438] of wakefulness. Therefore, the results from the Retrospective Analysis support what 3703 

has previously been published.  3704 

The decline in mean phase error may be related to increases in workload, however, workload was not 3705 

quantified as part of this study. Regardless, to the author's knowledge there is no precedent in the 3706 

literature to suggest that any smooth pursuit performance metric would be affected by workload. In one 3707 

study, student-athletes performed smooth pursuit assessments before and after training and the results 3708 

suggested no significant difference between conditions [435].  In this investigation [435], the intensity 3709 

of the respective training sessions were not described, therefore, the extent participants were fatigued 3710 

is not known. Consequently, the influence of workload on smooth pursuit metrics clarify its prospective 3711 

utility.  3712 

Mean phase error is formed by the angle between the gaze position and the target if it was fixed at 12 3713 

o’clock and is a measure of temporal-spatial gaze accuracy [435]. Scores can be either positive, which 3714 

indicates that the mean gaze position was ahead of the target, or negative, which indicates that mean 3715 

gaze position was behind the target [435]. It is interesting to note that in both the Method Agreement 3716 

(0.66 ± 4.17) and the Retrospective Analysis (0.58 ± 0.27) the overall mean for smooth pursuit mean 3717 

phase error was recorded as positive, which signals that the mean gaze position was anticipatory across 3718 

both portions of the analysis. In studies involving military personnel [211], and student-athletes, [435] 3719 

overall mean phase error has reported negative scores. The disparity between scores is not clear. The 3720 

RNCD analysed in the Retrospective Analysis were already 11 weeks into the RNCD training course at 3721 

the start of this study, therefore, residual fatigue and/or sleep may have influenced tracking behaviour. 3722 

However, the same cannot be stated for the Method Agreement study. Other possibilities may include a 3723 

learning effect or familiarisation with the testing procedures, regardless, further research is needed to 3724 

guide the interpretation of the smooth pursuit metrics. 3725 

The Method Agreement analysis is limited by the use of a subjective methodology to assess sleep. 3726 

Although the sleep diary is a valid and reliable method in which to gauge sleep [439], subjective 3727 

measures have been reported to underestimate sleep variables in comparison to objective methods [247] 3728 

and may be sensitive to internal biases [249]. Considering the Retrospective Analysis utilised wrist-3729 

actigraphy, the use of different sleep monitoring methodologies across both portions of the analysis 3730 

means that results involving sleep metrics cannot be directly compared. Finally, the Retrospective 3731 
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Analysis is limited by small sample size (n=9) and results may be influenced by unaccounted factors 3732 

arising from the preceding weeks of RNCD training. 3733 

6.5.3. Conclusions 3734 

In conclusion, this study assessed if a novel ETHS smooth pursuit test and the PVT-10 were sensitive 3735 

to daily fluctuations in sleep and if they could be used to assess sleep state in real-life ecological 3736 

environments. Smooth Pursuit radial variation was significantly correlated with perception of daytime 3737 

sleepiness, however, results suggested that both tests lack the requisite sensitivity to daily sleep 3738 

fluctuations, although, the PVT-10 may be sensitive to sleep loss during a fatiguing training phase. 3739 

  3740 
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Chapter 7 3741 

7. A bespoke sleep monitoring and sleep hygiene intervention 3742 

improves sleep in an U18 professional football player: A 3743 

case study. 3744 

 3745 
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7.1. Abstract  3752 

This case study reports on a professional football player (age: 17.6years) who was referred for sleep 3753 

monitoring and intervention after reporting excessive night-time awakenings. The player undertook a 3754 

series of subjective sleep assessments and objective sleep monitoring (activity monitor). Based on the 3755 

data presented, a sleep hygiene intervention was prescribed. Numerical comparisons were made 3756 

between pre-intervention (Pre) and post-intervention (Post) values. Objective values were also 3757 

compared to reference data from a similarly aged professional cohort from the same club (n=11). Wake 3758 

episodes per night (Pre: 7.9 ± 3, Post: 4.5 ± 1.9; -43%) and wake after sleep onset (WASO; Pre: 74.3 ± 3759 

31.8 mins, Post: 50.0 ± 22.8 mins, -33%) were improved from Pre to Post. Compared to the reference 3760 

data, mean wake episodes per night (Pre: 7.9 ± 3.0, reference: 4.6 ± 2.6; -42%) and WASO (Pre: 74.3 ± 3761 

31.8 mins, reference: 44.3 ± 36.5 mins; -40%) were all lower compared to Pre levels.. Whilst causality 3762 

cannot be proven, we observed multiple sleep metrics improving following an intervention. This 3763 

provides a potential framework for practitioners looking to provide targeted sleep assessment and 3764 

intervention.  3765 
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7.2. Introduction 3766 

During competitive fixtures, professional football players engage in considerable amounts of high-3767 

intensity running and decelerations that can result in exercise-induced muscle damage and physiological 3768 

disruption [7,24]. Numerous recovery methodologies are employed to mitigate the symptoms of 3769 

exercise-induced muscle damage and restore muscle function [16], however, adequate sleep remains a 3770 

pivotal factor in the restoration of both physiological and psychological homeostasis [16]. Nevertheless, 3771 

studies have highlighted suboptimal sleep quality in football players [423], and observational studies 3772 

have reported several factors that may influence sleep quality or quantity in footballers, including day 3773 

type (e.g., match day, training day, start time etc.) [447], and/or travel commitments [226]. 3774 

Practitioners have a diverse range of methodologies at their disposal that are reported to support sleep 3775 

in footballers. These range from mindfulness [448], behavioural [448,449], or nutritional [16]  3776 

interventions to more novel cryotherapy [364] and thermoregulatory [368] techniques. Interventions 3777 

that support sleep hygiene have also gained prominence [449] and refer to the practice of adhering to 3778 

behaviours that facilitate sleep while avoiding behaviours that interfere with sleep. For example, warm 3779 

showers before bed reduced sleep onset latency in academy football players [450] (control: 24 ± 15mins, 3780 

intervention: 17 ± 15min), and one meta-analysis suggested that the ingestion of melatonin-rich foods 3781 

before bedtime may improve sleep quality scores in adolescents [451]. In semi-professional footballers, 3782 

a sleep hygiene strategy that maintained a dimly lit and cool room close to bedtime and limited 3783 

electronic device use 30 minutes before lights-out successfully improved sleep duration (d= 1.5) [365]. 3784 

Similarly, a sleep hygiene intervention that focused on generic practical sleep habit guidance [452], 3785 

followed by an individualised session was successful in improving sleep latency (~30mins) in healthy 3786 

professional cricket players who had not previously reported sleep issues  [232]. 3787 

Sleep is a highly variable phenomenon. Notwithstanding the interindividual differences in the 3788 

physiological and cognitive responses to sleep loss [231], studies have also reported more prominent 3789 

intraindividual variation in sleep efficiency and onset latency in professional footballers, as well as 3790 

wider athletic populations [20], compared to age-matched non-athletic controls [46]. The cause of the 3791 

variation is likely multifaceted, nevertheless, individual differences in chronotype and habitual 3792 

tendencies render the prescription of generic sleep recommendations illogical [453]. Consequently, an 3793 

individualised approach developed in consensus with a multidisciplinary team (MDT) may be more 3794 

suitable compared to team-wide interventions [232].  3795 

To the author's knowledge, there have been no reports examining the use of individualised interventions 3796 

on professional athletes reporting sleep issues. Therefore, this case study reports on the results of an 3797 

individualised monitoring and intervention strategy aimed at improving the subjective and objective 3798 
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sleep in a professional U18 football player who was referred after reporting perceived excessive night-3799 

time awakenings and excessive night-time sweating. 3800 

7.3. Methods 3801 

7.3.1. Participant 3802 

The participant (age: 17.6yrs, height: 174cm, weight: 73kg), was a professional (full-time, contracted) 3803 

footballer representing a category one English Premier League Academy. He played primarily as a 3804 

central attacking midfielder and was referred for sleep monitoring and bespoke intervention after 3805 

reporting perceived excessive night-time awakenings and perceived excessive night-time sweating to a 3806 

member of the psychology team. Written informed consent was obtained before data collection, and 3807 

this study was approved by the ethics committee at St Mary’s University, Twickenham. 3808 

7.3.2. Case study procedure 3809 

Following referral, the procedures for the case study were agreed by an MDT (Figure 37) and were 3810 

based on a sleep optimisation flow chart published in a consensus statement [16]. The player attended 3811 

a consultation and underwent an objective sleep monitoring period before the MDT analysed the data 3812 

and formulated a bespoke intervention. Finally, the player received the intervention and attended a 3813 

debrief to ascertain its success and determine if any further support was needed. The purpose of this 3814 

approach was to ensure that the player received the appropriate individualised support. The duration of 3815 

each phase was dependent on the player’s schedule and the nature of their bespoke intervention (Figure 3816 

37). In this instance, the MDT analysed and collaboratively formed the intervention package 14 days 3817 

after the initial consultation and the intervention was delivered after 48 hours. The final debrief took 3818 

place 28days after the delivery of the intervention. All phases took place in-season, and the player 3819 

continued their normal playing and training schedule throughout.  3820 

 3821 

 3822 
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 3823 

7.3.3. Subjective and objective sleep monitoring 3824 

To assess changes in the player's perceived sleep quality, insomnia severity, and daytime sleepiness, the 3825 

player completed the Pittsburgh Sleep Quality Index (PSQI [454]), Insomnia Severity Index (ISI [455]), 3826 

and Epworth Sleepiness Scale (ESS [456]), respectively, during both the initial consultation and the 3827 

final debrief. To gain holistic insights, the global score of each assessment was considered alongside 3828 

individual components. If the player scored a component negatively, then this triggered further 3829 

conversation around that topic. Furthermore, the player also completed the Morningness-Eveningness 3830 

Questionnaire (MEQ [457]) and the Sleep Hygiene Index (SHI [458]) to assess chronotype and sleep 3831 

hygiene, respectively. These assessments were chosen based on the MDT experience. 3832 

The player was also given a wrist-worn activity monitor (ReadiBand, Fatigue Science, Vancouver BC, 3833 

Canada) that detected nocturnal movements and used proprietary algorithms to estimate sleep quantity, 3834 

awakenings per hour, total awakenings, wake after sleep onset (WASO), and sleep latency. The player 3835 

was given the activity monitor during the initial consultation and asked to wear it as frequently as 3836 

possible on his non-dominant wrist. The data was synced to cloud-based software via Bluetooth, and a 3837 

tablet computer was used to examine the status of the activity monitor. This enabled the player to 3838 

continue their normal schedule without interruption. If it required charging, then the activity monitor 3839 

was collected from the player, charged, and returned later the same day. ReadiBands have demonstrated 3840 

good inter-device reliability and accuracy compared to polysomnography [198,199]. The player was 3841 

 
Figure 37: Case study schematic. Multidisciplinary input was provided by a panel consisting of a sports 

psychologist, a clinical psychologist (with a background in sleep referral), a strength and conditioning coach, 

and a sports physiologist.  
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objectively monitored for a total of 28 days and was only able to provide data from training days due 3842 

to activity monitor adherence. All data provided was at least 1 day removed from competition.  3843 

The player's objective data was compared to data collected from a sample of U18 professional players 3844 

(n=11; 17.3 ± 0.7yrs) from the previous year’s cohort who were monitored using the same devices over 3845 

a 10-week in-season period (reference data; [447]). Considering the player in this study was only able 3846 

to provide data on nights proceeding training days, only data from training days were included in the 3847 

analysis from the reference data. The authors do not claim that the reference data is an example of good 3848 

sleep for this population. Nevertheless, it does provide a proxy to establish what is normally experienced 3849 

by players of the same demographic.  3850 

7.3.4. Bespoke sleep intervention 3851 

The intervention was formed collaboratively by the MDT. The meeting took 25 minutes and included a 3852 

short case review of the baseline data and an open discussion. Potential interventions that were 3853 

discussed included sleep hygiene education, mindfulness and/or cognitive therapy, and a thermal 3854 

mattress to support nocturnal heat dissipation [368]. All members of the MDT unanimously agreed that 3855 

an individualised sleep hygiene education session, followed by further evaluation and intervention (if 3856 

appropriate) would be the most efficacious, cost-effective, and quickest intervention to deploy.  3857 

The sleep hygiene intervention session took place 48 hours after the collaborative MDT meeting in the 3858 

form of an informal presentation that covered the physiology of sleep initiation and evidence-based 3859 

techniques to support sleep onset, as well as a discussion on their bedtime habits and evidence-based 3860 

behaviours that supported sleep. The session content was tailored to the player based on the data 3861 

collected from the initial consultation and advised on a regular bedtime routine, melatonin-rich foods, 3862 

and showers before bed. 3863 

This session was provided by a sports physiologist with 3 years of experience in sleep research. 3864 

Generalised sleep hygiene advice was also provided based on published recommendations 3865 

[16,57,452,459]. This guidance had previously been shown to improve sleep in professional athletes 3866 

[232] and specific emphasis was placed on elements, raised during the consultation, that the MDT 3867 

thought would have a targeted impact. A summary of the bespoke sleep hygiene strategy can be found 3868 

in Table 13. The final debrief took place 28 days after the delivery of the intervention. 3869 

 3870 

 3871 
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Table 13: Summary of the individualised and general advice provided to the player as part of their sleep 

hygiene strategy.  

Targeted advice 

Player response Strategy Justification 

1 The player reported getting 

into bed hours (e.g., to watch 

television) before attempting to 

sleep and was noted as having 

a moderate evening 

chronotype. 

Advised player not to get into 

bed until he intended to sleep 

and to attempt sleep when he is 

tired. 

This can reinforce a regular sleep 

routine and sleep onset attempts 

will occur during periods when 

melatonin release increases [16]. 

2 The player typically showered 

in the morning or after training 

(approx. 1500 to 1700). 

Advised to have a warm shower 

or bath within one hour of 

getting into bed. No specific 

temperature was advised as this 

could not feasibly be 

determined within the player's 

home. The player was advised 

to self-select a temperature that 

they perceived to be 

appropriate.  

A warm shower before bed can 

improve sleep onset latency and 

may support the thermoregulatory 

process associated with sleep onset 

[450]. 

3 The players' secondary sleep 

complaints included night-time 

sweats. 

Advised maintaining a cool 

sleeping environment. Methods 

discussed included opening 

widows and modulating central 

heating 

Sleep onset has a thermoregulatory 

component. A cool sleeping 

environment may support this 

[365]. 

4 The player mentioned 

melatonin-rich foods (walnuts, 

almond milk) were in his most 

recent nutrition plan when 

several examples were 

presented. 

Suggested consuming 

melatonin-rich foods, in line 

with their nutrition plan, closer 

to bedtime. 

Melatonin initiates processes that 

are associated with sleep onset and 

depth [451]. 

 

Additional general advice [16,57,452,459] 

1 Don’t go to bed until you are sleepy. If you aren’t sleepy, get out of bed and do something else until you 

become sleepy. 

2 Regular bedtime routines/rituals help you relax and prepare your body for bed (reading, warm bath, etc.). 

3 Try to get up at the same time every morning (including weekends and holidays). 

4 Try to get a full night’s sleep every night and avoid naps during the day if possible (if you must nap, 

limit to 1 h and avoid napping after 15:00 p.m.). 

5 Use the bed for sleep and intimacy only; not for any other activities such as TV, computer, or phone use, 

etc 

6 Avoid caffeine if possible (if caffeine is consumed, avoid after lunch) 

7 Avoid alcohol if possible (if must use alcohol, avoid right before bed). 

8 Avoid blue light emitted from screens at least 2 h before bed (smartphones, laptop, monitors). 

9 Meditation/ mindfulness may be helpful 

 3872 

7.3.5. Analysis  3873 

Comparisons were made between Pre and Post-scores, as well as between Pre and Post-scores and the 3874 

reference data.  3875 
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7.4. Results 3876 

7.4.1. Pre-intervention observations 3877 

The SHI raised several areas of concern including, going to bed with psychological stress, using the bed 3878 

for other activities rather than sleep or intimacy (e.g., sitting in bed watching television), and thinking 3879 

or planning when in bed. During the consultation, the player also reported spending a large amount of 3880 

time in the evening watching television or using electronic devices (Table 14). The player was rated as 3881 

having poor sleep quality (PSQI: 22) and moderate insomnia (ISI: 15). Components that related to sleep 3882 

onset latency, wake after sleep onset, feeling too hot, daytime sleepiness, enthusiasm, and overall sleep 3883 

quality were rated most negatively. The MEQ suggested that the player's chronotype was a moderate 3884 

evening type.  3885 

The player provided 7 days of objective sleep data after the initial consultation. The days were not 3886 

consecutive, and all recorded nights proceeded training days. The objective supported what was 3887 

reported by the player. Specifically, the activity-monitor reported mean awakenings per night, 3888 

awakening per hour, WASO, and sleep efficiency that was greater than the reference data (Figure 38).  3889 

Table 14: Sleep hygiene index responses. A self-reported assessment of sleep hygiene behaviours [458]. 

Component Response 

1 I take daytime naps lasting two or more hours Frequently 

2 I go to bed at different times from day to day. Sometimes 

3 I get out of bed at different time from day to day. Sometimes 

4 I exercise to the point of sweating within 1 hour of going to bed. Rarely 

5 I stay in bed longer than I should two or three times a week. Rarely 

6 I use alcohol, tobacco, or caffeine within 4 hours of going to bed or after going to bed. Never 

7 I do something that may wake me up before bedtime (for example: play video games, 

use the internet, or clean). 

Frequently 

8 I go to bed feeling stressed, angry, upset, or nervous. Sometimes 

9 I use my bed for things other than sleeping or sex (for example: watch television, read, 

eat, or study) 

Always 

10 I sleep on an uncomfortable bed (for example: poor mattress or pillow, too much or not 

enough blankets). 

Never 

11 I sleep in an uncomfortable bedroom (for example: too bright, too stuffy, too hot, too 

cold, or too noisy) 

Sometimes 

12 I do important work before bedtime (for example: pay bills, schedule, or study). Rarely 

13 I think, plan, or worry when I am in bed. Frequently 

Global Score 24 

3890 

7.4.2. Post-intervention observations 3891 

The player’s Post-PSQI score improved compared to Pre- (Pre: 22, Post: 9), however, both remained 3892 

above the threshold for ‘poor’ sleep quality (>5). Components relating to sleep latency and WASO (Pre: 3893 

once or twice a week, Post: less than once a week), and feeling too hot (Pre: three or more times a week, 3894 

Post: less than once a week) were improved (Table 15). ISI classification was reduced from moderate 3895 
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insomnia to sub-threshold insomnia (Pre: 15, Post: 8). Components relating to sleep latency and WASO 3896 

were both reduced from ‘Moderate’ to ‘Mild’, and the player’s perceived satisfaction of his current 3897 

sleep pattern improved from ‘Dissatisfied’ to ‘Satisfied’ (Table 16). Finally, the player’s ESS 3898 

classification also improved from ‘moderate’ to ‘mild’ daytime sleepiness (Pre: 15, Post: 11; Table 17). 3899 

During the final debrief, the player self-reported a reduction in night-time awakenings and improved, 3900 

but not absent, perceived night-time sweating. 3901 

Table 15: Pre and Post-PSQI responses. The PSQI is a self-rated questionnaire which assesses sleep quality 

and disturbances over a 1-month time interval [454]. 

 Component Pre- Post 

1 When have you usually gone to bed? 22:00 23:00 

2 How long (in minutes) has it taken you to fall asleep each night? 25 minutes 18 minutes 

3 When have you usually gotten up in the morning? 07:00 07:00 

4 How many hours of actual sleep do you get at night? 7hrs 8hrs 

5 During the past month, how often have you had trouble sleeping because you… 

5a Cannot get to sleep within 30 minutes Once or twice a 

week 

Less than once 

a week 

5b Wake up in the middle of the night or early morning Once or twice a 

week 

Less than once 

a week 

5c Have to get up to use the bathroom Once or twice a 

week 

Not during the 

past month 

5d Cannot breathe comfortably Less than once a 

week 

Not during the 

past month 

5e Cough or snore loudly Not during the 

past month 

Not during the 

past month 

5f Feel too cold Less than once a 

week 

Not during the 

past month 

5g Feel too hot Three or more 

times a week 

Less than once 

a week  

5h Have bad dreams Once or twice a 

week 

Less than once 

a week 

5i Have pain Not during the 

past month 

Not during the 

past month 

6 During the past month, how often have you taken medicine 

(prescribed or “over the counter”) to help you sleep? 

Not during the 

past month 

Not during the 

past month 

7 During the past month, how often have you had trouble staying 

awake while driving, eating meals, or engaging in social activity? 

Once or twice a 

week 

Less than once 

a week 

8 During the past month, how much of a problem has it been for 

you to keep up enthusiasm to get things done? 

Once or twice a 

week 

Less than once 

a week 

9 During the past month, how would you rate your sleep quality 

overall? 

Once or twice a 

week 

Fairly good 

 Global score 22 9 

PSQI (Pittsburgh Sleep Quality Index) 

 3902 

  3903 
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Table 16: Pre and Post-ISI responses. The ISI is an instrument to assess the severity of both nighttime and 

daytime components of insomnia [455].  

 Component Pre- Post 

1 Difficulty falling asleep Moderate Mild 

2 Difficulty staying asleep Moderate Mild 

3 Problems waking up too early Severe Moderate 

4 Problems waking up too early Dissatisfied Satisfied 

5 How noticeable to others do you think your sleep problem is in terms of 

impairing the quality of your life? 

Somewhat A little 

6 How worried/distressed are you about your current sleep problem? A little A little 

7 To what extent do you consider your sleep problem to interfere with your 

daily functioning (e.g., daytime fatigue, mood, ability to function at 

work/daily chores, concentration, memory, mood, etc.) currently? 

Somewhat A little 

 Global score 15 8 

ISI (Insomnia Severity Index) 
 3904 

Table 17: Pre and Post-ESS. The ESS is a self-reported questionnaire which provides a measurement of the 

subject's genera level of daytime sleepiness [456]. 

Situation Pre- Post 

Sitting and reading 3 2 

Watching TV 2 1 

Sitting inactive in a public place 1 1 

As a passenger in a car for an hour without a break 2 1 

Lying down to rest in the afternoon when circumstances permit 3 3 

Sitting and talking to someone 1 1 

Sitting quietly after lunch without alcohol 1 1 

In a car, while stopped for a few minutes in traffic 2 1 

Global score 15 11 

ESS (Epworth Sleepiness Scales) 

 3905 

The player provided 7 and 8 nights of objective data for Pre and Post, respectively. From Pre to Post, 3906 

the player’s WASO (Pre: 74.3mins  ±  31.9mins, Post: 50.0mins ± 22.8mins, -33%), sleep latency (Pre: 3907 

12.6mins ± 6.5mins, Post: 8.9mins ± 1.3mins, -29%), sleep efficiency (Pre: 79.2% ± 6.0%, Post: 85.3% 3908 

± 5.4%, 8%), awakenings per hour (Pre: 1.2 ± 0.5, Post: 0.6 ± 0.2, -50%), and awakening per night (Pre: 3909 

7.9 ± 3, Post: 4.5 ± 1.9, -43%) all improved. Compared to the reference data, WASO (Pre: 74.3mins ± 3910 

31.8mins, reference: 44.3mins ± 36.5mins, -40%), awakenings per hour (Pre: 1.2 ± 0.5, reference: 0.7 3911 

± 0.4, -42%), awakenings per night (Pre: 7.9 ± 3.0, reference: 4.6 ± 2.6, -42%) were greater at Pre, 3912 

whereas Post scores only presented with seemingly trivial differences compared to the reference data 3913 

(Figure 38 and Table 18).  3914 
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 3915 

Table 18: Means ± SD for Pre, Post, and Reference data alongside Pre, Post, and Reference percentage change. Negative/ positive values indicate the direction of change. 

 Pre Post Reference Pre vs Post  Pre vs Reference Post vs reference 

Sleep duration (mins) 394.3 ± 53.0 419.4 ± 57.4 433.4 ± 68.0 6% 10% 3% 

MiB (mins) 497.4 ± 51.6 491.1 ± 56.6 533.0 ± 81.5 -1% 7%  9% 

WASO (mins) 74.3 ± 31.8 50 ± 22.8 44.3 ± 36.5 -33%  -40% -11% 

Sleep latency (mins) 12.6 ± 6.5 8.9 ± 1.2 23.6 ± 26.1 -29% 87% 165% 

Sleep efficiency (%) 79.2 ± 6 85.3 ± 5.4 81.9 ± 10.3 8% 3% -4% 

Awakenings per hour 1.2 ± 0.5 0.6 ± 0.2 0.7 ± 0.4 -50% -42% 17% 

Awakenings per night 7.9 ± 3 4.5 ± 1.9 4.6 ± 2.6 -43% -42% 2% 

Wake after sleep onset (WASO) 

 

3916 
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Figure 38: Box and whisker plots for Pre, Post, and the reference data. The reference data is shown alongside 

a cloud plot to highlight distribution. Outliers have been removed from the box and whisker plots. 

 3917 
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7.5. Discussion 3918 

The primary finding of this study is that the player’s primary and secondary sleep complaints were 3919 

improved after a bespoke sleep hygiene strategy. Notably, the player's awakenings per night (Pre: 7.9 ± 3920 

3, Post: 4.5 ± 1.9, -43%) and awakenings per hour (Pre: 1.2 ± 0.5, Post: 0.6 ± 0.2, -50%) improved from 3921 

Pre to Post. Furthermore, Post data for awakenings per night and awakenings per hour was more similar 3922 

to the reference data compared to Pre, suggesting that the players sleep was more in line with reference 3923 

norms. Whilst this case study cannot definitively say that the sleep hygiene strategy mediated the 3924 

improvements to objectively and subjectively rated sleep metrics (i.e., causality), we observed a positive 3925 

response to the intervention across several sleep and sleep-related variables, indicating better sleep. It 3926 

is important to note, nonetheless, that the player's objective data presented with relatively large CI 3927 

(Figure 38). Whilst the large CI may be due to a low number of data points or the inherently variable 3928 

nature of sleep [46], this may also indicate that the stated response could be in the opposite direction. 3929 

However, considering the subjective and the objective data overall suggest a beneficial response, it is 3930 

likely that a positive effect was observed. 3931 

Research has highlighted that sleep hygiene in athletes may be sub-optimal [460]. In one study, a sample 3932 

of professional team sport players (n=184) scored lower on the SHI compared to a cohort of age-3933 

matched controls (n=101). Notably, athletes scored significantly lower in components relating to 3934 

bedtime/wake time regularity, sleep environment, and nap behaviour suggesting that athletes, in general, 3935 

may benefit from sleep hygiene interventions.  3936 

There is little data examining the effectiveness of personalised or individualised sleep hygiene 3937 

interventions in athletic populations [232]. However, the limited amount of data that has been collected 3938 

aligns with this case study. In international standard cricket players (n=9) [232], a one-on-one education 3939 

session resulted in significantly improved activity-monitor derived sleep latency, which also like caused 3940 

an improvement in sleep efficiency (+5%). In this case study, sleep efficiency improved by a similar 3941 

magnitude. However, in this instance, improved WASO scores were likely the primary driver. Results 3942 

from more generalised, group-based sleep hygiene interventions have also reported improved sleep, 3943 

with positive results reported in both professional rugby league players [461] and non-professional 3944 

football players [462]. Furthermore, in highly trained footballers [365], a sleep hygiene strategy that 3945 

directly restricted ambient light, limited electronic device use, and controlled room temperature (~17°C) 3946 

resulted in significantly improved post-fixture sleep duration compared to a control.  3947 

Where previous research has observed benefits to sleep duration [365,461], sleep efficiency [232], and 3948 

sleep onset latency [232,462], this case study also observed a benefit to WASO, awakenings per hour, 3949 

and awakenings per night, which appears unique in the literature base thus far. However, the studies 3950 

involving professional or elite athletes [365,461] have excluded participants that have reported historic 3951 
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sleep issues, whereas this case study investigated a professional player that was specifically referred 3952 

after reporting excessive night-time awakenings. Therefore, this case study may have observed 3953 

improvements in WASO, awakenings per hour, and awakenings per night because the player’s scores 3954 

were already suboptimal, compared to other age-matched footballers. 3955 

Alongside improvements to objective sleep metrics, this case study also reports improved PSQI, ISI, 3956 

and ESS scores after the sleep hygiene intervention.  Whilst the ESS rates the perception of sleepiness 3957 

at the time of completion [456], the PSQI [454] and ISI [455] give a more general interpretation. 3958 

Components relating to sleep onset latency, night-time awakenings, and overall sleep quality, in addition 3959 

to issues with daytime sleepiness and enthusiasm were perceived to improve. Together with the 3960 

objective data, this may suggest that the player perceived a benefit to their daytime functioning. Similar 3961 

results have also been observed in professional cricket players [232] and non-professional footballers 3962 

[462] who received a sleep hygiene intervention. 3963 

It is challenging to deduce which element, or combination of elements, of the sleep hygiene intervention 3964 

mediated changes to the player’s objective and subjective sleep metrics. During the final debrief, the 3965 

player inferred that he perceived the consumption of melatonin-rich foods (specifically walnuts and 3966 

other nuts), a shower before bed, and a more regular bedtime routine were notably beneficial. Walnuts 3967 

are considered to be melatonin-rich and randomised placebo-controlled trials suggest that consumption 3968 

of walnut-derived peptides can significantly improve PSQI scores in adolescent and elderly populations 3969 

[451]. Whilst research is still emerging, it does indicate that the consumption of walnuts close to bedtime 3970 

may increase melatonin and aid in sleep initiation. There is a more established research base 3971 

surrounding the use of warm baths or showers close to bedtime to aid sleep, particularly regarding sleep 3972 

initiation. This has been observed in professional adolescent football players [450], where the 3973 

application of a warm shower 20 minutes before bedtime resulted in significantly improved sleep 3974 

efficiency and sleep onset latency. Whilst it is beyond the scope of this case study to investigate the 3975 

effectiveness of individual components on the player’s sleep, this case study suggests that a combined 3976 

approach is efficacious.  3977 

This case study used a combination of subjective (PSQI, ISI, ESS) and objective measures (wrist-3978 

activity monitors) to gain a holistic view of the player’s sleep. However, the efficacy of such an 3979 

approach should be questioned. The player was referred because they self-reported sleep disruption. 3980 

This was subsequently discussed in the initial consultation and confirmed through both subjective and 3981 

objective monitoring. However, the sleep assessments did not reveal anything new that the player had 3982 

not already verbally stated. Therefore, if data from the initial consultation was viewed in isolation, then 3983 

the sleep hygiene intervention could have been applied in the first instance, without the need for a period 3984 

of objective monitoring. However, subjective assessments are potentially limited by subjective biases, 3985 



182 | P a g e  

 

although, one advantage of utilising wrist-activity monitors is their ability to reconcile the subjective 3986 

assessments. Compared to polysomnography, activity monitors have demonstrated validity [199] and 3987 

their use in research has helped to elucidate several factors that may influence sleep in professional 3988 

players [275]. Therefore, whilst objective measures offered little additional information compared to 3989 

the subjective assessments, it did offer an opportunity to collaborate the data. 3990 

This case study has several limitations. Firstly, this was not a controlled study with a suitable 3991 

comparator, thus results can neither support nor refute the efficacy of an individualised sleep hygiene 3992 

intervention in professional football players reporting sleep issues. Nevertheless, it offers a potential 3993 

guide to the decision-making process and provides a real-world example framework for sport science 3994 

and medicine professionals when they encounter sleep issues within their practice. Further, whilst the 3995 

intervention was formulated by an MDT with a wealth of applied experience and on the guidance of the 3996 

data available, its formulation is still likely influenced by subjective individual biases. Therefore, the 3997 

most efficacious intervention may not have been applied. Also, this case study did not monitor or re-3998 

evaluate sleep after the final debrief and it is not known if sleep metrics continued to improve or 3999 

relapsed, nor was it able to elucidate sleep architecture. Finally, while the player also identified night 4000 

sweats as a sleep complaint, this could not be objectively determined so did not form a central part of 4001 

the discussion. 4002 

7.6. Conclusions 4003 

In conclusion, this case study applied an individualised sleep hygiene intervention to a player who was 4004 

referred after reporting excessive night-time awakenings and night-time sweats. The player’s subjective 4005 

and objective sleep metrics subsequently improved. Whilst this case study cannot definitively say the 4006 

intervention caused the changes to the sleep metrics, a player reported excessive nighttime awakenings, 4007 

an intervention was applied, and then the player reported improvement. This case study provides a 4008 

potential framework for coaches and sports practitioners who may encounter reported sleep issues as 4009 

part of their practice. 4010 

  4011 
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Chapter 8 4012 

8. General discussion and conclusions  4013 
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8.1. Introduction 4014 

The final iteration of this PhD thesis was influenced by the COVID-19 pandemic and subsequent 4015 

restrictions. Initially, this PhD was formed in collaboration with Southampton FC and St Mary’s 4016 

University, Twickenham, to investigate the effectiveness and best-practise use of WBC in professional 4017 

football players. This included exploring its efficacy, reported benefits, such as improved sleep quality, 4018 

and how the therapy can impact performance in a professional environment. Accordingly, studies were 4019 

conceptualised to aid in the understanding and utilisation of this poorly understood recovery modality. 4020 

Firstly, a study was completed which aimed to conduct a rigorous meta-analysis and systematic review 4021 

of studies that examined the use of post-exercise WBC, compared to passive recovery, on markers of 4022 

EIMD, inflammation, redox and variables related to post-exercise fatigue and recovery in healthy and 4023 

athletic populations.  4024 

Secondly, an applied cross-over designed study was enacted which aimed to (1) investigate the effect 4025 

of a WBC applied across an in-season microcycle on the objective and subjective sleep quality in under 4026 

18 (U18) professional footballers, and (2) determine the effect of WBC on game-day inflammation, 4027 

testosterone, and cortisol. However, the English Premier League (EPL) and Football Association (FA) 4028 

decided to postpone the season shortly before the start of the second phase of this study. Subsequently, 4029 

the EPL and FA declared that WBC chambers were not COVID-safe, therefore, the focus of this PhD 4030 

was moved away from WBC and sleep became a more central theme. This change was formed in 4031 

collaboration with St Mary’s University, Twickenham, and Southampton FC and brought together the 4032 

resources and technologies available to all parties. Subsequently, new research questions were formed 4033 

that adhered to the overarching performance goals of Southampton FC. The new research questions 4034 

were defined as: 4035 

1. What is known about the quality and duration of sleep amongst professional footballers?  4036 

2. What factors affect sleep in professional football players, specifically at SFC? 4037 

3. What are suitable and effective ways of improving sleep in professional football players? 4038 

The purpose of this chapter is to review the main findings of this thesis and discuss the applied impact 4039 

of the research.  4040 

8.2. PhD narrative and summary of the main findings 4041 

To satisfy the stated aims, a combination of meta-analyses, systematic literature reviews, and 4042 

interventional and longitudinal studies were completed alongside a final case study. The primary 4043 

findings of each chapter are summarised herein. 4044 
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8.2.1. Chapter 2 (Post-exercise whole-body cryotherapy and recovery: a systematic review 4045 

and meta-analysis). 4046 

In the studies examined, there was not the requisite data to form robust conclusions regarding the 4047 

efficacy of WBC; and the mechanism behind a successful stimulus remains largely unknown. 4048 

Nevertheless, subsequent subgrouping suggested that multiple exposures applied across a microcycle 4049 

were able to elicit a beneficial repose to some key markers of exercise-induced muscle damage. 4050 

Whereas single exposures did not. These insights consequently informed how WBC was applied at 4051 

Southampton FC. Specifically, players were encouraged to use the WBC chamber once a day for at least 4052 

3 consecutive days.  4053 

The meta-analysis also highlighted several studies that investigated the effect that WBC may have on 4054 

sleep. Whilst the studies presented with conflicting results, the reports were consistent with anecdotal 4055 

evidence from Southampton FC where players reported feeling sleepy, or described a perceived benefit 4056 

to sleep, after exposure. These factors provided stimulus for the first experimental chapter. 4057 

8.2.2. Chapter 3 (The effect of whole-body cryotherapy on sleep quality and game-day 4058 

endocrine and inflammatory markers in U18 professional football players) 4059 

This study was curtailed by the COVID-19 restrictions. Nevertheless, novel findings were reported. 4060 

Specifically, data suggested that WBC had no significant influence on objective sleep markers, however, 4061 

subjective sleep quality was greater in players who received WBC compared to those who did not. As 4062 

part of this study, match-day testosterone, cortisol, and c-reactive protein (CRP) were also sampled to 4063 

determine whether WBC affected their levels on match day. These markers were chosen because of the 4064 

relationship between testosterone, cortisol and sleep [14], and CRP as an indicator of systemic 4065 

inflammation. However, this study did not observe a statistical relationship between players who 4066 

received WBC (CRYO) and players who did not (CON) for testosterone (CON: -86.1 ± 59.9 pg/ml, 4067 

CRYO: -239.3 ± 157.9 pg/ml), cortisol (CON: -12.3 ± 39.5 pg/ml, CRYO: -16.9 ± 59.9 pg/ml, p=0.89), 4068 

and CRP (CON: 0.048 ± 0.13, CRYO: -0.039 ± 0.29, p=0.695), suggesting that WBC did not mediate 4069 

any changes in this instance. 4070 

8.2.3. Chapter 4 (How well do professional football (soccer) players sleep? A systematic 4071 

scoping review of observational studies) 4072 

Academically, the purpose of this study was to describe what is known about sleep quality and quantity 4073 

and identify the main literature themes concerning barriers to optimal sleep by systematically examining 4074 

observational studies that have monitored sleep in full-time, professional footballers. Regarding the 4075 

PhD thesis narrative, this chapter also supported refocusing the central theme from WBC to sleep in 4076 

professional footballers. Due to the lack of commonality between methodological elements between 4077 
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observational studies, a scoping review approach was judged to be the most appropriate review method. 4078 

Results indicated that professional football players' mean sleep duration was within guidelines, 4079 

however, sleep may be more variable compared to age-matched controls. It also highlighted that 4080 

scheduling variables (e.g., kick-off time, home compared to away, travel) were associated with overall 4081 

sleep metrics in professional football players. Therefore, these observations formed the basis of 4082 

subsequent chapters.  4083 

8.2.4. Chapter 5 (Day type and start time may influence sleep in adolescent professional 4084 

football players) 4085 

This chapter built on the conclusions presented in chapter 4, and to the author's knowledge, was the first 4086 

study to investigate start time, and assess its association with objective sleep metrics, in professional 4087 

football players. Accordingly, this study aimed to assess how start time may influence sleep the night 4088 

before, how day type may influence subsequent sleep, and assess how workload may influence 4089 

subsequent sleep in under 18 (U18) professional footballers. This study also provided specific insights 4090 

to Southampton FC on the effect of scheduling variables (that may be unique to this club) on their 4091 

players. Results suggested that start time appeared to influence the total sleep duration that the U18 4092 

professional footballers obtained (an additional 19.1mins per hour extension to start time), and that day 4093 

type was also associated with sleep, with MD+1 exhibiting reduced sleep duration. There was also little 4094 

evidence to suggest that workload affected activity monitor-derived sleep metrics. 4095 

8.2.5. Chapter 6 (Sensitivity to sleep loss: a Method Agreement study between three fatigue-4096 

related measures) 4097 

The EyeSync virtual reality eye-tracking smooth pursuit task was reported to be sensitive to fluctuations 4098 

in sleep quality and research has demonstrated sensitivity to total (>24hour) sleep deprivation trials 4099 

[210,438]. However, this chapter suggested that the device does not have the requisite sensitivity to 4100 

detect the magnitude of sleep variations normally experienced by professional football players.  4101 

Considering the limitations of chapter 5, specifically that the player’s adherence to wearing the bands 4102 

was sub-optimal, it is postulated that the device may engage the players whilst giving them feedback 4103 

on a performance metric that is associated with sleep. However, research that examines the sensitivity 4104 

of the EyeSync virtual reality eye-tracking device to sleep loss has only been on military populations 4105 

exposed to 24 to 26 hours of total sleep loss. Whilst football players sleep variables may be more 4106 

variable compared to age-matched controls [46,278,447], total sleep deprivation is not the reality faced 4107 

by the majority of football players [447]. Consequently, the aims of this study were (1) to investigate if 4108 

a virtual reality eye-tracking smooth pursuit assessment is sensitive to day-to-day variation in sleep 4109 

metrics, and (2) to assess if the test can detect the presence of sleep loss in applied environments. This 4110 



187 | P a g e  

 

was achieved by running a method agreement study on university students and completing a 4111 

retrospective analysis in a sample of Royal Navy Divers. Despite previous research suggesting that this 4112 

device was sensitive to complete sleep deprivation, the primary finding from this study was that it lacked 4113 

the requisite sensitivity to be useful in applied environments to detect sleep loss more synonymous with 4114 

what is realistically experienced by professional football players. 4115 

8.2.6. Chapter 7 (A bespoke sleep monitoring and sleep hygiene intervention improves sleep 4116 

in an U18 professional football player: A case study.) 4117 

The objective of this chapter was to bring together the approaches that have been observed throughout 4118 

this thesis to implement a mixed-method sleep monitoring and intervention pathway, in collaboration 4119 

with a multidisciplinary team, to test its ecological validity. Furthermore, this study also supported the 4120 

consolidation of some of the primary themes developed through the production of the thesis. Therefore, 4121 

this case study reports on a professional U18 football player who was referred for bespoke sleep 4122 

monitoring and intervention after reporting perceived excessive night-time awakenings and excessive 4123 

night-time sweating. Sleep is a highly variable phenomenon [231], consequently, an individualised 4124 

approach was considered more logical compared to the prescription of generic sleep recommendations 4125 

[453]. After consultation and qualitative and quantitative sleep monitoring, a sleep hygiene intervention 4126 

was applied that was tailored to the player's responses. Whilst this study cannot imply causation, a 4127 

player reported a sleep issue, an intervention was prescribed, and the player subsequently reported 4128 

improved sleep, as measured by a set of well-established tools (e.g., Pittsburg sleep quality index, 4129 

insomnia severity index, Epworth sleep quality scale, and research grade activity monitors)  4130 

The impact of this study is multifaceted. It supports the notion, that a bespoke approach is viable in 4131 

players reporting sleep issues and it provides a framework for practitioners to engage with. However, 4132 

to the player in question, this engagement supersedes any academic conclusions and has a direct impact 4133 

on his sleep, well-being and, potentially, his performance. Therefore, this case study may have the 4134 

largest utility from a personal applied standpoint. 4135 

8.3. Discussion of main findings 4136 

8.3.1. The quality and duration of sleep among professional footballers 4137 

In chapter 4, a review of observational studies indicated that professional football players, overall, 4138 

achieve at least 7 hours of sleep on training days, the minimum recommended quantity according to the 4139 

NSF [371]. This was evidenced by 82% of included studies reporting means above 7 hours. Similarly, 4140 

63% of observational studies also reported that mean sleep onset latency and mean WASO scores were 4141 

within published guidelines [371]. Nevertheless, the reported variance in the included studies indicates 4142 

that suboptimal sleep is present in professional players and direct comparisons between professional 4143 
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players and age-matched controls also suggest greater variation [20]. These conclusions were made by 4144 

analysing the data only from training days. In this review, training days were used as a proxy for baseline 4145 

data since they are typically the most numerous day type, and they are the most removed from 4146 

competition stressors. However, it is noted that training days cannot provide a true baseline because of 4147 

the continued training, workload, and competition-related factors that may impact physiological or 4148 

psychological variables that may antagonise restorative sleep.  Therefore, this data does not provide 4149 

evidence to suggest that sleep in this demographic is typically sufficient. Firstly, it is not clear what 4150 

constitutes sufficient sleep in athletes, although there is some evidence to suggest increased injury risk 4151 

secondary to sleep disruption [463,464]. Furthermore, the results from chapter 4 also suggest that sleep 4152 

on training days is more variable compared to age-matched controls and the reported error bars suggest 4153 

that suboptimal sleep (according to non-athletic recommendations) is common. 4154 

Therefore, whilst results highlight the notion that sleep in professional football players is largely within 4155 

published guidelines, it also suggests that it is more variable compared to age-matched controls. Whilst 4156 

the source of the additional heterogeneity warrants further investigation, the increased inter and intra-4157 

population variability suggests that some players, but not all, experience suboptimal sleep. Therefore, 4158 

these results suggest that practitioners should avoid the prescription of generic team-based sleep 4159 

interventions, and focus on highlighting individual players who are not in receipt of optimal sleep or 4160 

feel dissatisfied with their overall sleep quality. Through this method, interventions can be applied 4161 

where they will have the largest impact and it avoids layering support on players already in receipt of 4162 

apparently sufficient sleep quality and quantity. 4163 

8.3.2. The effect of scheduling variables on sleep in professional football players. 4164 

This thesis supports the notion that scheduling factors can affect sleep in professional football players. 4165 

In chapter 4, a scoping review was performed that suggested scheduling factors (the time and location 4166 

that training, fixtures, and other commitments professional footballers may encounter, are positioned 4167 

within their normal routine) were a primary literature theme regarding sleep in professional football 4168 

players, and there was consistent evidence highlighting the impact that these variables can have on 4169 

sleep. For example, notwithstanding the significant inter/intra-individual variation [275], studies have 4170 

also reported differences according to day type (e.g., matchday (MD), MD+1) [275], and reduced sleep 4171 

quality or quantity after night matches [273,361], and travel [226,277]. Furthermore, other research has 4172 

highlighted the impact start time may have on sleep in adolescent students [175,431], whose 4173 

chronological phenotype is typically later than the lifetime average [431]. However, start time has not 4174 

been investigated as a factor that may impact sleep in professional adolescent football players who may 4175 

have differing commitments compared to non-athletic populations. The subsequent chapter builds on 4176 

this notion. Specifically, Chapter 5 [447] reveals, for the first time, that the scheduled start time (the 4177 

time players are scheduled to arrive for training or competition) is significantly associated with sleep 4178 
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duration in professional U18 football players. To the author's knowledge, this was the first time that 4179 

sleep and start time have been modelled in a study of this type and, therefore, provides unique insight 4180 

into the variables that may affect sleep in adolescent professional players.  4181 

Analysis suggests that start time is a significant factor in the amount of sleep achieved by U18 4182 

footballers, with an estimated sleep extension of 19.1mins (CI: 9.4–28.79) per hour delay in start time. 4183 

This also occurred in tandem with later wake times (18mins, CI:9.3–26.6), with no significant change 4184 

to sleep onset times (p>0.05). To some extent, start time is likely to be related to day type, for example, 4185 

the scheduled start time on matchdays may depend on travel or kick-off time. However, start time is a 4186 

manipulatable variable, notably on training days where coaches may have greater control. This 4187 

highlights the applied benefit of these results. In previous chapters (Chapters 2 and 3) little evidence 4188 

was provided that WBC can benefit sleep. What was observed was an equivocal selection of results 4189 

from studies that investigated WBC as an ergonomic sleep aid in elite athletes in Chapter 3, and a 4190 

potential subjective benefit to the sense of alertness upon wake in Chapter 4. Whilst Chapter 4 was 4191 

curtailed by the national lockdown, the fact remains that clubs have to make a substantial financial 4192 

investment in a therapy that may, or may not, provide a meaningful benefit. Conversely, data from this 4193 

thesis demonstrates that sleep duration can be extended simply by extending the scheduled start time.   4194 

It is not clear to what magnitude start time would have to be manipulated to produce a meaningful well-4195 

being or performance benefit. The effect of sleep extension on athletes has only been applied at the 4196 

collegiate level where studies have demonstrated improvements in daytime sleepiness and performance. 4197 

However, extensions of ≥90mins were used [433]. Consequently, the required magnitude of start time 4198 

manipulation to generate synonymous levels of sleep extension may be unfeasible. Nevertheless, similar 4199 

levels of sleep extension have also been reported in a cross-sectional study in American High Schools 4200 

(13 to 18yrs) where each 30mins delay in school start time yielded 12mins of additional sleep [173]. 4201 

Further studies have linked extensions to school start time with reductions in daytime sleepiness and 4202 

improved academic performance [175]. Therefore, delaying start time may support adolescent 4203 

footballers by increasing the available window for sleep.  4204 

Based on these results, practitioners may wish to permanently schedule later start times for their 4205 

adolescent athletes to promote a sleep pattern that is more suited to the intrinsic chronotype of their age 4206 

[431]. This may be more logical than extending start time every time a coach wishes to increase the 4207 

sleep duration within their squad. However, practitioners should note that such an approach may be 4208 

counterintuitive considering the intra- and inter-variable nature of sleep [465] and may add 4209 

inconsistency to a player's sleep schedule which is contrary to most sleep hygiene advice [16,57,459].  4210 

These results also have limitations. Specifically, this data may also not reflect the sleep behaviours of 4211 

other academy cohorts or senior players with differing schedules, pressures, or chronotypes. However, 4212 
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this data does provide direct evidence to coaches at Southampton FC that the sleep in their adolescent 4213 

players can be extended by scheduling a later start time and highlights a manipulatable scheduling 4214 

factor.  4215 

8.3.3. The effect of workload variables on sleep in professional football players. 4216 

Chapters 3 and 4 suggest that scheduling factors are associated with sleep variation in professional 4217 

football players, however, they did not lend credence to the notion that workload affects objective sleep 4218 

metrics in the same demographic. In chapter 5, objective sleep metrics were modelled against day, 7day 4219 

accumulated (acute) and 28day accumulated (chronic) high-speed running (total distance (m) covered 4220 

at running speeds >5.5m·s-1; HSR), high-speed decelerations (a decrease in speed for at least half a 4221 

second with maximum deceleration in the period of at least 0.5m·s-2, DEC), and high-speed 4222 

accelerations (an increase in speed for at least half a second with maximum deceleration in the period 4223 

of at least 0.5m·s-2; ACC). Whilst the threshold for significance was reached (p<0.05) for some 4224 

variables, the magnitude of effect was arguably not meaningful. For example, Chapter 5 reports that for 4225 

every 100m increase in day HSR, sleep onset and wake time are only extended by 4.68min (CI:2.78—4226 

6.58mins) and 3.38mins (CI: 1.27—5.5mins), respectively. Moreover, despite the reported changes to 4227 

wake and sleep onset time, there was no significant change to sleep duration, so these results are unlikely 4228 

to be of any concern to practitioners.  4229 

These results were collated during a 10-week in-season period, consequently, workload may have 4230 

remained relatively stable throughout. Therefore, it remains plausible that sleep may still be influenced 4231 

by larger changes in workload, compared to the variation in workload that is present during the in-4232 

season phases. Few studies have investigated changes in sleep quality across season phases in 4233 

professional players, and what does exist remains somewhat contentious. Douchet et al. [391] observed 4234 

that perceived sleep quality was reduced after a heavy-intensity microcycle, compared to a lighter-4235 

intensity microcycle, in female professional players competing in France. However, similar studies 4236 

across both youth [44,45] and senior [401,409,411] professional demographics have reported no 4237 

significant relationships. The cause of the disparities is not clear but may be related to the relative 4238 

change in intensity across studies affecting the underlying sleep architecture, resulting in a perceived 4239 

change in subjective sleep quality. Alternatively, where these studies used subjective methodologies, 4240 

perceptual biases may have influenced results [247–249]. 4241 

It is important to note that the data from this chapter was collected using activity-monitor wrist-4242 

actigraphy which interprets nocturnal movements through proprietary algorithms to estimate periods of 4243 

wakefulness and sleep [199,416]. Consequently, these devices are unable to provide detailed 4244 

information on sleep architecture [199,416]. Therefore, whilst changes in sleep duration, sleep onset 4245 

latency, sleep efficiency, and WASO were not determined to have been influenced by workload in the 4246 
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study presented in Chapter 5, that is not to say that the underlying sleep architecture was not influenced 4247 

by changes in in-season workload. Further elucidation may be provided by determining changes in sleep 4248 

architecture relative to changes in workload. This can normally be achieved through polysomnography 4249 

(PSG). However, this requires relatively invasive instrumentation which may, in turn, alter a player’s 4250 

regular sleep routine and detract from the applied nature of this thesis. Next-generation smart wearables 4251 

may have the capacity to elucidate the presence of REM/N-REM sleep and may present an interesting 4252 

alternative to PSG if such devices are validated. Considering sleep architectures’ link with hormonal 4253 

and anabolic signalling, this future research may support the optimisation of athletic recovery in 4254 

professional players.  4255 

These results are highly specific to the U18 players at Southampton FC. Other clubs with differing 4256 

technical approaches may have systems that present with larger fluctuations in external workload, 4257 

therefore, these results may not be readily transferred to other academy players. Nevertheless, the data 4258 

presented in Chapter 5 suggests that workload is not a factor influencing sleep in the professional U18 4259 

players at Southampton FC and, overall, the results from this thesis suggest that practitioners should 4260 

not be concerned about fluctuations in workload affecting sleep in their players.  4261 

8.3.4. Point-of-care measurement of sleep 4262 

The EyeSync a virtual reality eye-tracking device was purported to be sensitive to sleep loss and, 4263 

therefore, may have provided a novel, interactive, and performance-centred tool to provide biological 4264 

feedback to players regarding their sleep [210,438]. Previous research is limited to military samples 4265 

where studies have demonstrated that smooth performance was reduced after >24hrs of total sleep 4266 

deprivation [210,438]. However, whilst the sleep of professional footballers has been reported to be 4267 

variable [46,278], total sleep deprivation is not the reality faced by footballers [273]. Consequently, for 4268 

smooth pursuit performance to be efficacious in applied environments, tests have to show sensitivity to 4269 

daily fluctuations in sleep quality. In Chapter 6, a method agreement study and retrospective analysis 4270 

of data collected from Royal Navy Divers were conceptualised to test this hypothesis. However, results 4271 

suggest that the EyeSync virtual reality eye-tracking device does not have the requisite sensitivity to 4272 

detect daily fluctuations in sleep metrics that are normally experienced by professional football players. 4273 

Considering that other studies on military personnel have observed degradations in smooth pursuit 4274 

performance after 24hrs of total sleep deprivation [212,215,435], the studies from this thesis would 4275 

suggest that smooth pursuit performance changes occur at greater levels of sleep loss than was reported 4276 

in the studies in this thesis. 4277 

Chapter 6 also suggests that a psychometric vigilance task (PVT) lacks the requisite sensitivity to detect 4278 

the sleep fluctuations that are normally experienced by football players. However, there was evidence 4279 

that the PVT had greater sensitivity to sleep loss than the smooth pursuit test. In the retrospective 4280 
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analysis portion of chapter 6, whilst both the PVT and the smooth pursuit performance were reduced 4281 

during a ‘fatiguing’ week compared to the control, linear mixed modelling revealed that only the 4282 

variability in PVT scores was associated with objective sleep metrics. These results should not be over-4283 

interpreted and do not suggest that the PVT is more suited to assessing sleep state in athletes compared 4284 

to the smooth pursuit test. Firstly, the study has limitations, notably the sample size (n=9) and the 4285 

likelihood of sustained fatigue from previous weeks' training impacting upon results. Secondly, the PVT 4286 

takes 10 minutes to perform and requires the participant to remain engaged throughout [209]. This may 4287 

limit its utility in applied environments where player time and buy-in may be limited. Regardless, the 4288 

amount of sleep loss participants experienced in this study is not synonymous with what is normally 4289 

experienced by professional players [273]. One exception may be after night games, where several 4290 

papers have reported notable sleep loss [273,361,376]. However, night games are predictable events 4291 

and practitioners may find it more efficient to use a subjective methodology(e.g., Leeds sleep evaluation 4292 

questionnaire) to assess the quality of sleep the night before, rather than a 10-minute objective test. 4293 

This may also have been apparent in Chapter 7. Here a player reported sleep disruption and subsequently 4294 

underwent a period of objective sleep monitoring, however, nothing additional was learned from the 4295 

objective sleep monitoring that was not first revealed through the initial consultation and subjective 4296 

assessments. It should be noted that this player was already aware and had reported sleep disruption. If 4297 

another player was not aware or open about difficulties with their sleep, then a period of objective 4298 

screening may have been useful. For this reason, further research should continue to investigate a point-4299 

of-care test that is sensitive to sleep loss. If such a test can be related to performance, then it could be 4300 

used to educate players regarding the importance of sleep. 4301 

8.3.5. Bespoke sleep intervention framework 4302 

Chapter 7 provided a framework for a bespoke sleep monitoring and intervention pathway in 4303 

professional football, and other athletic, environments. The pathway was based on guidance that was 4304 

presented in a consensus statement that was published in the British Journal of Sports Medicine [16]. 4305 

This study presented a case of an U18 professional football player who was referred after reporting 4306 

perceived excessive night-time awakenings and night sweats. After receiving an individualised sleep 4307 

hygiene intervention, both subjective and objective sleep measures reported improvements.  4308 

The case study cannot demonstrate causality between the intervention and improved sleep metrics. 4309 

Nevertheless, a player reported sleep issues, the sports science and medicine staff intervened, and the 4310 

player's sleep subsequently improved. Despite this, a major strength of the study is the inclusion of 4311 

reference data from Chapter 4. Considering this data came from players of comparable age from the 4312 

same academy, it acted valid comparator in which to assess the player's sleep scores, and any subsequent 4313 

improvements. The data from Chapter 4 may not represent optimal sleep for this population, because it 4314 
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is not clear what constitutes optimal sleep in professional football players. However, what it does offer 4315 

is comparator data from a highly similar reference population who are not reporting perceived sleep 4316 

issues. 4317 

Previous studies have observed efficacy after implementing bespoke sleep hygiene interventions in 4318 

professional athletes [232], however, there are few examples of studies involving bespoke interventions 4319 

in football players reporting sleep issues. Whilst a sleep hygiene intervention was not a predetermined 4320 

intervention, the case study suggests that a bespoke sleep monitoring and intervention is a logical 4321 

approach. Considering that sleep is a highly variable phenomenon [20], impacted by a multitude of 4322 

factors including chronotype and habitual tendencies [453], the approach presented in this study is 4323 

arguably more logical than team-based interventions.  Therefore, chapter 7 provides a potential 4324 

framework for practitioners who may wish to implement a similar scheme for their athletes. 4325 

8.3.6. Whole-body cryotherapy and sleep 4326 

Initially, WBC was the primary theme of this thesis. The meta-analysis and systematic review presented 4327 

in Chapter 2 considered the influence of post-exercise WBC on sleep and subsequently reviewed 4 4328 

studies. The data was somewhat mixed, with two studies suggesting efficacy and two studies suggesting 4329 

no effect. The reason for the disparity remains unclear and in the data available, the number of 4330 

exposures, exposure time in relation to bedtime, level of the athlete (e.g., highly trained vs Olympic 4331 

level), and duration of study were not obviously connected to the success, or lack thereof, of the 4332 

intervention. Nevertheless, players at Southampton FC anecdotally reported improved subjective sleep 4333 

quality after WBC exposure and no research was identified that investigated the use of WBC in 4334 

professional football players as an ergonomic sleep aid. Therefore, sleep in professional footballers was 4335 

also introduced as a theme and a study was designed to test the hypothesis that WBC could support the 4336 

sleep of professional football players. This study was originally a cross-over designed study, however, 4337 

COVID lockdowns prevented its completion and sleep in professional football players took a more 4338 

central theme. Nevertheless, this thesis still provides insight into the role of WBC on sleep in 4339 

professional athletes. Results from the subsequently curtailed study suggested that players who received 4340 

WBC did report a significantly improved sense of alertness the morning after WBC exposure using 4341 

subjective measures (e.g., Leeds sleep evaluation questionnaire), despite no significant impact on 4342 

objective activity-monitor sleep markers. Since activity monitors only estimate time asleep from 4343 

nocturnal movements the subjective improvements in alertness may represent an effect on the 4344 

underlying sleep architecture. However, this is not clear. 4345 

These results are in partial agreement with the wider literature base. In both Olympic standard 4346 

synchronised swimmers and recreationally active male participants, evening WBC appeared to 4347 

significantly support sleep quality compared to control conditions. Furthermore, Douzi et al also 4348 
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reported an improved sense of alertness after WBC [299]. However, Aloulou et al. [309] did not record 4349 

a difference when under-23 rugby players received WBC at a similar time (~2130). Furthermore, in 4350 

well-trained cyclists, post-exercise WBC did not significantly impact sleep quality throughout a 4-week 4351 

high-intensity exercise intervention [359]. The cause of the disparity between studies remains unclear, 4352 

although, in the limited data thus far, exposure frequency, competitive level, and time of exposure in 4353 

relation to bedtime appear not to be factors that predict a therapeutic stimulus in this instance. 4354 

Nevertheless, whilst the conclusions of this study are severely limited by the lockdown-mandated 4355 

curtailment, this thesis suggests that WBC may support players by improving their sense of alertness 4356 

the morning after an exposure.  4357 

If practitioners wish to improve player sleep and perception of alertness, then WBC may present a valid 4358 

option, albeit with limited investigative support. However, there are potentially more efficacious 4359 

methods of doing so rather than investing in a WBC chamber.  Perhaps a good example can be drawn 4360 

from Chapter 7, which details a case study of a single player reporting sleep issues. In this study, a 4361 

bespoke sleep hygiene intervention was applied which elicited notable improvements to both subjective 4362 

and objective sleep metrics. Whilst participants from studies are not directly comparable despite being 4363 

similar ages, due to participants from Chapter 3 not reporting sleep issues, it does suggest that 4364 

practitioners should explore less expensive options before investing in a WBC chamber simply to 4365 

improve sleep. Although, it should be noted that the WBC chamber is purported to offer wider-reaching 4366 

benefits than just ergonomic sleep aid [366]. 4367 

8.3.7. Limitations 4368 

The primary finding of this thesis is that start time is significantly associated with the amount of sleep 4369 

U18 professional footballers receive. However, this thesis also provides evidence that workload is not 4370 

significantly associated with activity monitor-derived sleep metrics. As discussed, activity monitors 4371 

measure nocturnal movements and then use proprietary algorithms to estimate sleep onset time, wake 4372 

time, WASO, sleep onset latency, time-in-bed, and total sleep duration [198,199]. However, activity 4373 

monitors do not possess the ability to assess further physiological metrics, specifically ones that are 4374 

associated with REM/NREM. Therefore, these findings are limited by methodologies' inability to 4375 

elucidate sleep architecture in participants. It remains credible that changes in workload may still be 4376 

associated with changes in sleep architecture, respiratory rate, heart rate variability, and 4377 

thermoregulation. Considering sleeps association with anabolic signalling, disruption to these factors 4378 

may still affect athletic recovery. 4379 

Furthermore, whilst research-grade activity monitors are considered a reliable and valid method of sleep 4380 

monitoring, polysomnography (PSG) is the gold standard due to its ability to measure a range of 4381 
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physiological metrics associated with wakefulness and sleep states, including respiratory, 4382 

cardiovascular, and brain wave activity. 4383 

Furthermore, activity monitor sleep assessments cannot elucidate sleep architecture, consequently, 4384 

important information regarding the depth of sleep would be missed by relying on activity monitors 4385 

alone. That said, PSG requires extensive instrumentation and is relatively invasive. Therefore, its use 4386 

may inadvertently disrupt the normal sleep pattern of the players, detracting from the applied impact.  4387 

This thesis also heavily relied on U18 teams as participants. This may limit the conclusions that can be 4388 

transposed from these studies to more senior players. For example, in Chapter 5 it was suggested that 4389 

U18 players may benefit from later start times due to their intrinsic chronotype favouring later bedtimes 4390 

and wake times compared to other ages. This would, in turn, suggest that more senior players may not 4391 

benefit from later start times as their intrinsic chronotype may transition to an earlier phenotype.  4392 

Moreover, data from all experimental Chapters presented within this thesis were collected during in-4393 

season periods. Differing workloads [391], perceived psychological stress/recovery balance [274], and 4394 

team performance [393] may have influenced results throughout this thesis. 4395 

8.3.8. Future research 4396 

This thesis highlights several avenues for future research. Firstly, commercially available wearable 4397 

devices that can noninvasively measure heart rate variability and skin temperature have recently 4398 

received investigative interest [466]. If subsequent research demonstrates reliability and validity, then 4399 

such devices may provide a greater depth of understanding of how scheduling and workload variables 4400 

impact the sleep architecture in professional players, and the wider athletic base, without them 4401 

undergoing relatively more invasive instrumentation that may impact upon their normal routine.  4402 

Furthermore, this thesis provides information that suggests that start time is significantly associated 4403 

with sleep duration in U18 professional players. The players' intrinsic biological chronotype may be 4404 

better suited to later bedtimes and wake times, however, as players age beyond late adolescence and 4405 

their chronotype moves towards an earlier phenotype, then any benefit of a later state time may dissipate 4406 

[431]. Therefore, future research may wish to investigate the impact of scheduling variables across age 4407 

groups. This would allow teams to better focus on the need for sleep support at specific stages of players' 4408 

careers.  4409 

Similarly, further research should be dedicated to factors that may impact player sleep throughout their 4410 

career. For example, it is well established that new parents experience a drop in sleep quality and/or 4411 

quantity as a result of parental responsibilities [467] Therefore, understanding the magnitude and nature 4412 
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of any sleep disruption in professional players may allow clubs to support players well fair by targeting 4413 

sleep interventions for players who are likely to need sleep support. 4414 

8.3.9. Conclusions 4415 

The original purpose if this thesis was to assess the use of WBC as a recovery aid in professional football 4416 

players. This included a study that tested the hypothesis that WBC could be used as an ergonomic sleep 4417 

aid in professional football players. However, due to the influence of COVID, sleep in football players 4418 

became the primary theme of this thesis. Nevertheless, this thesis adds to the literature base with several 4419 

key findings that were developed over 5 investigative chapters. Therefore, the primary conclusions of 4420 

this thesis are as follows: 4421 

• For the first time, start time is significantly associated with the amount of sleep that U18 4422 

professional football players receive. This is a new novel finding that was demonstrated in this 4423 

population for the first time. 4424 

• In the same population, workload was not observed to be significantly associated with activity 4425 

monitor-derived sleep metrics. 4426 

• Scheduling variables were also noted as being a consistent factor that influences sleep variables 4427 

in professional players. 4428 

• The smooth pursuit oculomotor test, as performed on the EyeSync eye-tracking device, did not 4429 

have the requisite sensitivity to detect day-to-day fluctuation in sleep loss. 4430 

• After meta-analysis, this thesis suggests that multiple WBC exposures are more successful at 4431 

eliciting a therapeutic response to symptoms of EIMD, compared to single exposures 4432 

• WBC may support perceived alertness the morning after exposure and, whilst activity-derived 4433 

sleep metrics were unchanged, this may be due to improved sleep. 4434 

• Finally, a bespoke sleep hygiene intervention may have improved sleep in a U18 professional 4435 

player, and this thesis provides a potential framework for practitioners to consider should they 4436 

encounter an athlete experiencing sleep issues. 4437 

Furthermore, this thesis highlights potential avenues for future research. Notably, the next generation 4438 

of wearable technologies reportedly can measure heart rate variability and skin temperature. If 4439 

subsequent investigations determine these devices to be reliable and valid, then greater information can 4440 

be gained regarding the sleep properties of professional athletes in response to workload, scheduling, 4441 

and other stimuli. Considering sleeps relationship with inflammatory, endocrine, and psychological 4442 

homeostasis, then these tools may allow practitioners to highlight players in need of support and 4443 

intervention with much greater fidelity compared to what is available.  4444 

 4445 



197 | P a g e  

 

9. Reference list 4446 

1  Bangsbo J. Physiological demands of soccer. 2014. 4447 

2  Di Mascio M, Bradley PS. Evaluation of the most intense high-intensity running period in English FA Premier 4448 

League soccer matches. J Strength Cond Res. 2013;27:909–15. 4449 

3  Bloomfield J, Polman R, O’Donoghue P. Physical demands of different positions in FA Premier League 4450 

soccer. J Sports Sci Med. 2007;6:63–70. 4451 

4  Baird MF, Graham SM, Baker JS, et al. Creatine-kinase- and exercise-related muscle damage implications 4452 

for muscle performance and recovery. J Nutr Metab. 2012;2012. https://doi.org/10.1155/2012/960363 4453 

5  Brancaccio P, Maffulli N, Limongelli FM. Creatine kinase monitoring in sport medicine. Br Med Bull. 4454 

2007;81–82:209–30. 4455 

6  Russell M, Northeast J, Atkinson G, et al. Between-Match Variability of Peak Power Output and Creatine 4456 

Kinase Responses to Soccer Match-Play. J Strength Cond Res. 2015;29:2079–85. 4457 

7  Varley I, Lewin R, Needham R, et al. Association between Match Activity Variables, Measures of Fatigue and 4458 

Neuromuscular Performance Capacity Following Elite Competitive Soccer Matches. J Hum Kinet. 4459 

2017;60:93–9. 4460 

8  Mohr M, Nybo L, Grantham J, et al. Physiological Responses and Physical Performance during Football in 4461 

the Heat. PLoS One. 2012;7:e39202. 4462 

9  Marcora SM, Staiano W, Manning V. Mental fatigue impairs physical performance in humans. J Appl Physiol. 4463 

2009;106:857–64. 4464 

10  Smith MR, Zeuwts L, Lenoir M, et al. Mental fatigue impairs soccer-specific decision-making skill. J Sports 4465 

Sci. 2016;34:1297–304. 4466 

11  Kenttä G, Hassmén P. Overtraining and recovery. A conceptual model. Sports Medicine. 1998;26:1–16. 4467 

12  Ascensão A, Rebelo A, Oliveira E, et al. Biochemical impact of a soccer match - analysis of oxidative stress 4468 

and muscle damage markers throughout recovery. Clin Biochem. 2008;41:841–51. 4469 

13  Kellmann M, Bertollo M, Bosquet L, et al. Recovery and performance in sport: Consensus statement. Int J 4470 

Sports Physiol Perform. 2018;13:240–5. 4471 

14  Dattilo M, Antunes HKM, Medeiros A, et al. Sleep and muscle recovery: Endocrinological and molecular 4472 

basis for a new and promising hypothesis. Med Hypotheses. 2011;77:220–2. 4473 



198 | P a g e  

 

15  Bowen L, Gross AS, Gimpel M, et al. Accumulated workloads and the acute: Chronic workload ratio relate 4474 

to injury risk in elite youth football players. Br J Sports Med. 2017;51:452–9. 4475 

16  Walsh NP, Halson SL, Sargent C, et al. Sleep and the athlete: narrative review and 2021 expert consensus 4476 

recommendations. Br J Sports Med. 2021;55:356–68. 4477 

17  van Dongen HPA, Maislin G, Mullington JM, et al. The cumulative cost of additional wakefulness: dose-4478 

response effects on neurobehavioral functions and sleep physiology from chronic sleep restriction and total 4479 

sleep deprivation. Sleep. 2003;26:117–26. 4480 

18  Fowler P, Duffield R, Vaile J. Effects of domestic air travel on technical and tactical performance and recovery 4481 

in soccer. Int J Sports Physiol Perform. 2014;9:378–86. 4482 

19  Mah CD, Mah KE, Kezirian EJ, et al. The effects of sleep extension on the athletic performance of collegiate 4483 

basketball players. Sleep. 2011;34:942–50. 4484 

20  Leeder J, Glaister M, Pizzoferro K, et al. Sleep duration and quality in elite athletes measured using 4485 

wristwatch actigraphy. J Sports Sci. 2012;30:541–5. 4486 

21  Carling C, Bloomfield J, Nelsen L, et al. The role of motion analysis in elite soccer: Contemporary 4487 

performance measurement techniques and work rate data. Sports Medicine. 2008;38:839–62. 4488 

https://doi.org/10.2165/00007256-200838100-00004 4489 

22  Barnes C, Archer D, Hogg B, et al. The Evolution of Physical and Technical Performance Parameters in the 4490 

English Premier League. Int J Sports Med. 2014;35:1095–100. 4491 

23  Harper DJ, Carling C, Kiely J. High-Intensity Acceleration and Deceleration Demands in Elite Team Sports 4492 

Competitive Match Play: A Systematic Review and Meta-Analysis of Observational Studies. Sports Medicine. 4493 

2019. https://doi.org/10.1007/s40279-019-01170-1 4494 

24  Harper DJ, Carling C, Kiely J. High-Intensity Acceleration and Deceleration Demands in Elite Team Sports 4495 

Competitive Match Play: A Systematic Review and Meta-Analysis of Observational Studies. Sports Medicine. 4496 

2019. https://doi.org/10.1007/s40279-019-01170-1 4497 

25  Carling C, Espié V, Le Gall F, et al. Work-rate of substitutes in elite soccer: A preliminary study. J Sci Med 4498 

Sport. 2010;13:253–5. 4499 

26  Bradley PS, Sheldon W, Wooster B, et al. High-intensity running in English FA Premier League soccer 4500 

matches. J Sports Sci. 2009;27:159–68. 4501 



199 | P a g e  

 

27  Barnes C, Archer D, Hogg B, et al. The Evolution of Physical and Technical Performance Parameters in the 4502 

English Premier League. Int J Sports Med. 2014;35:1095–100. 4503 

28  Di Salvo V, Pigozzi F, González-Haro C, et al. Match Performance Comparison in Top English Soccer 4504 

Leagues. Int J Sports Med. 2012;34:526–32. 4505 

29  Dellal A, Chamari K, Wong DP, et al. Comparison of physical and technical performance in European soccer 4506 

match-play: Fa Premier League and La Liga. Eur J Sport Sci. 2011;11:51–9. 4507 

30  Bradley PS, Carling C, Archer D, et al. The effect of playing formation on high-intensity running and technical 4508 

profiles in English FA Premier League soccer matches. J Sports Sci. 2011;29:821–30. 4509 

31  Bradley PS, Carling C, Archer D, et al. The effect of playing formation on high-intensity running and technical 4510 

profiles in English FA Premier League soccer matches. J Sports Sci. 2011;29:821–30. 4511 

32  Bloomfield J, Polman R, O’Donoghue P. Physical demands of different positions in FA Premier League 4512 

soccer. J Sports Sci Med. 2007;6:63–70. 4513 

33  Bowen L, Gross AS, Gimpel M, et al. Accumulated workloads and the acute: Chronic workload ratio relate 4514 

to injury risk in elite youth football players. Br J Sports Med. 2017;51:452–9. 4515 

34  Houtmeyers KC, Vanrenterghem J, Jaspers A, et al. Load Monitoring Practice in European Elite Football and 4516 

the Impact of Club Culture and Financial Resources. Front Sports Act Living. 2021;3:679824. 4517 

35  Reynolds J, Connor M, Jamil M, et al. Quantifying and Comparing the Match Demands of U18, U23, and 4518 

1ST Team English Professional Soccer Players. Front Physiol. 2021;12:706451. 4519 

36  Owens DJ, Twist C, Cobley JN, et al. Exercise-induced muscle damage: What is it, what causes it and what 4520 

are the nutritional solutions? Eur J Sport Sci. 2019;19:71–85. 4521 

https://doi.org/10.1080/17461391.2018.1505957 4522 

37  Ammann L, Altmann S, Ruf L, et al. Seasonal analysis of match load in professional soccer players: An 4523 

observational cohort study of a Swiss U18, U21 and first team. Front Physiol. 2023;13:1023378. 4524 

38  McBurnie AJ, Harper DJ, Jones PA, et al. Deceleration Training in Team Sports: Another Potential ‘Vaccine’ 4525 

for Sports-Related Injury? Sports Medicine 2021 52:1. 2021;52:1–12. 4526 

39  Varley I, Lewin R, Needham R, et al. Association between Match Activity Variables, Measures of Fatigue and 4527 

Neuromuscular Performance Capacity Following Elite Competitive Soccer Matches. J Hum Kinet. 4528 

2017;60:93–9. 4529 



200 | P a g e  

 

40  Whitehead S, Till K, Weaving D, et al. The Use of Microtechnology to Quantify the Peak Match Demands of 4530 

the Football Codes: A Systematic Review. Sports Med. 2018;48:2549–75. 4531 

41  Dellaserra CL, Gao Y, Ransdell L. Use of integrated technology in team sports: a review of opportunities, 4532 

challenges, and future directions for athletes. J Strength Cond Res. 2014;28:556–73. 4533 

42  Beato M, Devereux G, Stiff A. Validity and reliability of global positioning system units (STATSports Viper) 4534 

for measuring distance and peak speed in sports. J Strength Cond Res. 2018;32:2831–7. 4535 

43  Nikolaidis PT, Clemente FM, van der Linden CMI, et al. Validity and reliability of 10-Hz global positioning 4536 

system to assess in-line movement and change of direction. Front Physiol. 2018;9. doi: 4537 

10.3389/FPHYS.2018.00228 4538 

44  Thorpe RT, Strudwick AJ, Buchheit M, et al. Monitoring Fatigue During the In-Season Competitive Phase in 4539 

Elite Soccer Players. Int J Sports Physiol Perform. 2015;10:958–64. 4540 

45  Thorpe RT, Strudwick AJ, Buchheit M, et al. The Influence of Changes in Acute Training Load on Daily 4541 

Sensitivity of Morning-Measured Fatigue Variables in Elite Soccer Players. Int J Sports Physiol Perform. 4542 

2017;12:S2107–13. 4543 

46  Whitworth-Turner C, Di Michele R, Muir I, et al. A comparison of sleep patterns in youth soccer players and 4544 

non-athletes. Science and Medicine in Football. 2018;2:3–8. 4545 

47  Thornton HR, Delaney JA, Duthie GM, et al. Effects of Preseason Training on the Sleep Characteristics of 4546 

Professional Rugby League Players. Int J Sports Physiol Perform. 2018;13:176–82. 4547 

48  Silva A, Narciso F v., Soalheiro I, et al. Poor sleep quality’s association with soccer injuries: Preliminary data. 4548 

Int J Sports Physiol Perform. 2020;15:671–6. 4549 

49  Carling C, Bloomfield J, Nelsen L, et al. The role of motion analysis in elite soccer: Contemporary 4550 

performance measurement techniques and work rate data. Sports Medicine. 2008;38:839–62. 4551 

https://doi.org/10.2165/00007256-200838100-00004 4552 

50  Tee JC, Bosch AN, Lambert MI. Metabolic consequences of exercise-induced muscle damage. Sports 4553 

Medicine. 2007;37:827–36. 4554 

51  Markus I, Constantini K, Hoffman JR, et al. Exercise-induced muscle damage: mechanism, assessment and 4555 

nutritional factors to accelerate recovery. European Journal of Applied Physiology 2021 121:4. 4556 

2021;121:969–92. 4557 

52  Morgan DL. New insights into the behavior of muscle during active lengthening. Biophys J. 1990;57:209–21. 4558 



201 | P a g e  

 

53  Black CD, Dobson RM. Prior eccentric exercise augments muscle pain and perception of effort during cycling 4559 

exercise. Clinical Journal of Pain. 2013;29:443–9. 4560 

54  Russell M, Northeast J, Atkinson G, et al. Between-Match Variability of Peak Power Output and Creatine 4561 

Kinase Responses to Soccer Match-Play. J Strength Cond Res. 2015;29:2079–85. 4562 

55  Nedelec M, McCall A, Carling C, et al. The influence of soccer playing actions on the recovery kinetics after 4563 

a soccer match. J Strength Cond Res. 2014;28:1517–23. 4564 

56  Peake JM, Neubauer O, Gatta PAD, et al. Muscle damage and inflammation during recovery from exercise. 4565 

J Appl Physiol. 2017;122:559–70. https://doi.org/10.1152/japplphysiol.00971.2016 4566 

57  Halson SL. Sleep in Elite Athletes and Nutritional Interventions to Enhance Sleep. Sports Med. 2014;44:13. 4567 

58  Child R, Brown S, Day S, et al. Changes in indices of antioxidant status, lipid peroxidation and inflammation 4568 

in human skeletal muscle after eccentric muscle actions. Clin Sci. 1999;96:105–15. 4569 

59  Peake JM. Recovery after exercise: what is the current state of play? Curr Opin Physiol. 2019;10:17–26. 4570 

60  Paulsen G, Egner IM, Drange M, et al. A COX-2 inhibitor reduces muscle soreness, but does not influence 4571 

recovery and adaptation after eccentric exercise. Scand J Med Sci Sports. 2010;20:e195–207. 4572 

61  Crameri RM, Aagaard P, Qvortrup K, et al. Myofibre damage in human skeletal muscle: effects of electrical 4573 

stimulation versus voluntary contraction. J Physiol. 2007;583:365–80. 4574 

62  Macneil LG, Baker SK, Stevic I, et al. 17β-estradiol attenuates exercise-induced neutrophil infiltration in 4575 

men. Am J Physiol Regul Integr Comp Physiol. 2011;300:1443–51. 4576 

63  Paulsen G, Mikkelsen UR, Raastad T, et al. Leucocytes, cytokines and satellite cells: what role do they play 4577 

in muscle damage and regeneration following eccentric exercise? Exerc Immunol Rev. 2012;18:42-97. 4578 

64  Peake JM, Neubauer O, Gatta PAD, et al. Muscle damage and inflammation during recovery from exercise. 4579 

J Appl Physiol. 2017;122:559–70. https://doi.org/10.1152/japplphysiol.00971.2016 4580 

65  Puglisi MJ, Fernandez ML. Modulation of C-Reactive Protein, Tumor Necrosis Factor-α, and Adiponectin by 4581 

Diet, Exercise, and Weight Loss. J Nutr. 2008;138:2293–6. 4582 

66  Deng B, Wehling-Henricks M, Villalta SA, et al. Interleukin-10 triggers changes in macrophage phenotype 4583 

that promote muscle growth and regeneration. J Immunol. 2012;189:3669. 4584 

67  Justice MJ, Siracusa LD, Stewart AF. Technical approaches for mouse models of human disease. Dis Model 4585 

Mech. 2011;4:305. 4586 



202 | P a g e  

 

68  Paulsen G, Mikkelsen UR, Raastad T, et al. Leucocytes, cytokines and satellite cells: what role do they play 4587 

in muscle damage and regeneration following eccentric exercise? Exerc Immunol Rev. 2012;18:42-97. 4588 

69  Zhang C, Li Y, Wu Y, et al. Interleukin-6/signal transducer and activator of transcription 3 (STAT3) pathway 4589 

is essential for macrophage infiltration and myoblast proliferation during muscle regeneration. Journal of 4590 

Biological Chemistry. 2013;288:1489–99. 4591 

70  Broussard SR, McCusker RH, Novakofski JE, et al. IL-1β Impairs Insulin-Like Growth Factor I-Induced 4592 

Differentiation and Downstream Activation Signals of the Insulin-Like Growth Factor I Receptor in 4593 

Myoblasts. The Journal of Immunology. 2004;172:7713–20. 4594 

71  Deng B, Wehling-Henricks M, Villalta SA, et al. IL-10 Triggers Changes in Macrophage Phenotype That 4595 

Promote Muscle Growth and Regeneration. The Journal of Immunology. 2012;189:3669–80. 4596 

72  Peake JM, Markworth JF, Nosaka K, et al. Modulating exercise-induced hormesis: Does less equal more? J 4597 

Appl Physiol. 2015;119:172–89. 4598 

73  Toumi H, Best TM. The inflammatory response: Friend or enemy for muscle injury? Br J Sports Med. 4599 

2003;37:284–6. https://doi.org/10.1136/bjsm.37.4.284 4600 

74  Valko M, Leibfritz D, Telser J, et al. Free radicals and antioxidants in normal physiological functions and 4601 

human disease. Int J Biochem Cell Biol. 2007;39:44–84. 4602 

75  Valko M, Leibfritz D, Telser J, et al. Free radicals and antioxidants in normal physiological functions and 4603 

human disease. Int J Biochem Cell Biol. 2007;39:44–84. 4604 

76  Ji LL, Kang C, Zhang Y. Exercise-induced hormesis and skeletal muscle health. Free Radic Biol Med. 4605 

2016;98:113–22. 4606 

77  Bloomer RJ, Goldfarb AH, McKenzie MJ. Oxidative stress response to aerobic exercise: comparison of 4607 

antioxidant supplements. Med Sci Sports Exerc. 2006;38:1098–105. 4608 

78  Romagnoli M, Sanchis-Gomar F, Alis R, et al. Changes in muscle damage, inflammation, and fatigue-related 4609 

parameters in young elite soccer players after a match. J Sports Med Phys Fitness. 2016;56:1198–205. 4610 

79  Ascensão A, Rebelo A, Oliveira E, et al. Biochemical impact of a soccer match - analysis of oxidative stress 4611 

and muscle damage markers throughout recovery. Clin Biochem. 2008;41:841–51. 4612 

80  Souglis A, Bogdanis GC, Giannopoulou I, et al. Comparison of Inflammatory Responses and Muscle Damage 4613 

Indices Following a Soccer, Basketball, Volleyball and Handball Game at an Elite Competitive Level. 4614 

Research in Sports Medicine. 2015;23:59–72. 4615 



203 | P a g e  

 

81  Souglis A, Bogdanis GC, Giannopoulou I, et al. Comparison of Inflammatory Responses and Muscle Damage 4616 

Indices Following a Soccer, Basketball, Volleyball and Handball Game at an Elite Competitive Level. 4617 

Research in Sports Medicine. 2015;23:59–72. 4618 

82  Romagnoli M, Sanchis-Gomar F, Alis R, et al. Changes in muscle damage, inflammation, and fatigue-related 4619 

parameters in young elite soccer players after a match. J Sports Med Phys Fitness. 2016;56:1198–205. 4620 

83  Jatene P, dos Santos GS, Portella DL. C-Reactive Protein Serum Levels as an Internal Load Indicator of 4621 

Sprints in Competitive Football Matches. Int J Sports Med. 2019;40:762–7. 4622 

84  Ispirlidis I, Fatouros IG, Jamurtas AZ, et al. Time-course of changes in inflammatory and performance 4623 

responses following a soccer game. Clinical Journal of Sport Medicine. 2008;18:423–31. 4624 

85  Jatene P, dos Santos GS, Portella DL. C-Reactive Protein Serum Levels as an Internal Load Indicator of 4625 

Sprints in Competitive Football Matches. Int J Sports Med. 2019;40:762–7. 4626 

86  Melbye H, Hvidsten D, Holm A, et al. The course of C-reactive protein response in untreated upper respiratory 4627 

tract infection. The British Journal of General Practice. 2004;54:653. 4628 

87  Monadi M, Firouzjahi A, Hosseini A, et al. Serum C-reactive protein in asthma and its ability in predicting 4629 

asthma control, a case-control study. Caspian J Intern Med. 2016;7:37. 4630 

88  Rushall B. Applied psychology in sports. The status of psychomotor learning and sport psychology research,. 4631 

Dartmouth, Nova Scotia: Sports Science Associates 1975. 4632 

89  Kellmann M, Wolfgang Kallus K. Recovery-stress questionnaire for athletes: User manual. Champaign, IL: 4633 

Human Kinetics 2001. 4634 

90  Shearer DA, Sparkes W, Northeast J, et al. Measuring recovery: An adapted Brief Assessment of Mood 4635 

(BAM+) compared to biochemical and power output alterations. J Sci Med Sport. 2017;20:512–7. 4636 

91  Thorpe RT, Strudwick AJ, Buchheit M, et al. Monitoring Fatigue During the In-Season Competitive Phase in 4637 

Elite Soccer Players. Int J Sports Physiol Perform. 2015;10:958–64. 4638 

92  Foster C, Boullosa D, McGuigan M, et al. 25 Years of Session Rating of Perceived Exertion: Historical 4639 

Perspective and Development. Int J Sports Physiol Perform. 2021;16:612–21. 4640 

93  Impellizzeri FM, Rampinini E, Coutts AJ, et al. Use of RPE-based training load in soccer. Med Sci Sports 4641 

Exerc. 2004;36:1042–7. 4642 



204 | P a g e  

 

94  A-e A, Dupont G. Recovery strategies for football players. Swiss Sports & Exercise Medicine. 2018;66:28–4643 

36. 4644 

95  Häussinger D, Gerok W, Roth E, et al. Cellular hydration state: an important determinant of protein catabolism 4645 

in health and disease. The Lancet. 1993;341:1330–2. 4646 

96  Nédélec M, McCall A, Carling C, et al. Recovery in Soccer: Part I-post-match fatigue and time course of 4647 

recovery. Sports Medicine. 2012;42:997–1015. https://doi.org/10.2165/11635270-000000000-00000 4648 

97  McBrier NM, Vairo GL, Bagshaw D, et al. Cocoa-based protein and carbohydrate drink decreases perceived 4649 

soreness after exhaustive aerobic exercise: Apragmatic preliminary analysis. J Strength Cond Res. 4650 

2010;24:2203–10. 4651 

98  Ivy JL. Regulation of muscle glycogen repletion, muscle protein synthesis and repair following exercise. J 4652 

Sports Sci Med. 2004;3:131–8. 4653 

99  Caruana Bonnici D, Greig M, Akubat I, et al. Nutrition in Soccer: A Brief Review of the Issues and Solutions. 4654 

Journal of Science in Sport and Exercise. 2019;1:3–12. 4655 

100  Nédélec M, McCall A, Carling C, et al. Recovery in Soccer Part II-Recovery Strategies. SPORTS MEDICINE. 4656 

2013;43:9–22. 4657 

101  Dahl MA, Areta JL, Jeppesen PB, et al. Coingestion of protein and carbohydrate in the early recovery phase, 4658 

compared with carbohydrate only, improves endurance performance despite similar glycogen degradation and 4659 

AMPK phosphorylation. J Appl Physiol. 2020;129:297–310. 4660 

102  Ferran M, Sanchis-Gomar F, Lavie CJ, et al. Do antioxidant vitamins prevent exercise-induced muscle 4661 

damage? A systematic review. Antioxidants. 2020;9. doi: 10.3390/antiox9050372 4662 

103  Pingitore A, Lima GPP, Mastorci F, et al. Exercise and oxidative stress: Potential effects of antioxidant dietary 4663 

strategies in sports. Nutrition. 2015;31:916–22. 4664 

104  de Oliveira DCX, Rosa FT, Simões-Ambrósio L, et al. Antioxidant vitamin supplementation prevents 4665 

oxidative stress but does not enhance performance in young football athletes. Nutrition. 2019;63–64:29–35. 4666 

105  Zoppi CC, Hohl R, Silva FC, et al. Vitamin C and E Supplementation Effects in Professional Soccer Players 4667 

Under Regular Training. J Int Soc Sports Nutr. 2006;3:37. 4668 

106  Brennan MJ, Miller LT. Overview of treatment options and review of the current role and use of compression 4669 

garments, intermittent pumps, and exercise in the management of lymphedema. Cancer. 1998;83:2821–7. 4670 



205 | P a g e  

 

107  Hill J, Howatson G, Van Someren K, et al. The effects of compression-garment pressure on recovery after 4671 

strenuous exercise. Int J Sports Physiol Perform. 2017;12:1078–84. 4672 

108  Ribeiro J, Sarmento H, Silva AF, et al. Practical Postexercise Recovery Strategies in Male Adult Professional 4673 

Soccer Players: A Systematic Review. Strength Cond J. 2021;43:7–22. 4674 

109  Marqués-Jiménez D, Calleja-González J, Arratibel-Imaz I, et al. Influence of different types of compression 4675 

garments on exercise-induced muscle damage markers after a soccer match. Res Sports Med. 2018;26:27–42. 4676 

110  Marqués-Jiménez D, Calleja-González J, Arratibel I, et al. Physiological and physical responses to wearing 4677 

compression garments during soccer matches and recovery. Journal of Sports Medicine and Physical Fitness. 4678 

2018;58:1642–51. 4679 

111  Brown F, Gissane C, Howatson G, et al. Compression Garments and Recovery from Exercise: A Meta-4680 

Analysis. Sports Medicine. 2017;47:2245–67. 4681 

112  Kraemer WJ, Bush JA, Wickham RB, et al. Continuous compression as an effective therapeutic intervention 4682 

in treating eccentric-exercise-induced muscle soreness. J Sport Rehabil. 2001;10:11–23. 4683 

113  Watanuki S, Murata H. Effects of wearing compression stockings on cardiovascular responses. Ann Physiol 4684 

Anthropol. 1994;13:121–7. 4685 

114  Hill JA, Howatson G, van Someren KA, et al. The variation in pressures exerted by commercially available 4686 

compression garments. Sports Engineering. 2015;18:115–21. 4687 

115  Bleakley CM, Hopkins JT. Is it possible to achieve optimal levels of tissue cooling in cryotherapy? Physical 4688 

Therapy Reviews. 2010;15:344–50. 4689 

116  Krueger M, Costello JT, Achtzehn S, et al. Whole-body cryotherapy (−110 °C) following high-intensity 4690 

intermittent exercise does not alter hormonal, inflammatory or muscle damage biomarkers in trained males. 4691 

Cytokine. 2019;113:277–84. 4692 

117  Bleakley C, McDonough S, Gardner E, et al. Cold-water immersion (cryotherapy) for preventing and treating 4693 

muscle soreness after exercise. Cochrane Database of Systematic Reviews. Published Online First: 15 4694 

February 2012. doi: 10.1002/14651858.cd008262.pub2 4695 

118  Lombardi G, Ziemann E, Banfi G. Whole-Body Cryotherapy in Athletes: From Therapy to Stimulation. An 4696 

Updated Review of the Literature. Front Physiol. 2017;8:258. 4697 

119  Westerlund T, Oksa J, Smolander J, et al. Thermal responses during and after whole-body cryotherapy (À110 4698 

C). J Therm Biol. 2003;28:601–8. 4699 



206 | P a g e  

 

120  Costello JT, Baker PR, Minett GM, et al. Cochrane review: Whole-body cryotherapy (extreme cold air 4700 

exposure) for preventing and treating muscle soreness after exercise in adults. J Evid Based Med. Published 4701 

Online First: 2016. doi: //dx.doi.org/10.1111/jebm.12187 4702 

121  Rose C, Edwards KM, Siegler J, et al. Whole-body Cryotherapy as a Recovery Technique after Exercise: A 4703 

Review of the Literature. Int J Sports Med. 2017;38:1049–60. 4704 

122  Wilson LJ, Dimitriou L, Hills FA, et al. Whole body cryotherapy, cold water immersion, or a placebo 4705 

following resistance exercise: a case of mind over matter?. Eur J Appl Physiol. 2019;119:135–47. 4706 

123  Wilson LJ, Cockburn E, Paice K, et al. Recovery following a marathon: a comparison of cold water 4707 

immersion, whole body cryotherapy and a placebo control. Eur J Appl Physiol. 2018;118:153–63. 4708 

124  Hausswirth C, Louis J, Bieuzen FF, et al. Effects of whole-body cryotherapy vs. far-infrared vs. passive 4709 

modalities on recovery from exercise-induced muscle damage in highly-trained runners. PLoS ONE 4710 

[Electronic Resource]. 2011;6:e27749. 4711 

125  Mila-Kierzenkowska C, Wozniak A, Boraczynski T, et al. The effect of whole-body cryostimulation on the 4712 

activity of lysosomal enzymes in kayaker women after intense exercise. J Therm Biol. 2011;36:29–33. 4713 

126  Ziemann E, Olek RA, Kujach S, et al. Five-day whole-body cryostimulation, blood inflammatory markers, 4714 

and performance in high-ranking professional tennis players. J Athl Train. 2012;47:664–72. 4715 

127  Pournot H, Bieuzen F, Louis J, et al. Time-Course of changes in inflammatory response after whole-body 4716 

cryotherapy multi exposures following severe exercise. PLoS ONE [Electronic Resource]. 2011;6:e22748. 4717 

128  Bouzid MA, Ghattassi K, Daab W, et al. Faster physical performance recovery with cold water immersion is 4718 

not related to lower muscle damage level in professional soccer players. J Therm Biol. 2018;78:184–91. 4719 

129  Galloway SDR, Watt JM. Massage provision by physiotherapists at major athletics events between 1987 and 4720 

1998. Br J Sports Med. 2004;38:235–6. 4721 

130  Weerapong P, Hume PA, Kolt GS. The mechanisms of massage and effects on performance, muscle recovery 4722 

and injury prevention. Sports Medicine. 2005;35:235–56. 4723 

131  Nédélec M, Halson S, Abaidia A-E, et al. Stress, Sleep and Recovery in Elite Soccer: A Critical Review of 4724 

the Literature. Sports Med. 2015;45:1387–400. 4725 

132  Wiltshire EV, Poitras V, Pak M, et al. Massage impairs postexercise muscle blood flow and ‘lactic Acid’ 4726 

removal. Med Sci Sports Exerc. 2010;42:1062–71. 4727 



207 | P a g e  

 

133  Poppendieck W, Wegmann M, Ferrauti A, et al. Massage and Performance Recovery: A Meta-Analytical 4728 

Review. Sports Medicine. 2016;46:183–204. 4729 

134  Guo J, Li L, Gong Y, et al. Massage alleviates delayed onset muscle soreness after strenuous exercise: A 4730 

systematic review and meta-analysis. Front Physiol. 2017;8. doi: 10.3389/fphys.2017.00747 4731 

135  Weinberg R, Jackson A, Kolodny K. The Relationship of Massage and Exercise to Mood Enhancement. Sport 4732 

Psychol. 1998;2:202–11. 4733 

136  Rey E, Padrón-Cabo A, Barcala-Furelos R, et al. Practical Active and Passive Recovery Strategies for Soccer 4734 

Players. Strength Cond J. 2018;40:45–57. 4735 

137  Ahmaidi S, Granier P, Taoutaou Z, et al. Effects of active recovery on plasma lactate and anaerobic power 4736 

following repeated intensive exercise. Med Sci Sports Exerc. 1996;28:450–6. 4737 

138  Baldari C, Videira M, Madeira F, et al. Lactate removal during active recovery related to the individual 4738 

anaerobic and ventilatory thresholds in soccer players. Eur J Appl Physiol. 2004;93:224–30. 4739 

139  Menzies P, Menzies C, McIntyre L, et al. Blood lactate clearance during active recovery after an intense 4740 

running bout depends on the intensity of the active recovery. J Sports Sci. 2010;28:975–82. 4741 

140  Rey E, Lago-Peñas C, Casáis L, et al. The effect of immediate post-training active and passive recovery 4742 

interventions on anaerobic performance and lower limb flexibility in professional soccer players. J Hum Kinet. 4743 

2012;31:121–9. 4744 

141  Tessitore A, Meeusen R, Cortis C, et al. Effects of different recovery interventions on anaerobic performances 4745 

following preseason soccer training. J Strength Cond Res. 2007;21:745–50. 4746 

142  Herbert RD, de Noronha M, Kamper SJ. Stretching to prevent or reduce muscle soreness after exercise. 4747 

Cochrane Database of Systematic Reviews. Published Online First: 6 July 2011. doi: 4748 

10.1002/14651858.cd004577.pub3 4749 

143  Pooley S, Spendiff O, Allen M, et al. Static stretching does not enhance recovery in elite youth soccer players. 4750 

BMJ Open Sport Exerc Med. 2017;3:e000202. 4751 

144  Samuels C. Sleep, Recovery, and Performance: The New Frontier in High-Performance Athletics. 4752 

Performance Conditioning Soccer. 2008;17:6–7. 4753 

145  Skein M, Duffield R, Minett GM, et al. The effect of overnight sleep deprivation after competitive rugby 4754 

league matches on postmatch physiological and perceptual recovery. Int J Sports Physiol Perform. 4755 

2013;8:556–64. 4756 



208 | P a g e  

 

146  Kellmann M. Preventing overtraining in athletes in high-intensity sports and stress/recovery monitoring. 4757 

Scand J Med Sci Sports. 2010;20:95–102. 4758 

147  Skein M, Duffield R, Minett GM, et al. The effect of overnight sleep deprivation after competitive rugby 4759 

league matches on postmatch physiological and perceptual recovery. Int J Sports Physiol Perform. 4760 

2013;8:556–64. 4761 

148  Carley DW, Farabi SS. Physiology of Sleep. Diabetes Spectr. 2016;29:5. 4762 

149  Carskadon MA, Dement WC. Chapter 2-Normal Human Sleep : An Overview. 5th ed. St. Louis: Elsevier 4763 

Saunders 2011. 4764 

150  Deboer T. Sleep homeostasis and the circadian clock: Do the circadian pacemaker and the sleep homeostat 4765 

influence each other’s functioning? Neurobiol Sleep Circadian Rhythms. 2018;5:68–77. 4766 

151  Colten HR, Altevogt BM, Research I of M (US) C on SM and. Sleep Physiology. 2006. 4767 

152  Ishimori K. True cause of sleep: a hypnogenic substance as evidenced in the brain of sleep-deprived animals. 4768 

Tokyo Igakkai Zasshi. 1909;23:429–57. 4769 

153  Brown RE, Basheer R, McKenna JT, et al. CONTROL OF SLEEP AND WAKEFULNESS. Physiol Rev. 4770 

2012;92:1087. 4771 

154  Feldberg W, Sherwood SL. Injections of drugs into the lateral ventricle of the cat. J Physiol. 1954;123:148. 4772 

155  Christie MA, Bolortuya Y, Chen LC, et al. Microdialysis Elevation of Adenosine in the Basal Forebrain 4773 

Produces Vigilance Impairments in the Rat Psychomotor Vigilance Task. Sleep. 2008;31:1393. 4774 

156  Dunwiddie T V, Worth T. Sedative and Anticonvulsant Effects of Adenosine Analogs in Mouse and Rat1. THE 4775 

Joussat or PHARMACOLOGY AND EXPERIMENTAL THERAPEUTICS. 1981;220:70–6. 4776 

157  Porkka-Heiskanen T, Strecker RE, Thakkar M, et al. Adenosine: A Mediator of the Sleep-Inducing Effects of 4777 

Prolonged Wakefulness. Science. 1997;276:1265. 4778 

158  Krueger JM, Rector DM, Churchill L. SLEEP AND CYTOKINES. Sleep Med Clin. 2007;2:161. 4779 

159  Moldofsky H, Lue FA, Eisen J, et al. The relationship of interleukin-1 and immune functions to sleep in 4780 

humans. Psychosom Med. 1986;48:309–18. 4781 

160  Taishi P, Chen Z, Obál F, et al. Sleep-Associated Changes in Interleukin-1β mRNA in the Brain. 4782 

https://home.liebertpub.com/jir. 2009;18:793–8. 4783 



209 | P a g e  

 

161  Bredow S, Guha-Thakurta N, Taishi P, et al. Diurnal Variations of Tumor Necrosis Factor Alpha mRNA and 4784 

Alpha-Tubulin mRNA in Rat Brain. Neuroimmunomodulation. 1997;4:84–90. 4785 

162  Howatson G, Bell PG, Tallent J, et al. Effect of tart cherry juice (Prunus cerasus) on melatonin levels and 4786 

enhanced sleep quality. European Journal of Nutrition 2011 51:8. 2011;51:909–16. 4787 

163  Broatch JR, Poignard M, Hausswirth C, et al. Whole-body cryotherapy does not augment adaptations to high-4788 

intensity interval  training. Sci Rep. 2019;9:12013. 4789 

164  Reilly T, Waterhouse J. Sports performance: Is there evidence that the body clock plays a role? Eur J Appl 4790 

Physiol. 2009;106:321–32. https://doi.org/10.1007/s00421-009-1066-x 4791 

165  Fischer D, Lombardi DA, Marucci-Wellman H, et al. Chronotypes in the US – Influence of age and sex. PLoS 4792 

One. 2017;12. doi: 10.1371/JOURNAL.PONE.0178782 4793 

166  Li X, Shaffer ML, Rodriguez-Colon S, et al. The circadian pattern of cardiac autonomic modulation in a 4794 

middle-aged population. Clinical Autonomic Research. 2011;21:143. 4795 

167  Kräuchi K. The thermophysiological cascade leading to sleep initiation in relation to phase of entrainment. 4796 

Sleep Med Rev. 2007;11:439–51. https://doi.org/10.1016/j.smrv.2007.07.001 4797 

168  Hysing M, Pallesen S, Stormark KM, et al. Sleep and use of electronic devices in adolescence: Results from 4798 

a large population-based study. BMJ Open. 2015;5:e006748. 4799 

169  Fullagar H, Skorski S, Duffield R, et al. The effect of an acute sleep hygiene strategy following a late-night 4800 

soccer match on recovery of players. Chronobiol Int. 2016;33:490–505. 4801 

170  Roenneberg T, Kuehnle T, Juda M, et al. Epidemiology of the human circadian clock. Sleep Med Rev. 4802 

2007;11:429–38. 4803 

171  Henry CJ, Kaur B, Quek RYC. Chrononutrition in the management of diabetes. Nutrition & Diabetes 2020 4804 

10:1. 2020;10:1–11. 4805 

172  Roeser K, Schlarb AA, Kübler A. The Chronotype-Academic Performance Model (CAM): Daytime 4806 

sleepiness and learning motivation link chronotype and school performance in adolescents. Pers Individ Dif. 4807 

2013;54:836–40. 4808 

173  Paksarian D, Rudolph KE, He JP, et al. School Start Time and Adolescent Sleep Patterns: Results From the 4809 

US National Comorbidity Survey—Adolescent Supplement. Am J Public Health. 2015;105:1351. 4810 



210 | P a g e  

 

174  Borlase BJ, Gander PH, Gibson RH. Effects of school start times and technology use on teenagers’ sleep: 4811 

1999–2008. Sleep and Biological Rhythms 2013 11:1. 2013;11:46–54. 4812 

175  Morgenthaler TI, Hashmi S, Croft JB, et al. High School Start Times and the Impact on High School Students: 4813 

What We Know, and What We Hope to Learn. J Clin Sleep Med. 2016;12:1681. 4814 

176  Harding EC, Franks NP, Wisden W. The Temperature Dependence of Sleep. Front Neurosci. 2019;13. doi: 4815 

10.3389/FNINS.2019.00336 4816 

177  Harding EC, Franks NP, Wisden W. Sleep and thermoregulation. Curr Opin Physiol. 2020;15:7–13. 4817 

178  Kräuchi K, Cajochen C, Werth E, et al. Warm feet promote the rapid onset of sleep. Nature. 1999;401:36–7. 4818 

179  Kräuchi K, Cajochen C, Werth E, et al. Functional link between distal vasodilation and sleep-onset latency? 4819 

Am J Physiol Regul Integr Comp Physiol. 2000;278. doi: 4820 

10.1152/AJPREGU.2000.278.3.R741/ASSET/IMAGES/LARGE/AREG70402004X.JPEG 4821 

180  Kräuchi K, Cajochen C, Wirz-Justice A. A relationship between heat loss and sleepiness: effects of postural 4822 

change and melatonin administration. J Appl Physiol (1985). 1997;83:134–9. 4823 

181  Ishibashi K, Arikura S, Kozaki T, et al. Thermoregulatory effect in humans of suppressed endogenous 4824 

melatonin by pre-sleep bright-light exposure in a cold environment. Chronobiol Int. 2010;27:782–806. 4825 

182  Van Someren EJW. More than a marker: interaction between the circadian regulation of temperature and sleep, 4826 

age-related changes, and treatment possibilities. Chronobiol Int. 2000;17:313–54. 4827 

183  Raymann RJEM, Swaab DF, Van Someren EJW. Cutaneous warming promotes sleep onset. Am J Physiol 4828 

Regul Integr Comp Physiol. 2005;288. doi: 10.1152/AJPREGU.00492.2004 4829 

184  Kräuchi K, Wirz-Justice A. Circadian Clues to Sleep Onset Mechanisms. Neuropsychopharmacology 2001 4830 

25:1. 2001;25:S92–6. 4831 

185  Lanfranchi PA, Pépin J-L, Somers VK. ardiovascular Physiology: Autonomic Control in Health and in Sleep 4832 

Disorders. 6th ed. St. Louis: Elsevier 2017. https://doi.org/10.1016/B978-0-323-24288-2.00014-3 4833 

186  Garbarino S, Lanteri P, Feeling NR, et al. Circadian Rhythms, Sleep, and the Autonomic Nervous System. 4834 

https://doi.org/101027/0269-8803/a000236. 2019;34:1–9. 4835 

187  Furlan R, Guzzetti S, Crivellaro W, et al. Continuous 24-hour assessment of the neural regulation of systemic 4836 

arterial pressure and RR variabilities in ambulant subjects. Circulation. 1990;81:537–47. 4837 



211 | P a g e  

 

188  Huikuri H V., Kessler KM, Terracall E, et al. Reproducibility and circadian rhythm of heart rate variability in 4838 

healthy subjects. Am J Cardiol. 1990;65:391–3. 4839 

189  Schulz H. Rethinking Sleep Analysis. Journal of Clinical Sleep Medicine. 2008;4:99–103. 4840 

190  Somers VK, Dyken ME, Mark AL, et al. Sympathetic-Nerve Activity during Sleep in Normal Subjects. 4841 

http://dx.doi.org/101056/NEJM199302043280502. 1993;328:303–7. 4842 

191  Raymann RJEM, Swaab DF, Van Someren EJW. Skin deep: enhanced sleep depth by cutaneous temperature 4843 

manipulation. Brain. 2008;131:500–13. 4844 

192  Ackermann S, Rasch B. Differential effects of non-REM and REM sleep on memory consolidation? Curr 4845 

Neurol Neurosci Rep. 2014;14:430. 4846 

193  Marshall L, Born J. The contribution of sleep to hippocampus-dependent memory consolidation. Trends Cogn 4847 

Sci. 2007;11:442–50. 4848 

194  Ibáñez V, Silva J, Cauli O. A survey on sleep assessment methods. PeerJ. 2018;6:e4849. 4849 

195  Sargent C, Lastella M, Halson SL, et al. The validity of activity monitors for measuring sleep in elite athletes. 4850 

J Sci Med Sport. 2016;19:848–53. 4851 

196  Sargent C, Schmidt WF, Aughey RJ, et al. The impact of altitude on the sleep of young elite soccer players 4852 

(ISA3600). Br J Sports Med. 2013;47 Suppl 1:i86-92. 4853 

197  Sargent C, Lastella M, Halson SL, et al. The validity of activity monitors for measuring sleep in elite athletes. 4854 

J Sci Med Sport. 2016;19:848–53. 4855 

198  Driller M, McQuillan J, O’Donnell S. Inter-device reliability of an automatic-scoring actigraph for measuring 4856 

sleep in healthy adults. Sleep Science. 2016;9:198–201. 4857 

199  Chinoy ED, Cuellar JA, Huwa KE, et al. Performance of seven consumer sleep-tracking devices compared 4858 

with polysomnography. Sleep. 2021;44. doi: 10.1093/SLEEP/ZSAA291 4859 

200  Driller M, McQuillan J, O’Donnell S. Inter-device reliability of an automatic-scoring actigraph for measuring 4860 

sleep in healthy adults. Sleep Science. 2016;9:198–201. 4861 

201  Claudino JG, Gabbet TJ, De Sá Souza H, et al. Which parameters to use for sleep quality monitoring in team 4862 

sport athletes? A systematic review and meta-analysis. BMJ Open Sport Exerc Med. 2019;5. doi: 4863 

10.1136/bmjsem-2018-000475 4864 



212 | P a g e  

 

202  Claudino JG, Gabbet TJ, De Sá Souza H, et al. Which parameters to use for sleep quality monitoring in team 4865 

sport athletes? A systematic review and meta-analysis. BMJ Open Sport Exerc Med. 2019;5. doi: 4866 

10.1136/bmjsem-2018-000475 4867 

203  Samuels C, James L, Lawson D, et al. The Athlete Sleep Screening Questionnaire: A new tool for assessing 4868 

and managing sleep in elite athletes. Br J Sports Med. 2016;50:418–22. 4869 

204  Pedlar C, Whyte G, Emegbo S, et al. Acute sleep responses in a normobaric hypoxic tent. Med Sci Sports 4870 

Exerc. 2005;37:1075–9. 4871 

205  Driller MW. Development of the athlete sleep behavior questionnaire: A tool for identifying maladaptive sleep 4872 

practices in elite athletes. Sleep Sci. 2018;11:37–44. 4873 

206  Khalladi K, Farooq A, Souissi S, et al. Inter-relationship between sleep quality, insomnia and sleep disorders 4874 

in professional soccer players. BMJ Open Sport Exerc Med. 2019;5:e000498. 4875 

207  Chua EC-P, Sullivan JP, Duffy JF, et al. Classifying attentional vulnerability to total sleep deprivation using 4876 

baseline  features of Psychomotor Vigilance Test performance. Sci Rep. 2019;9:12102. 4877 

208  Basner M, Dinges DF. Maximizing Sensitivity of the Psychomotor Vigilance Test (PVT) to Sleep Loss. Sleep. 4878 

2011;34:581–91. 4879 

209  Jones MJ, Dunican IC, Murray K, et al. The psychomotor vigilance test: a comparison of different test 4880 

durations in elite athletes. J Sports Sci. 2018;36:2033–7. 4881 

210  Maruta J, Heaton KJ, Maule AL, et al. Predictive visual tracking: Specificity in mild traumatic brain injury 4882 

and sleep deprivation. Mil Med. 2014;179:619–25. 4883 

211  Heaton KJ, Maule AL, Maruta J, et al. Attention and visual tracking degradation during acute sleep 4884 

deprivation in a military sample. Aviat Space Environ Med. 2014;85:497–503. 4885 

212  Maruta J, Heaton KJ, Kryskow EM, et al. Dynamic visuomotor synchronization: Quantification of predictive 4886 

timing. Behav Res Methods. 2013;45:289–300. 4887 

213  Ghajar J, Ivry RB. The predictive brain state: Timing deficiency in traumatic brain injury? Neurorehabil 4888 

Neural Repair. 2008;22:217–27. 4889 

214  Hudson AN, Van Dongen HPA, Honn KA. Sleep deprivation, vigilant attention, and brain function: a review. 4890 

Neuropsychopharmacology. 2020;45:21–30. 4891 



213 | P a g e  

 

215  Tong J, Maruta J, Heaton KJ, et al. Degradation of binocular coordination during sleep deprivation. Front 4892 

Neurol. 2016;7. doi: 10.3389/fneur.2016.00090 4893 

216  Vitale KC, Owens R, Hopkins SR, et al. Sleep Hygiene for Optimizing Recovery in Athletes: Review and 4894 

Recommendations. Int J Sports Med. 2019;40:535–43. 4895 

217  Kirschen GW, Jones JJ, Hale L. The Impact of Sleep Duration on Performance Among Competitive Athletes: 4896 

A Systematic Literature Review. Clin J Sport Med. 2020;30:503–12. 4897 

218  Skein M, Duffield R, Edge J, et al. Intermittent-sprint performance and muscle glycogen after 30 h of sleep 4898 

deprivation. Med Sci Sports Exerc. 2011;43:1301–11. 4899 

219  Souissi N, Souissi M, Souissi H, et al. Effect of time of day and partial sleep deprivation on short-term, high-4900 

power output. Chronobiol Int. 2008;25:1062–76. 4901 

220  Souissi N, Chtourou H, Aloui A, et al. Effects of time-of-day and partial sleep deprivation on short-term 4902 

maximal performances of judo competitors. J Strength Cond Res. 2013;27:2473–80. 4903 

221  Mejri MA, Yousfi N, Mhenni T, et al. Does one night of partial sleep deprivation affect the evening 4904 

performance during intermittent exercise in Taekwondo players? J Exerc Rehabil. 2016;12:47. 4905 

222  Pallesen S, Gundersen HS, Kristoffersen M, et al. The Effects of Sleep Deprivation on Soccer Skills. Percept 4906 

Mot Skills. 2017;124:812–29. 4907 

223  Reilly T, Piercy M. The effect of partial sleep deprivation on weight-lifting performance. Ergonomics. 4908 

1994;37:107–15. 4909 

224  Souissi N, Sesboüé B, Gauthier A, et al. Effects of one night’s sleep deprivation on anaerobic performance 4910 

the following day. Eur J Appl Physiol. 2003;89:359–66. 4911 

225  Fullagar HHK, Duffield R, Skorski S, et al. Sleep, travel, and recovery responses of national footballers during 4912 

and after long-haul international air travel. Int J Sports Physiol Perform. 2016;11:86–95. 4913 

226  Lastella M, Roach GD, Sargent C. Travel fatigue and sleep/wake behaviors of professional soccer players 4914 

during  international competition. Sleep Health. 2019;5:141–7. 4915 

227  Fowler P, Duffield R, Howle K, et al. Effects of northbound long-haul international air travel on sleep quantity 4916 

and subjective jet lag and wellness in professional Australian soccer players. Int J Sports Physiol Perform. 4917 

2015;10:648–54. 4918 



214 | P a g e  

 

228  Cook C, Beaven CM, Kilduff LP, et al. Acute caffeine ingestion’s increase of voluntarily chosen resistance-4919 

training load after limited sleep. Int J Sport Nutr Exerc Metab. 2012;22:157–64. 4920 

229  Blumert PA, Crum AJ, Ernsting M, et al. The acute effects of twenty-four hours of sleep loss on the 4921 

performance of national-caliber male collegiate weightlifters. J Strength Cond Res. 2007;21:1146–54. 4922 

230  Mougin F, Bourdin H, Simon-Rigaud ML, et al. Effects of a selective sleep deprivation on subsequent 4923 

anaerobic performance. Int J Sports Med. 1996;17:115–9. 4924 

231  Nedelec M, Aloulou A, Duforez F, et al. The Variability of Sleep Among Elite Athletes. SPORTS MEDICINE-4925 

OPEN. 2018;4. doi: 10.1186/s40798-018-0151-2 4926 

232  Driller MW, Lastella M, Sharp AP. Individualized sleep education improves subjective and objective sleep 4927 

indices in elite cricket athletes: A pilot study. J Sports Sci. 2019;37:2121–5. 4928 

233  Knowles OE, Drinkwater EJ, Urwin CS, et al. Inadequate sleep and muscle strength: Implications for 4929 

resistance training. J Sci Med Sport. 2018;21:959–68. 4930 

234  Schwartz J, Simon RD. Sleep extension improves serving accuracy: A study with college varsity tennis 4931 

players. Physiol Behav. 2015;151:541–4. 4932 

235  Mah CD, Mah KE, Kezirian EJ, et al. The Effects of Sleep Extension on the Athletic Performance of 4933 

Collegiate Basketball Players. Sleep. 2011;34:943. 4934 

236  Duffield R, Murphy A, Kellett A, et al. Recovery from repeated on-court tennis sessions: combining cold-4935 

water immersion, compression, and sleep recovery interventions. Int J Sports Physiol Perform. 2014;9:273–4936 

82. 4937 

237  Yin J, Jin X, Shan Z, et al. Relationship of Sleep Duration With All‐Cause Mortality and Cardiovascular 4938 

Events: A Systematic Review and Dose‐Response Meta‐Analysis of Prospective Cohort Studies. Journal of 4939 

the American Heart Association: Cardiovascular and Cerebrovascular Disease. 2017;6. doi: 4940 

10.1161/JAHA.117.005947 4941 

238  Huang BH, Duncan MJ, Cistulli PA, et al. Sleep and physical activity in relation to all-cause, cardiovascular 4942 

disease and cancer mortality risk. Br J Sports Med. 2022;56:718–24. 4943 

239  Huang K, Ihm J. Sleep and Injury Risk. Curr Sports Med Rep. 2021;20:286–90. 4944 

240  Ekstrand J, Hägglund M, Waldén M. Injury incidence and injury patterns in professional football: the UEFA 4945 

injury study. Br J Sports Med. 2011;45:553–8. 4946 



215 | P a g e  

 

241  Koutures CG, Gregory AJM, McCambridge TM, et al. Injuries in youth soccer. Pediatrics. 2010;125:410–4. 4947 

242  Eliakim E, Morgulev E, Lidor R, et al. Estimation of injury costs: financial damage of English Premier League 4948 

teams’ underachievement due to injuries. BMJ Open Sport Exerc Med. 2020;6:e000675. 4949 

243  Auvinen JP, Tammelin TH, Taimela SP, et al. Is insufficient quantity and quality of sleep a risk factor for neck, 4950 

shoulder and low back pain? A longitudinal study among adolescents. Eur Spine J. 2010;19:641–9. 4951 

244  Milewski MD, Skaggs DL, Bishop GA, et al. Chronic lack of sleep is associated with increased sports injuries 4952 

in adolescent athletes. Journal of Pediatric Orthopaedics. 2014;34:129–33. 4953 

245  von Rosen P, Frohm A, Kottorp A, et al. Multiple factors explain injury risk in adolescent elite athletes: 4954 

Applying a biopsychosocial perspective. Scand J Med Sci Sports. 2017;27:2059–69. 4955 

246  Johnston R, Cahalan R, Bonnett L, et al. General health complaints and sleep associated with new injury 4956 

within an endurance sporting population: A prospective study. J Sci Med Sport. 2019;22:N.PAG-N.PAG. 4957 

247  Thurman SM, Wasylyshyn N, Roy H, et al. Individual differences in compliance and agreement for sleep logs 4958 

and wrist actigraphy: A longitudinal study of naturalistic sleep in healthy adults. PLoS One. 4959 

2018;13:e0191883. 4960 

248  Caia J, Thornton HR, Kelly VG, et al. Does self-perceived sleep reflect sleep estimated via activity monitors 4961 

in professional rugby league athletes? J Sports Sci. 2018;36:1492–6. 4962 

249  Jackowska M, Dockray S, Hendrickx H, et al. Psychosocial Factors and Sleep Efficiency. Psychosom Med. 4963 

2011;73:810–6. 4964 

250  Nédélec M, Leduc C, Dawson B, et al. Case Study: Sleep and Injury in Elite Soccer-A Mixed Method 4965 

Approach. J Strength Cond Res. 2019;33:3085–91. 4966 

251  Gupta L, Morgan K, Gilchrist S. Does Elite Sport Degrade Sleep Quality? A Systematic Review. SPORTS 4967 

MEDICINE. 2017;47:1317–33. 4968 

252  DÁTTILO M, ANTUNES HKM, GALBES NMN, et al. Effects of Sleep Deprivation on Acute Skeletal 4969 

Muscle Recovery after Exercise. Med Sci Sports Exerc. 2020;52:507–14. 4970 

253  Takahashi Y, K1rnis DM, Daughaday WH. Growth Hornone Secretion during Sleep. J Clin Invest. 4971 

1968;47:2079–90. 4972 

254  Luboshitzky R, Herer P, Levi M, et al. Relationship between rapid eye movement sleep and testosterone 4973 

secretion in normal men. J Androl. 1999;20:731–7. 4974 



216 | P a g e  

 

255  Takahashi Y, Kipnis DM, Daughaday WH. Growth hormone secretion during sleep. J Clin Invest. 4975 

1968;47:2079–90. 4976 

256  Van Cauter E, Latta F, Nedeltcheva A, et al. Reciprocal interactions between the GH axis and sleep. Growth 4977 

Hormone and IGF Research. 2004;14. doi: 10.1016/j.ghir.2004.03.006 4978 

257  Venter R. Role of Sleep in Performance and Recovery of Athletes: A Review Article. South African Journal 4979 

for Research in Sport, Physical Education and Recreation. 2012;34:167–84. 4980 

258  O’donnell S, Beaven CM, Driller MW. From pillow to podium: a review on understanding sleep for elite 4981 

athletes. Nat Sci Sleep. 2018;10:243. 4982 

259  Gunning L. Enhancing recovery: Impact of sleep on performance. Sports Coach. 2001;23:33. 4983 

260  FLORINI JR, EWTON DZ, COOLICAN SA. Growth hormone and the insulin-like growth factor system in 4984 

myogenesis. Endocr Rev. 1996;17:481–517. 4985 

261  Kraemer WJ, Ratamess NA, Nindl BC. Recovery responses of testosterone, growth hormone, and IGF-1 after 4986 

resistance exercise. J Appl Physiol. 2017;122:549–58. 4987 

262  Kraemer WJ, Ratamess NA, Hymer WC, et al. Growth Hormone(s), Testosterone, Insulin-Like Growth 4988 

Factors, and Cortisol: Roles and Integration for Cellular Development and Growth With Exercise. Front 4989 

Endocrinol (Lausanne). 2020;11:33. 4990 

263  Harridge SDR. Plasticity of human skeletal muscle: gene expression to in vivo function. Exp Physiol. 4991 

2007;92:783–97. 4992 

264  Puche JE, Castilla-Cortázar I. Human conditions of insulin-like growth factor-I (IGF-I) deficiency. J Transl 4993 

Med. 2012;10:1–29. 4994 

265  Obal F, Krueger JM. GHRH and sleep. Sleep Med Rev. 2004;8:367–77. 4995 

266  Amory JK, Bremner WJ. Regulation of testicular function in men: implications for male hormonal 4996 

contraceptive development. Journal of Steroid Biochemistry & Molecular Biology. 2003;85:357–61. 4997 

267  Campbell M, Jialal I. Physiology, Endocrine Hormones. StatPearls. 2019. 4998 

268  Pitteloud N, Dwyer AA, DeCruz S, et al. Inhibition of luteinizing hormone secretion by testosterone in men 4999 

requires aromatization for its pituitary but not its hypothalamic effects: evidence from the tandem study of 5000 

normal and gonadotropin-releasing hormone-deficient men. J Clin Endocrinol Metab. 2008;93:784–91. 5001 



217 | P a g e  

 

269  Luboshitzky R, Zabari Z, Shen-Orr Z, et al. Disruption of the nocturnal testosterone rhythm by sleep 5002 

fragmentation in normal men. J Clin Endocrinol Metab. 2001;86:1134–9. 5003 

270  Axelsson J, Ingre M, Åkerstedt T, et al. Effects of Acutely Displaced Sleep on Testosterone. J Clin Endocrinol 5004 

Metab. 2005;90:4530–5. 5005 

271  Colrain IM, Baker FC. Changes in Sleep as a Function of Adolescent Development. Neuropsychol Rev. 5006 

2011;21:5. 5007 

272  Abbott W, Brownlee TE, Naughton RJ, et al. Changes in perceptions of mental fatigue during a season in 5008 

professional under-23 English Premier League soccer players. Research in Sports Medicine. 2020;28:529–39. 5009 

273  Carrico S, Skorski S, Duffield R, et al. Post-match sleeping behavior based on match scheduling over a season 5010 

in elite football players. Sci Med Footb. 2018;2:9–15. 5011 

274  Fullagar H, Skorski S, Duffield R, et al. Impaired sleep and recovery after night matches in elite football 5012 

players. J Sports Sci. 2016;34:1333–9. 5013 

275  Whitworth-Turner CM, di Michele R, Muir I, et al. Training load and schedule are important determinants of 5014 

sleep behaviours in youth-soccer players. Eur J Sport Sci. 2019;19:576–84. 5015 

276  Robey E, Dawson B, Halson S, et al. Sleep quantity and quality in elite youth soccer players: A pilot study. 5016 

Eur J Sport Sci. 2014;14:410–7. 5017 

277  Fullagar HHK, Duffield R, Skorski S, et al. Sleep, travel, and recovery responses of national footballers during 5018 

and after long-haul international air travel. Int J Sports Physiol Perform. 2016;11:86–95. 5019 

278  Thomas C, Jones H, Whitworth-Turner C, et al. A Sleep Analysis of Elite Female Soccer Players During a 5020 

Competition Week. Int J Sports Physiol Perform. 2021;16. doi: 10.1123/IJSPP.2020-0706 5021 

279  Rijken NH, Soer R, de Maar E, et al. Increasing Performance of Professional Soccer Players and Elite Track 5022 

and Field Athletes with Peak Performance Training and Biofeedback: A Pilot Study. Applied 5023 

Psychophysiology Biofeedback. 2016;41:421–30. 5024 

280  Lastella M, Roach GD, Halson SL, et al. The Chronotype of Elite Athletes. J Hum Kinet. 2016;54:219–25. 5025 

281  Nédélec M, Halson S, Delecroix B, et al. Sleep Hygiene and Recovery Strategies in Elite Soccer Players. 5026 

Sports Med. 2015;45:1547–59. 5027 

282  Stutz J, Eiholzer R, Spengler CM. Effects of Evening Exercise on Sleep in Healthy Participants: A Systematic 5028 

Review and Meta-Analysis. Sports Medicine. 2019;49:269–87. 5029 



218 | P a g e  

 

283  MYLLYMÄKI T, KYRÖLÄINEN H, SAVOLAINEN K, et al. Effects of vigorous late-night exercise on sleep 5030 

quality and cardiac autonomic activity. J Sleep Res. 2011;20:146–53. 5031 

284  Oda S, Shirakawa K. Sleep onset is disrupted following pre-sleep exercise that causes large physiological 5032 

excitement at bedtime. Eur J Appl Physiol. 2014;114:1789–99. 5033 

285  Browman CP, Tepas DI. The Effects of Presleep Activity on All-Night Sleep. Psychophysiology. 5034 

1976;13:536–40. 5035 

286  Oda S, Shirakawa K. Sleep onset is disrupted following pre-sleep exercise that causes large physiological 5036 

excitement at bedtime. Eur J Appl Physiol. 2014;114:1789–99. 5037 

287  Miller KC, Hughes LE, Long BC, et al. Validity of core temperature measurements at 3 rectal depths during 5038 

rest, exercise, cold-water immersion, and recovery. J Athl Train. 2017;52:332–8. 5039 

288  Silva JR, Rumpf MC, Hertzog M, et al. Acute and Residual Soccer Match-Related Fatigue: A Systematic 5040 

Review and Meta-analysis. Sports Medicine. 2018;48:539–83. 5041 

289  Mielgo-Ayuso J, Calleja-Gonzalez J, Del Coso J, et al. Caffeine Supplementation and Physical Performance, 5042 

Muscle Damage and Perception of Fatigue in Soccer Players: A Systematic Review. Nutrients. 2019;11:440. 5043 

290  Russell M, Kingsley M. The efficacy of acute nutritional interventions on soccer skill performance. Sports 5044 

Medicine. 2014;44:957–70. 5045 

291  Nehlig A, Daval JL, Debry G. Caffeine and the central nervous system: mechanisms of action, biochemical, 5046 

metabolic and psychostimulant effects. Brain Res Rev. 1992;17:139–70. 5047 

292  Porkka-Heiskanen T, Kalinchuk A V. Adenosine, energy metabolism and sleep homeostasis. Sleep Med Rev. 5048 

2011;15:123–35. 5049 

293  Touitou Y, Reinberg A, Touitou D. Association between light at night, melatonin secretion, sleep deprivation, 5050 

and the internal clock: Health impacts and mechanisms of circadian disruption. Life Sci. 2017;173:94–106. 5051 

https://doi.org/10.1016/j.lfs.2017.02.008 5052 

294  Cajochen C. Alerting effects of light. Sleep Med Rev. 2007;11:453–64. 5053 

https://doi.org/10.1016/j.smrv.2007.07.009 5054 

295  Wittmann, Dinich, Merrow, et al. Social jetlag: misalignment of biological and social time. Chronobiol Int. 5055 

2006;23:497–509. 5056 



219 | P a g e  

 

296  Malone SK, Zemel B, Compher C, et al. Characteristics associated with Sleep Duration, Chronotype, and 5057 

Social jet lag in Adolescents. J Sch Nurs. 2016;32:120. 5058 

297  McMahon DM, Burch JB, Wirth MD, et al. Persistence of social jetlag and sleep disruption in healthy young 5059 

adults. https://doi.org/101080/0742052820171405014. 2017;35:312–28. 5060 

298  Hausswirth C, Louis J, Aubry A, et al. Evidence of disturbed sleep and increased illness in overreached 5061 

endurance athletes. Med Sci Sports Exerc. 2014;46:1036–45. 5062 

299  Douzi W, Dupuy O, Tanneau M, et al. 3-min whole body cryotherapy/cryostimulation after training in the 5063 

evening improves sleep quality in physically active men. European Journal of Sport Science EJSS : Official 5064 

Journal of the European College of Sport Science. 2018;1–8:1–8. 5065 

300  Whitworth-Turner C, Di Michele R, Muir I, et al. A shower before bedtime may improve the sleep onset 5066 

latency of youth soccer players. Eur J Sport Sci. 2017;17:1119–28. 5067 

301  Ritland BM, Simonelli G, Gentili RJ, et al. Effects of sleep extension on cognitive/motor performance and 5068 

motivation in military tactical athletes. Sleep Med. 2019;58:48–55. 5069 

302  Adam EK, Snell EK, Pendry P. Sleep timing and quantity in ecological and family context: A nationally 5070 

representative time-diary study. Journal of Family Psychology. 2007;21:4–19. 5071 

303  Knutson KL, Lauderdale DS. Sociodemographic and behavioral predictors of bed time and wake time among 5072 

U.S. adolescents aged 15–17 years. J Pediatr. 2009;154:426. 5073 

304  Irish LA, Kline CE, Gunn HE, et al. The role of sleep hygiene in promoting public health: A review of 5074 

empirical evidence. Sleep Med Rev. 2015;22:23–36. 5075 

305  Knufinke M, Nieuwenhuys A, Geurts SAE, et al. Self-reported sleep quantity, quality and sleep hygiene in 5076 

elite athletes. J Sleep Res. 2018;27:78–85. 5077 

306  O’DONNELL S, DRILLER MW. Sleep-hygiene Education improves Sleep Indices in Elite Female Athletes. 5078 

Int J Exerc Sci. 2017;10:522. 5079 

307  Haghayegh S, Khoshnevis S, Smolensky MH, et al. Before-bedtime passive body heating by warm shower 5080 

or bath to improve sleep: A systematic review and meta-analysis. Sleep Med Rev. 2019;46:124–35. 5081 

308  Schaal K, Meur YLE, Louis J, et al. Whole-Body Cryostimulation Limits Overreaching in Elite Synchronized 5082 

Swimmers. Med Sci Sports Exerc. 2015;47:1416–25. 5083 



220 | P a g e

309 Aloulou A, Luduc C, Duforez F, et al. Effect of an Innovative Mattress and Cryotherapy on Sleep after an 5084 

Elite Rugby Match. Med Sci Sports Exerc. Published Online First: May 2020. doi: 5085 

10.1249/MSS.0000000000002403 5086 

310 Russell M, Birch J, Love T, et al. The Effects of a Single Whole-Body Cryotherapy Exposure on 5087 

Physiological, Performance, and Perceptual Responses of Professional Academy Soccer Players After 5088 

Repeated Sprint Exercise. J Strength Cond Res. 2017;31:415–21. 5089 

311 Douzi W, Dupuy O, Theurot D, et al. Partial-body cryostimulation after training improves sleep quality in 5090 

professional  soccer players. BMC Res Notes. 2019;12:141. 5091 

312 Robey E, Dawson B, Halson S, et al. Effect of evening postexercise cold water immersion on subsequent 5092 

sleep. Med Sci Sports Exerc. 2013;45:1394–402. 5093 

313 Zalewski P, Bitner A, Slomko J, et al. Whole-body cryostimulation increases parasympathetic outflow and 5094 

decreases core body temperature. J Therm Biol. 2014;45:75–80. 5095 

314 Hausswirth C, Schaal K, le Meur Y, et al. Parasympathetic activity and blood catecholamine responses 5096 

following a single partial-body cryostimulation and a whole-body cryostimulation. PLoS One. 2013;8:e72658. 5097 

315 Schaal K, le Meur Y, Bieuzen FF, et al. Effect of recovery mode on postexercise vagal reactivation in elite 5098 

synchronized swimmers. Applied Physiology, Nutrition and Metabolism. 2013;38:126–33. 5099 

316 Louis J, Theurot D, Filliard JR, et al. The use of whole-body cryotherapy: time- and dose-response 5100 

investigation on circulating blood catecholamines and heart rate variability. Eur J Appl Physiol. Published 5101 

Online First: 2020. doi: 10.1007/s00421-020-04406-5 5102 

317 Polidori G, Taiar R, Legrand F, et al. Infrared thermography for assessing skin temperature differences 5103 

between Partial Body Cryotherapy and Whole Body Cryotherapy devices at-140 degrees C. Infrared Phys 5104 

Technol. 2018;93:158–61. 5105 

318 Hohenauer E, Costello JT, Stoop R, et al. Cold-water or partial-body cryotherapy? Comparison of 5106 

physiological responses and recovery following muscle damage. Scand J Med Sci Sports. 2018;28:1252–62. 5107 

319 Costello JT, Culligan K, Selfe J, et al. Muscle, skin and core temperature after -110 degrees c cold air and 8 5108 

degrees c water treatment. PLoS One. 2012;7:e48190. 5109 

320 Webb P. Afterdrop of body temperature during rewarming: An alternative explanation. J Appl Physiol. 5110 

1985;60:385–90. 5111 

321 Romet TT. Mechanism of afterdrop after cold water immersion. J Appl Physiol. 1988;65:1535–8. 5112 



221 | P a g e  

 

322  Webb P. Afterdrop of body temperature during rewarming: An alternative explanation. J Appl Physiol. 5113 

1985;60:385–90. 5114 

323  Romet TT. Mechanism of afterdrop after cold water immersion. J Appl Physiol. 1988;65:1535–8. 5115 

324  Zielinski MR, Krueger JM. Sleep and innate immunity. Front Biosci (Schol Ed). 2011;3:632. 5116 

325  Gizińska M, Rutkowski R, Romanowski W, et al. Effects of Whole-Body Cryotherapy in Comparison with 5117 

Other Physical Modalities Used with Kinesitherapy in Rheumatoid Arthritis. Biomed Res Int. 5118 

2015;2015:409174. 5119 

326  Wozniak A, Wozniak B, Drewa G, et al. The effect of whole-body cryostimulation on the prooxidant - 5120 

Antioxidant balance in blood of elite kayakers after training. Eur J Appl Physiol. 2007;101:533–7. 5121 

327  Wozniak A, Mila-Kierzenkowska C, Szpinda M, et al. Whole-body cryostimulation and oxidative stress in 5122 

rowers: the preliminary results. Archives of Medical Science. 2013;9:303–8. 5123 

328  Mila-Kierzenkowska C, Wozniak A, Wozniak B, et al. Whole-body cryostimulation in kayaker women: a 5124 

study of the effect of cryogenic temperatures on oxidative stress after the exercise. Journal of Sports Medicine 5125 

& Physical Fitness. 2009;49:201–7. 5126 

329  Bleakley CM, Bieuzen F, Davison GW, et al. Whole-body cryotherapy: empirical evidence and theoretical 5127 

perspectives. Open Access J Sports Med. 2014;5:25–36. 5128 

330  Costello JT, Baker PRA, Minett GM, et al. Whole-body cryotherapy (extreme cold air exposure) for 5129 

preventing and treating muscle soreness after exercise in adults. Cochrane Database of Systematic Reviews. 5130 

2013;2013:no pagination. 5131 

331  Moher D, Liberati A, Tetzlaff J, et al. Preferred reporting items for systematic reviews and meta-analyses: 5132 

The PRISMA statement. BMJ (Online). 2009;339:332–6. 5133 

332  Higgins J, Green S. Cochrane Handbook for Systematic Reviews of Interventions Version 5.1.0 [updated 5134 

March 2011]. 2011. 5135 

333  Batson S, Burton H. A systematic review of methods for handling missing variance data in meta-analyses of 5136 

interventions in type 2 diabetes mellitus. PLoS One. 2016;11. https://doi.org/10.1371/journal.pone.0164827 5137 

334  Batterham AM, Hopkins WG. Making meaningful inferences about magnitudes. Int J Sports Physiol Perform. 5138 

2006;1:50–7. 5139 



222 | P a g e  

 

335  Driller MW, Halson SL. The effects of wearing lower body compression garments during a cycling 5140 

performance test. Int J Sports Physiol Perform. 2013;8:300–6. 5141 

336  Wozniak A, Wozniak B, Drewa G, et al. The effect of whole-body cryostimulation on lysosomal enzyme 5142 

activity in kayakers during training. Eur J Appl Physiol. 2007;100:137–42. 5143 

337  Ziemann E, Olek RA, Grzywacz T, et al. Whole-body cryostimulation as an effective way of reducing 5144 

exercise-induced inflammation and blood cholesterol in young men. Eur Cytokine Netw. 2013;25:14–23. 5145 

338  Jaworska J, Micielska K, Kozlowska M, et al. A 2-Week Specific Volleyball Training Supported by the Whole 5146 

Body Cryostimulation Protocol Induced an Increase of Growth Factors and Counteracted Deterioration of 5147 

Physical Performance. Front Physiol. 2018;9:1711. 5148 

339  Krueger M, Costello JT, Achtzehn S, et al. Whole-body cryotherapy (-110 [degrees]C) following high-5149 

intensity intermittent exercise does not alter hormonal, inflammatory or muscle damage biomarkers in trained 5150 

males. Cytokine. 2019;113:277–84. 5151 

340  Ziemann E, Olek RA, Grzywacz T, et al. Whole-body cryostimulation as an effective way of reducing 5152 

exercise-induced inflammation and blood cholesterol in young men. Eur Cytokine Netw. 2014;25:14–23. 5153 

341  Wozniak A, Wozniak B, Drewa G, et al. The effect of whole-body cryostimulation on the prooxidant-5154 

antioxidant balance in blood of elite kayakers after training. Eur J Appl Physiol. 2007;101:533–7. 5155 

342  Warren GL, Lowe DA, Armstrong RB. Measurement tools used in the study of eccentric contraction-induced 5156 

injury. Sports Medicine. 1999;27:43–59. 5157 

343  Cheung K, Hume PA, Maxwell L. Delayed onset muscle soreness: Treatment strategies and performance 5158 

factors. Sports Medicine. 2003;33:145–64. https://doi.org/10.2165/00007256-200333020-00005 5159 

344  Baranov A, Pakhomov O, Fedorov A, et al. Low-temperature Technologies. intechopen 2019:1–25. 5160 

345  Ferreira-Junior JB, Bottaro M, Loenneke JP, et al. Could whole-body cryotherapy (below -100degreeC) 5161 

improve muscle recovery from muscle damage?. Front Physiol. 2014;5:247. 5162 

346  Paschalis V, Koutedakis Y, Jamurtas AZ, et al. Equal volumes of high and low intensity of eccentric exercise 5163 

in relation to muscle damage and performance. J Strength Cond Res. 2005;19:184–8. 5164 

347  Fedewa M V., Hathaway ED, Ward-Ritacco CL. Effect of exercise training on C reactive protein: A systematic 5165 

review and meta-Analysis of randomised and non-randomised controlled trials. Br J Sports Med. 5166 

2017;51:670–6. https://doi.org/10.1136/bjsports-2016-095999 5167 



223 | P a g e  

 

348  Ostrowski K, Rohde T, Asp S, et al. Pro- and anti-inflammatory cytokine balance in strenuous exercise in 5168 

humans. Journal of Physiology. 1999;515:287–91. 5169 

349  Hill EE, Zack E, Battaglini C, et al. Exercise and circulating cortisol levels: The intensity threshold effect. J 5170 

Endocrinol Invest. 2008;31:587–91. 5171 

350  Hackney AC, Walz EA. Hormonal adaptation and the stress of exercise training: the role of glucocorticoids. 5172 

Trends Sport Sci. 2013;20:165–71. 5173 

351  Brownlee KK, Moore AW, Hackney AC. Relationship between circulating cortisol and testosterone: Influence 5174 

of physical exercise. J Sports Sci Med. 2005;4:76–83. 5175 

352  Hackney AC. Stress and the neuroendocrine system: the role of exercise as a stressor and modifier of stress. 5176 

Expert Rev Endocrinol Metab. 2006;1:783–92. 5177 

353  Leppaluoto J, Westerlund T, Huttunen P, et al. Effects of long-term whole-body cold exposures on plasma 5178 

concentrations of ACTH, beta-endorphin, cortisol, catecholamines and cytokines in healthy females. Scand J 5179 

Clin Lab Invest. 2008;68:145–53. 5180 

354  Nedelec M, Aloulou A, Duforez F, et al. The Variability of Sleep Among Elite Athletes. Sports Med Open. 5181 

2018;4:1–13. https://doi.org/10.1186/s40798-018-0151-2 5182 

355  DATTILO M, ANTUNES H, GALBES N, et al. Effects of Sleep Deprivation on Acute Skeletal Muscle 5183 

Recovery after Exercise. Med Sci Sports Exerc. 2020;52:507–14. 5184 

356  Nedelec M, McCall A, Carling C, et al. Recovery in Soccer: Part I - Post-Match Fatigue and Time Course of 5185 

Recovery. Sports Med. 2012;42:997–1015. 5186 

357  Roberts LA, Raastad T, Markworth JF, et al. Post‐exercise cold water immersion attenuates acute anabolic 5187 

signalling and long‐term adaptations in muscle to strength training. J Physiol. 2015;593:4285–301. 5188 

358  Broatch JR, Petersen A, Bishop DJ. The Influence of Post-Exercise Cold-Water Immersion on Adaptive 5189 

Responses to Exercise: A Review of the Literature. Sports Medicine. 2018;48:1369–87. 5190 

359  Broatch JR, Poignard M, Hausswirth C, et al. Whole-body cryotherapy does not augment adaptations to high-5191 

intensity interval training. Sci Rep. 2019;9. doi: 10.1038/s41598-019-48518-1 5192 

360  Hill VM, O’Connor RM, Shirasu-Hiza M. Tired and stressed: Examining the need for sleep. European Journal 5193 

of Neuroscience. 2020;51:494–508. 5194 



224 | P a g e  

 

361  Nédélec M, Dawson B, Dupont G. Influence of night soccer matches on sleep in elite players. J Strength Cond 5195 

Res. 2019;33:174–9. 5196 

362  Abbott W, Brownlee TE, Harper LD, et al. The independent effects of match location, match result and the 5197 

quality of opposition on subjective wellbeing in under 23 soccer players: a case study. Research in Sports 5198 

Medicine. 2018;26:262–75. 5199 

363  Nédélec M, Halson S, Delecroix B, et al. Sleep Hygiene and Recovery Strategies in Elite Soccer Players. 5200 

Sports Med. 2015;45:1547–59. 5201 

364  Douzi W, Dupuy O, Theurot D, et al. Partial-body cryostimulation after training improves sleep quality in 5202 

professional soccer players. BMC Res Notes. 2019;12. doi: 10.1186/S13104-019-4172-9 5203 

365  Fullagar H, Skorski S, Duffield R, et al. The effect of an acute sleep hygiene strategy following a late-night 5204 

soccer match on recovery of players. Chronobiol Int. 2016;33:490–505. 5205 

366  Banfi G, Lombardi G, Colombini A, et al. Whole-body cryotherapy in athletes. Sports Medicine. 5206 

2010;40:509–17. 5207 

367  Bleakley CM, Bieuzen F, Davison GW, et al. Whole-body cryotherapy: empirical evidence and theoretical 5208 

perspectives. Open Access J Sports Med. 2014;5:25–36. 5209 

368  Aloulou A, Leduc C, Duforez F, et al. Effect of an Innovative Mattress and Cryotherapy on Sleep after an 5210 

Elite Rugby Match. Med Sci Sports Exerc. 2020;52:2655–62. 5211 

369  Crewther BT, Sanctuary CE, Kilduff LP, et al. The workout responses of salivary-free testosterone and cortisol 5212 

concentrations and their association with the subsequent competition outcomes in professional rugby league. 5213 

J Strength Cond Res. 2013;27:471–6. 5214 

370  Kruger M, de Marees M, Dittmar KH, et al. Whole-Body Cryotherapy’s Enhancement of Acute Recovery of 5215 

Running Performance in Well-Trained Athletes. Int J Sports Physiol Perform. 2015;10:605–12. 5216 

371  Hirshkowitz M, Whiton K, Albert SM, et al. National sleep foundation’s sleep time duration 5217 

recommendations: Methodology and results summary. Sleep Health. 2015;1:40–3. 5218 

372  Russell CA, Caldwell JA, Arand D, et al. Validation of the Fatigue Science Readiband TM Actigraph and 5219 

Associated Sleep/Wake Classification Algorithms Archinoetics, LLC 700 Bishop St, Suite 2000 Honolulu, HI 5220 

9681. 2011. 5221 



225 | P a g e  

 

373  Krueger M, Costello JT, Achtzehn S, et al. Whole-body cryotherapy (-110degreeC) following high-intensity 5222 

intermittent exercise does not alter hormonal, inflammatory or muscle damage biomarkers in trained males. 5223 

Cytokine. 2019;113:277–84. 5224 

374  Belenky G, Wesensten NJ, Thorne DR, et al. Patterns of performance degradation and restoration during sleep 5225 

restriction and subsequent recovery: a sleep dose-response study. J Sleep Res. 2003;12:1–12. 5226 

375  Fullagar H, Duffield R, Skorski S, et al. Sleep and Recovery in Team Sport: Current Sleep-Related Issues 5227 

Facing Professional Team-Sport Athletes. Int J Sports Physiol Perform. 2015;10:950–7. 5228 

376  Thomas C, Jones H, Whitworth-Turner C, et al. A Sleep Analysis of Elite Female Soccer Players During a 5229 

Competition Week. Int J Sports Physiol Perform. 2021;Online ahe:1–7. 5230 

377  Nédélec M, Halson S, Abaidia A-E, et al. Stress, Sleep and Recovery in Elite Soccer: A Critical Review of 5231 

the Literature. SPORTS MEDICINE. 2015;45:1387–400. 5232 

378  Ancoli-Israel S, Martin JL, Blackwell T, et al. The SBSM Guide to Actigraphy Monitoring: Clinical and 5233 

Research Applications. Behavioral sleep medicine. 2015;13 Suppl 1:S4–38. 5234 

379  Fuller KL, Juliff L, Gore CJ, et al. Software thresholds alter the bias of actigraphy for monitoring sleep in 5235 

team-sport  athletes. J Sci Med Sport. 2017;20:756–60. 5236 

380  Nédélec M, Dawson B, Dupont G. Influence of Night Soccer Matches on Sleep in Elite Players. J Strength 5237 

Cond Res. 2019;33:174–9. 5238 

381  Whitworth-Turner C, di Michele R, Muir I, et al. A comparison of sleep patterns in youth soccer players and 5239 

non-athletes. Science andMedicine in Football,. 2018;2:3–8. 5240 

382  Springham M, Williams S, Waldron M, et al. Salivary Immunoendocrine and Self-report Monitoring Profiles 5241 

across an Elite-Level Professional Football Season. Med Sci Sports Exerc. 2021;53:918–27. 5242 

383  Fernandes R, Ceylan HI, Clemente FM, et al. In-Season Microcycle Quantification of Professional Women 5243 

Soccer Players-External, Internal and Wellness Measures. HEALTHCARE. 2022;10. doi: 5244 

10.3390/healthcare10040695 5245 

384  Dekkers OM, Vandenbroucke JP, Cevallos M, et al. COSMOS-E: Guidance on conducting systematic reviews 5246 

and meta-analyses of observational studies of etiology. PLoS Med. 2019;16. doi: 5247 

10.1371/journal.pmed.1002742 5248 

385  Tricco AC, Lillie E, Zarin W, et al. PRISMA extension for scoping reviews (PRISMA-ScR): Checklist and 5249 

explanation. Ann Intern Med. 2018;169:467–73. 5250 



226 | P a g e  

 

386  Wickham H. ggplot2: Elegant graphics for data analysis. 2nd ed. Springer International Publishing 2016. 5251 

https://doi.org/10.1007/978-3-319-24277-4 5252 

387  Morgan RL, Thayer KA, Santesso N, et al. A risk of bias instrument for non-randomized studies of exposures: 5253 

A users’ guide to its application in the context of GRADE. Environ Int. 2019;122:168–84. 5254 

388  Ballesio A, Vacca M, Bacaro V, et al. Psychological correlates of insomnia in professional soccer players: An 5255 

exploratory study. Eur J Sport Sci. Published Online First: 2021. doi: 10.1080/17461391.2021.1892197 5256 

389  Costa JA, Figueiredo P, Lastella M, et al. Comparing Sleep in Shared and Individual Rooms during a Training 5257 

Camp in Elite Youth Soccer Player’s: A Short Report. J Athl Train. Published Online First: 5 April 2022. doi: 5258 

10.4085/1062-6050-0042.22 5259 

390  Delaval B, Abaïdia A-E, Delecroix B, et al. Recovery During a Congested Schedule and Injury in Professional 5260 

Football. Int J Sports Physiol Perform. 2022;1–8. 5261 

391  Douchet T, Humbertclaude A, Cometti C, et al. Quantifying Accelerations and Decelerations in Elite Women 5262 

Soccer Players during Regular In-Season Training as an Index of Training Load. SPORTS. 2021;9. doi: 5263 

10.3390/sports9080109 WE - Emerging Sources Citation Index (ESCI) 5264 

392  Evans DA, Jackson DT, Kelly AL, et al. Monitoring Postmatch Fatigue During a Competitive Season in Elite 5265 

Youth Soccer Players. J Athl Train. 2022;57:184–90. 5266 

393  Fessi MS, Moalla W. Postmatch Perceived Exertion, Feeling, and Wellness in Professional Soccer Players. 5267 

Int J Sports Physiol Perform. 2018;13:631–7. 5268 

394  Fessi MS, Nouira S, Dellal A, et al. Changes of the psychophysical state and feeling of wellness of 5269 

professional soccer  players during pre-season and in-season periods. Res Sports Med. 2016;24:375–86. 5270 

395  Fitzpatrick JF, Akenhead R, Russell M, et al. Sensitivity and reproducibility of a fatigue response in elite 5271 

youth football players. Science & Medicine in Football. 2019;3:214–20. 5272 

396  Fowler P, Duffield R, Vaile J. Effects of domestic air travel on technical and tactical performance and recovery 5273 

in soccer. Int J Sports Physiol Perform. 2014;9:378–86. 5274 

397  Fowler PM, McCall A, Jones M, et al. Effects of long-haul transmeridian travel on player preparedness: Case 5275 

study of a national team at the 2014 FIFA World Cup. J Sci Med Sport. 2017;20:322–7. 5276 

398  Jorquera-Aguilera C, Barahona-Fuentes G, Pérez Peña MJ, et al. Sleep quality in chilean professional soccer 5277 

players. Int J Environ Res Public Health. 2021;18. doi: 10.3390/IJERPH18115866 5278 



227 | P a g e  

 

399  Kilic Ö, Carmody S, Upmeijer J, et al. Prevalence of mental health symptoms among male and female 5279 

Australian professional footballers. BMJ Open Sport Exerc Med. 2021;7:e001043. 5280 

400  Oliva Lozano JM, Muyor JM, Pérez-Guerra A, et al. Effect of the Length of the Microcycle on the Daily 5281 

External Load, Fatigue, Sleep  Quality, Stress, and Muscle Soreness of Professional Soccer Players: A Full-5282 

Season Study. Sports Health. 2022;19417381221131532. 5283 

401  Mateus N, Gonçalves B, Felipe JL, et al. In-season training responses and perceived wellbeing and recovery 5284 

status in professional soccer players. PLoS One. 2021;16. doi: 10.1371/JOURNAL.PONE.0254655 5285 

402  Moalla W, Fessi MS, Farhat F, et al. Relationship between daily training load and psychometric status of 5286 

professional  soccer players. Res Sports Med. 2016;24:387–94. 5287 

403  Nobari H, Fani M, Clemente FM, et al. Intra- and Inter-week Variations of Well-Being Across a Season: A 5288 

Cohort Study in Elite Youth Male Soccer Players. Front Psychol. 2021;12. doi: 10.3389/fpsyg.2021.671072 5289 

404  Noon M, James R, Clarke N, et al. Perceptions of well-being and physical performance in English elite youth 5290 

footballers across a season. J Sports Sci. 2015;33:2106–15. 5291 

405  Noor D, McCall A, Jones M, et al. Perceived load, fatigue and recovery responses during congested and non-5292 

congested micro-cycles in international football tournaments. J Sci Med Sport. 2021;24:1278–83. 5293 

406  Oliveira R, Moreira Brito J, Loureiro N, et al. Effects of match location, match result and the quality of 5294 

opposition in training load on a two-matches week in a top-class elite European soccer team. / Efectos de la 5295 

ubicación del juego, el resultado del juego y la calidad del oponente, sobre la carga d. Cuadernos de Psicología 5296 

del Deporte. 2021;21:183–97. 5297 

407  Oliveira R, Ceylan HI, Brito JP, et al. Within- and between-mesocycle variations of well-being measures in 5298 

top elite male soccer players: a longitudinal study’. J Mens Health. 2022;18. doi: 10.31083/j.jomh1804094 5299 

408  Oliveira R, Brito JP, Martins A, et al. In-season internal and external training load quantification of an elite 5300 

European soccer team. PLoS One. 2019;14. doi: 10.1371/JOURNAL.PONE.0209393 5301 

409  Saidi K, Zouhal H, Boullosa D, et al. Biochemical Markers and Wellness Status During a Congested Match 5302 

Play Period in Elite Soccer Players. Int J Sports Physiol Perform. 2022;1–16. 5303 

410  Selmi O, Ouergui I, Levitt DE, et al. Training, psychometric status, biological markers and neuromuscular 5304 

fatigue in soccer. Biol Sport. 2022;39:319–27. 5305 

411  Selmi O, Ouergui I, Castellano J, et al. Effect of an intensified training period on well-being indices, recovery 5306 

and psychological aspects in professional soccer players. EUROPEAN REVIEW OF APPLIED 5307 



228 | P a g e

PSYCHOLOGY-REVUE EUROPEENNE DE PSYCHOLOGIE APPLIQUEE. 2020;70. doi: 5308 

10.1016/j.erap.2020.100603 5309 

412 Silva AF, Oliveira R, Akyildiz Z, et al. Sleep Quality and Training Intensity in Soccer Players: Exploring 5310 

Weekly Variations and Relationships. APPLIED SCIENCES-BASEL. 2022;12. doi: 10.3390/app12062791 5311 

413 Silva A, Narciso F v., Soalheiro I, et al. Poor sleep quality’s association with soccer injuries: Preliminary data. 5312 

Int J Sports Physiol Perform. 2020;15:671–6. 5313 

414 Thorpe RT, Strudwick AJ, Buchheit M, et al. Tracking Morning Fatigue Status Across In-Season Training 5314 

Weeks in Elite Soccer  Players. Int J Sports Physiol Perform. 2016;11:947–52. 5315 

415 YABROUDI MA, NAWASREH ZH, DABAS WA, et al. The influence of sleep quality and quantity on soccer 5316 

injuries in professional teams. J Sports Med Phys Fitness. Published Online First: December 2021. doi: 5317 

10.23736/S0022-4707.21.13016-6 5318 

416 Galland B, Meredith-Jones K, Terrill P, et al. Challenges and Emerging Technologies within the Field of 5319 

Pediatric Actigraphy. Front Psychiatry. 2014;0:99. 5320 

417 Nédélec M, Dawson B, Dupont G. Influence of Night Soccer Matches on Sleep in Elite Players. J Strength 5321 

Cond Res. 2019;33:174–9. 5322 

418 Robey E, Dawson B, Halson S, et al. Effect of evening postexercise cold water immersion on subsequent 5323 

sleep. Med Sci Sports Exerc. 2013;45:1394–402. 5324 

419 Groeger JA, Zijlstra FRH, Dijk DJ. Sleep quantity, sleep difficulties and their perceived consequences in a 5325 

representative sample of some 2000 British adults. J Sleep Res. 2004;13:359–71. 5326 

420 Reilly T, Waterhouse J. Sports performance: Is there evidence that the body clock plays a role? Eur J Appl 5327 

Physiol. 2009;106:321–32. https://doi.org/10.1007/s00421-009-1066-x 5328 

421 Li L, Nakamura T, Hayano J, et al. Age and gender differences in objective sleep properties using large-scale 5329 

body acceleration data in a Japanese population. Scientific Reports 2021 11:1. 2021;11:1–11. 5330 

422 Ohayon M, Carskadon M, Guilleminault C, et al. Meta-analysis of quantitative sleep parameters from 5331 

childhood to old age in healthy individuals: developing normative sleep values across the human lifespan. 5332 

Sleep. 2004;27:1255–73. 5333 

423 Rijken NH, Soer R, Maar E, et al. Increasing Performance of Professional Soccer Players and Elite Track and 5334 

Field Athletes with Peak Performance Training and Biofeedback: A Pilot Study. Appl Psychophysiol 5335 

Biofeedback. 2016;41:421–30. 5336 



229 | P a g e  

 

424  Nedelec M, Halson S, Delecroix BB, et al. Sleep Hygiene and Recovery Strategies in Elite Soccer Players. 5337 

SPORTS MEDICINE. 2015;45:1547–59. 5338 

425  Leatherwood WE, Dragoo JL. Effect of airline travel on performance: a review of the literature. BJSM. 5339 

2012;47:561–7. 5340 

426  Reilly T. How can travelling athletes deal with jet-lag? Kinesiology: international journal of fundamental and 5341 

applied kinesiology. 2009;41:128–35. 5342 

427  Lemmer B, Kern R-I, Nold G, et al. Jet lag in athletes after eastward and westward time-zone transition. 5343 

http://dx.doi.org/101081/CBI-120005391. 2009;19:743–64. 5344 

428  Simor P, Krietsch KN, Köteles F, et al. Day-to-Day Variation of Subjective Sleep Quality and Emotional 5345 

States Among Healthy University Students—a 1-Week Prospective Study. Int J Behav Med. 2015;22:625–34. 5346 

429  Montesinos L, Castaldo R, Cappuccio FP, et al. Day-to-day variations in sleep quality affect standing balance 5347 

in healthy adults. Sci Rep. 2018;8:1–10. 5348 

430  Herrera CP. Total sleep time in Muslim football players is reduced during Ramadan: A pilot study on the 5349 

standardized assessment of subjective sleep-wake patterns in athletes. J Sports Sci. 2012;30. doi: 5350 

10.1080/02640414.2012.676666 5351 

431  Fischer D, Lombardi DA, Marucci-Wellman H, et al. Chronotypes in the US – Influence of age and sex. PLoS 5352 

One. 2017;12:e0178782. 5353 

432  Bates D, Maechler M, Bolker B, et al. Package ‘lme4’. 2020. 5354 

433  Schwartz, Simon. Sleep extension improves serving accuracy: A study with college varsity tennis players. 5355 

Physiol Behav. 2015;151:541–4. 5356 

434  Romdhani M, Rae DE, Nedelec M, et al. COVID-19 Lockdowns: A Worldwide Survey of Circadian Rhythms 5357 

and Sleep Quality in 3911 Athletes from 49 Countries, with Data-Driven Recommendations. SPORTS 5358 

MEDICINE. Published Online First: 2021. doi: 10.1007/s40279-021-01601-y WE - Science Citation Index 5359 

Expanded (SCI-EXPANDED) 5360 

435  Sundaram V, Ding VY, Desai M, et al. Reliable sideline ocular-motor assessment following exercise in healthy 5361 

student athletes. J Sci Med Sport. 2019;22:1287–91. 5362 

436  Barnes GR. Cognitive processes involved in smooth pursuit eye movements. Brain Cogn. 2008;68:309–26. 5363 



230 | P a g e  

 

437  Stone LS, Tyson TL, Cravalho PF, et al. Distinct pattern of oculomotor impairment associated with acute 5364 

sleep loss and circadian misalignment. J Physiol. 2019;597:4643–60. 5365 

438  Tong J, Maruta J, Heaton KJ, et al. Adaptation of visual tracking synchronization after one night of sleep 5366 

deprivation. Exp Brain Res. 2014;232:121–31. 5367 

439  Carney CE, Buysse DJ, Ancoli-Israel S, et al. The consensus sleep diary: standardizing prospective sleep self-5368 

monitoring. Sleep. 2012;35:287–302. 5369 

440  Reifman J, Kumar K, Khitrov MY, et al. PC-PVT 2.0: An updated platform for psychomotor vigilance task 5370 

testing, analysis, prediction, and visualization. J Neurosci Methods. 2018;304:39–45. 5371 

441  Neath AA, Cavanaugh JE. The Bayesian information criterion: background, derivation, and applications. 5372 

Wiley Interdiscip Rev Comput Stat. 2012;4:199–203. 5373 

442  Cavanaugh JE. Model Selection: Bayesian Information Criterion. Wiley StatsRef: Statistics Reference Online. 5374 

2016;1–3. 5375 

443  Ratner B. The correlation coefficient: Its values range between 1/1, or do they. Journal of Targeting, 5376 

Measurement and Analysis for Marketing. 2009;17:139–42. 5377 

444  Johns MW. A New Method for Measuring Daytime Sleepiness: The Epworth Sleepiness Scale. Sleep. 5378 

1991;14:540–5. 5379 

445  Johns MW. Reliability and factor analysis of the Epworth Sleepiness Scale. Sleep. 1992;15:376–81. 5380 

446  Fullagar HHK, Skorski S, Duffield R, et al. Impaired sleep and recovery after night matches in elite football 5381 

players. J Sports Sci. 2016;34:1333–9. 5382 

447  Edinborough L, Bruce-low S, Hill J, et al. Day type and start time may influence sleep in adolescent 5383 

professional football players. Int J Sports Med. Published Online First: 9 November 2022. doi: 10.1055/A-5384 

1974-5441 5385 

448  Murawski B, Wade L, Plotnikoff RC, et al. A systematic review and meta-analysis of cognitive and behavioral 5386 

interventions to improve sleep health in adults without sleep disorders. Sleep Med Rev. 2018;40:160–9. 5387 

449  Biggins M, Purtill H, Fowler P, et al. Sleep in elite multi-sport athletes: Implications for athlete health and 5388 

wellbeing. Physical Therapy in Sport. 2019;39:136–42. 5389 

450  Whitworth-Turner C, di Michele R, Muir I, et al. A shower before bedtime may improve the sleep onset 5390 

latency of youth soccer players. Eur J Sport Sci. 2017;17:1119–28. 5391 



231 | P a g e  

 

451  Yeh A-L, Chao C-L, Huang W-F, et al. Walnut (Juglans regia L.) Oligopeptide Effects on Enhancing Memory, 5392 

Cognition and Improving Sleep Quality in Teenagers and Elderly People in a Randomized Double-Blind 5393 

Controlled Trial. Nat Prod Commun. 2022;17:1–8. 5394 

452  McCloughan L, Hanrahan S, Anderson R, et al. Progressive muscle relaxation (PMR), sleep, and recovery in 5395 

elite performers. J Sci Med Sport. 2014;18:e113. 5396 

453  Fullagar HHK, Bartlett JD. Time to wake up: individualising the approach to sleep promotion interventions. 5397 

Br J Sports Med. 2016;50:143–4. 5398 

454  Buysse DJ, Reynolds CF, Monk TH, et al. The Pittsburgh sleep quality index: A new instrument for psychiatric 5399 

practice and research. Psychiatry Res. 1989;28:193–213. 5400 

455  Bastien CH, Vallières A, Morin CM. Validation of the Insomnia Severity Index as an outcome measure for 5401 

insomnia research. Sleep Med. 2001;2:297–307. 5402 

456  Kendzerska TB, Smith PM, Brignardello-Petersen R, et al. Evaluation of the measurement properties of the 5403 

Epworth sleepiness scale: A systematic review. Sleep Med Rev. 2014;18:321–31. 5404 

457  Natale V, Esposito MJ, Martoni M, et al. Validity of the reduced version of the Morningness-Eveningness 5405 

Questionnaire. Sleep and Biological Rhythms 2006 4:1. 2016;4:72–4. 5406 

458  Mastin DF, Bryson J, Corwyn R. Assessment of sleep hygiene using the Sleep Hygiene Index. J Behav Med. 5407 

2006;29:223–7. 5408 

459  Vitale KC, Owens R, Hopkins SR, et al. Sleep Hygiene for Optimizing Recovery in Athletes: Review and 5409 

Recommendations. Int J Sports Med. 2019;40:535. 5410 

460  Cameron AFM, Perera N, Fulcher M. Professional Athletes Have Poorer Sleep Quality and Sleep Hygiene 5411 

Compared With an Age-Matched Cohort. Clinical Journal of Sport Medicine. 2021;31:488–93. 5412 

461  Caia J, Scott TJ, Halson SL, et al. The influence of sleep hygiene education on sleep in professional rugby 5413 

league athletes. Sleep Health. 2018;4:364–8. 5414 

462  Vitale JA, la Torre A, Banfi G, et al. Acute sleep hygiene strategy improves objective sleep latency following 5415 

a late-evening soccer-specific training session: A randomized controlled trial. J Sports Sci. 2019;37:2711–9. 5416 

463  Silva A, Narciso F v, Soalheiro I, et al. Poor Sleep Quality is Associated with Elite Soccer Injuries. Med Sci 5417 

Sports Exerc. 2019;51:753. 5418 



232 | P a g e

464 Nedelec M, Leduc CCC, Dawson B, et al. CASE STUDY: SLEEP AND INJURY IN ELITE SOCCER-A 5419 

MIXED METHOD APPROACH. J Strength Cond Res. 2019;33:3085–91. 5420 

465 Jin Q, Yang N, Dai J, et al. Association of Sleep Duration With All-Cause and Cardiovascular Mortality: A 5421 

Prospective Cohort Study. Front Public Health. 2022;10:2225. 5422 

466 Cao R, Azimi I, Sarhaddi F, et al. Accuracy Assessment of Oura Ring Nocturnal Heart Rate and Heart Rate 5423 

Variability in Comparison With Electrocardiography in Time and Frequency Domains: Comprehensive 5424 

Analysis. J Med Internet Res 2022;24(1):e27487 https://www.jmir.org/2022/1/e27487. 2022;24:e27487. 5425 

467 Malish S, Arastu F, O’Brien LM. A Preliminary Study of New Parents, Sleep Disruption, and Driving: A 5426 

Population at Risk? Matern Child Health J. 2016;20:290–7. 5427 

5428 



233 | P a g e  

 

 5429 

  5430 



234 | P a g e  

 

10. Appendices 5431 

10.1. Appendix 1: Chapter 4 supplementary materials 5432 

 5433 

10.1.1. Risk of bias assessment 5434 
 

Bias due to 

confounding variables 

Selection of 

participants 

classification/measurements of 

outcome variables? 

Classification/measurements of 

exposure variables 

Missing data Information Bias 
Question: 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 
Abbott et al 2018 PN PY PY PN Y N PY N PY Y Y Y Y PY Y PY PN NA NA PN 
Abbott et al 2020a PN PN PY PY Y N PN N PY Y Y Y Y PY Y Y PN NA NA PN 
Ballesio et al 2021 PN PN PN PN PY N N N Y Y Y PY Y PN PN NA PN PN NA PN 
Carriço et al. 2018 N   Y PN Y N PY Y N Y Y Y Y Y Y PN PN NA NA PN 
Costa et al 2022 PN   Y PN Y N Y Y PN Y Y Y Y Y PN NA PN PY N PN 
Delaval et al 2022 et al N PN PN PN Y N PN N PY Y Y Y Y PY PN NA PN NA NA PN 
Douchet et al 2021 PN PY PY PY Y N PY N PY Y Y Y Y Y Y Y PN NA NA PN 
Evans et al 2022 N PY PY PY Y N N N PY Y Y Y Y PN PN NA PN NA NA PN 
Fernandes et al 2022 PN PY PY PY Y N PY N Y Y Y Y Y PN PN NA PN NA NA PN 
Fessi and Moalla 2018 PN PN PY PN Y N N N PY Y Y Y Y PN PY N PN NA NA PN 
Fessi et al. 2016 PN PY Y PN Y N PY N Y Y Y Y Y PY Y N PN NA NA PN 
Fitzpatrick et al. 2019 PN PN PN PN Y N N N PY Y Y PY Y PY PN Y PN NA NA PN 
Fowler et al 2014 PN PY PY PN Y N N Y PY Y Y PY Y PN PY PN PN NA NA PN 
Fowler et al 2015 PN PY PN PY Y N N Y Y Y Y PY Y PY PN NA PN NA NA PN 
Fowler et al 2017 PN PY PN PY Y N N N Y Y Y PY Y PY PN NA PN NA NA PN 
Fullagar et al 2016a PN PN PN PN Y N PY PY N Y Y PY Y N Y PN PN N NA PN 
Fullagar et al. 2016b PN PY PY PN Y N N N PY Y Y PY Y PY Y N PN NA NA PN 
Jorquera-Aguilera et al. 2021 PN PN PN PN Y N Y N Y Y Y PY Y PY PN NA PN Y NA PN 
Khalladi et al 2019 PN PN PN PN Y N PY N Y Y Y PY Y Y PN N PN NA NA PN 
Kilic et al 2021 PN PY PN PY Y N PY N PY Y Y PY Y PY PN NA PN NA NA PN 
Lastella et al 2019  PN PY PY PY Y N PY Y Y Y Y PY Y Y Y Y PN NA NA PN 
Lozano et al N PN PN PN Y N N N PY Y Y Y Y PY PN NA PN NA NA PN 
Mateus et al. 2021 PN PY PY PY Y N PY N PY Y Y Y Y PY Y Y PN NA NA PN 
Moalla et al. 2016 PN PN PN PN PY N PN N PY Y Y Y Y PN Y PN PN NA NA PN 
Nédélec et al. 2019  PN PN N N PY N PY Y Y Y Y PY Y Y PN NA PN NA NA PN 
Nobari et al. 2021 PN PY PY Y Y N  Y N PY Y Y PY Y Y PN NA PN NA NA PN 
Noon et al. 2015 PN PN PN PN PY N Y N Y Y Y Y Y PY Y PY PN NA NA PN 
Noor et al 2021 PN PY PY PY Y N PN N Y Y Y Y Y PY Y Y PN NA NA PN 
Oliveira et al. 2021 PN PY PY PY Y N PN N PY Y PY Y Y PY PY PY PN NA NA PN 
Oliveira et al. 2021 PN PN PN PN Y N PY N PY Y Y Y Y PY PY PY PN NA NA PN 
Olivera et al 2019 PN Y PY PY Y N PY N PY Y Y Y Y PN PY PY PN NA NA PN 
Robey et al. 2013 PN PN PN Y Y N N Y N Y Y Y Y PY PY N PN NA NA PN 
Saidi et al PN PY PY PY Y N PY N PY Y Y Y Y PY Y Y PN NA NA PN 
Selmi et al 2018 PN PN PY PN Y N N N PY Y Y PY Y PY PN NA PN NA NA PN 
Selmi et al. 2020 PN PY PY PY Y N N N PY Y Y Y Y PY PN NA PN NA NA PN 
Silva et al 2020 PN PN PY PY Y N Y Y N Y Y PY Y PY PY PN PN NA NA PN 
Silva et al 2022 PN PN PY PY Y N Y N Y Y Y PY Y PY PY PN PN NA NA PN 
Springham et al. 2021 PN PY PY PY Y N N N PY Y Y Y Y PN PN NA PN NA NA PN 
Thomas et al. 2021 PN PN PN PN Y N N Y N Y Y Y Y PY PN NA PN NA NA PN 
Thorpe et al. 2015 N PY PY PY Y N N N PY Y Y PY Y PY PN NA PN NA NA PN 
Thorpe et al. 2016 N PY PY PY Y N N N PY Y Y PY Y Y PN NA PN NA NA PN 
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Thorpe et al. 2017 N PY PY PY Y N N N PY Y Y PY Y PY PN NA PN NA NA PN 
Whitworth-Turner et al. 2018 PN PN PY PY Y N PN PN N Y Y PN Y Y PN NA PN Y PN PN 
Whitworth-Turner et al. 2019 PN PN PY PY Y N PN PN N Y Y PY Y Y PN NA PN NA NA PN 
Yadroudi et al PN PN PN PN Y N PY N Y Y Y PY Y PN PN NA PN NA NA PN 

5435 



236 | P a g e  

 

Signalling questions: 5436 

1. Inclusion of intraindividual factors that can feasibly affect sleep as covariates (e.g., age, 5437 

chronotype, sleep related issues, internal load, etc) 5438 

2. Inclusion of external factors that can feasibly affect sleep as covariates (e.g., country, match 5439 

location, training location, season period [if monitoring across micro/meso cycles], external 5440 

workload, etc) 5441 

3. Were these variables measured reliably and validly? 5442 

4. Were appropriate methods or method design employed to account for all the important 5443 

confounding variables? 5444 

5. Was selection into the study related to both the exposure (Pro football) and outcome (sleep) 5445 

6. Was any statistical method used to select the participants (e.g., randomly selected)? 5446 

7. Was there a well-defined inclusion/exclusion criterion that clearly accounted for the level of 5447 

competition, periods of injury, and adherence to monitoring? 5448 

8. Was sleep objectively measured using a validated, reliable, research grade device? 5449 

9. Was sleep subjectively measured using a recognised questionnaire or diary? 5450 

10. Was sleep sampled at a consistent time point throughout the monitoring period? 5451 

11. Was the exposure (professional football) well defined? (e.g., level of competition, season phase, 5452 

number of games, number of training sessions, country settings) 5453 

12. Was the exposure (monitoring) duration sufficient to draw robust conclusions? 5454 

13. Was the exposure consistent for all players? 5455 

14. Were outcome data available for all, or nearly all (interpreted as enough to be confident of the 5456 

findings), participants? 5457 

15. Were any participants, or any individual data point, excluded or missing? 5458 

16. Was the reason for missing data clear and obvious? 5459 

17. Were outcome assessors unaware of the exposure status of study participants? 5460 

18. Were the methods of outcome assessment comparable across exposure groups (if applicable)? 5461 

19. Was the definition of case status/control status applied without knowledge of exposure status 5462 

(if applicable)? 5463 

20. Was data collection on exposure status unaffected by knowledge of the outcome or risk of the 5464 

outcome?  5465 
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10.2. Appendix 2: Chapter 5 supplementary materials 5466 

10.2.1. Blank R coding 5467 

## Key ## 5468 

#df  dataframe 5469 

## packages 5470 

{library(readxl)  5471 

library(emmeans) 5472 

library(sjstats) 5473 

library(lme4) 5474 

library(lmerTest) 5475 

library(MuMIn) 5476 

library(sjPlot) 5477 

options(scipen = 999)} 5478 

 5479 

## linear mixed model anova, repeat for each sleep variable ## 5480 

LMM_ANOVA <- lmer(df$sleep_variable ~ as.factor(df$day_type) + (1|df$ID)) ###linear model DV 5481 

predicted by the IV 5482 

summary(LMM_ANOVA) ### summary of model 5483 

anova(LMM_ANOVA)                                      ###show model as anova 5484 

eta_sq(LMM_ANOVA, partial = TRUE)                      ### partial eta sq 5485 

r.squaredGLMM(LMM_ANOVA)                                ### Rsq 5486 

emmeans(LMM_ANOVA, list(pairwise ~ day_type), adjust = "bonferroni")  ###post hoc  5487 

 5488 

## Linear mixed model multiple regression for external work load ## 5489 

LMM_mRegression <-  lmer(df$sleep_variable ~  df$acute+ df$chronic + as.numeric (df$Ratio) + (1| 5490 

df$ID)) ### linear model 5491 

summary (LMM_mRegression) ###  summary of model 5492 

tab_model(LMM_mRegression) ### out put model as HTML table 5493 

 5494 

## Linear mixed model multiple regression for start time ### 5495 

##### set factors ##### 5496 

df$Start_time <- factor(df$Start_time, 5497 

                         levels = c("09:00:00", 5498 

                                    "08:00:00", 5499 

                                    "08:15:00", 5500 

                                    "09:30:00", 5501 

                                    "10:00:00", 5502 

                                    "11:15:00", 5503 

                                    "NSA" 5504 

##### contrasts and dummy coding ###### 5505 

`08:00 vs 09:00`<-  c(0,1,0,0,0,0,0) 5506 

`08:15 vs 09:00`<-  c(0,0,1,0,0,0,0) 5507 

`09:30 vs 09:00`<-  c(0,0,0,1,0,0,0) 5508 

`10:00 vs 09:00`<-  c(0,0,0,0,1,0,0) 5509 

`11:15 vs 09:00`<-  c(0,0,0,0,0,1,0) 5510 

`NSA vs 09:00`<-  c(0,0,0,0,0,0,1) 5511 

 5512 

contrasts(df$Start_time) <-  5513 

  cbind(`08:00 vs 09:00`, 5514 

        `08:15 vs 09:00`, 5515 

        `09:30 vs 09:00`, 5516 

        `10:00 vs 09:00`, 5517 

        `11:15 vs 09:00`, 5518 
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        `NSA vs 09:00`) 5519 

##### regression ##### 5520 

LMMstart_time <- 5521 

  lmer(df$Sleep_variable ~  df$Start_time + (1|ID)) 5522 

summary (LMMstart_time) 5523 

tab_model(LMMstart_time) 5524 

  5525 
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Appendix 3: Chapter 6 supplementary materials 5526 

Blank R coding 5527 

 5528 

 5529 

##### Bayesian Information Criterion comparison for General and linear mixed models 5530 

 5531 

GLM_Varible 1_BIC <-  5532 

  gls(Variable 1 ~ 1, 5533 

      data = DF, 5534 

      method = "ML") 5535 

 5536 

LMM_ Varible 1_BIC <- 5537 

  lme(Variable 1  ~ 1 , 5538 

      data = DF, 5539 

      random = ~1|ID, 5540 

      method = "ML") 5541 

 5542 

anova(GLM_Varible 1_BIC, 5543 

LMM_ Variable 1_BIC)  5544 

 5545 

# Key# 5546 

Variable 1: Variable 5547 

DF: dataframe 5548 

ID: Identifier 5549 

 5550 

####### LLM for comparator variables  5551 

 5552 

Name of model <- 5553 

  lmer(outcome_variaible~input__variable + (1|ID), 5554 

       data = master) 5555 

 5556 

summary(Name of model) 5557 

 5558 

ID: Identifier 5559 

  5560 
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10.3. Appendix 4: Publication associated with Chapter 5 5561 

  5562 
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10.4. Appendix 5: Publication associated with Chapter 7 5580 

5581 
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 5582 

 5583 
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 5586 
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 5599 

 5600 

 5601 
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10.5. Appendix 6: Ethics 5602 

10.5.1. Chapter 3 5603 

 5604 
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10.5.2. Chapter 5 5605 

 5606 
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10.5.3. Chapter 6 5607 

 5608 
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10.5.4. Chapter 7 5609 

 5610 

 5611 

 5612 
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10.6. Appendix 7: Questionnaires and forms 5613 

10.6.1. Pittsburgh sleep quality index 5614 

 5615 

  5616 
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10.6.2. Insomnia severity index 5617 

 5618 

  5619 

  5620 
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10.6.3. Epworth sleepiness scale 5621 

 5622 

  5623 
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10.6.4. Morning eveningness questionnaire  5624 

 5625 
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 5626 

 5627 

 5628 

 5629 

 5630 

 5631 

 5632 

  5633 

 5634 

 5635 
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